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Kurzfassung

In der vorliegenden Arbeit wurden mehrere Aspekte der taglichen radiopharmazeuti-
schen Arbeit in der Nuklearmedizin bearbeitet. Der Fokus lag dabei auf der Translation
von neuen Tracern aus der Forschung in die klinische Routine, insbesondere hinsichtlich
der Automatisierung von Synthesen.

Lange Zeit war der Bedarf an ®8Ga-markierten Radiotracern und die Zahl der damit ver-
bundenen Synthesen Uberschaubar. Haufig reichten wenige Synthesen pro Woche aus.
Diese konnten in manuellen Verfahren durchgefiihrt werden, wenn der Strahlenschutz
gegeben war. Neue Tracer, insbesondere [#8Ga]Ga-PSMA-11, haben zu einem erhéhten
Patientenaufkommen, und damit verbunden, zu mehr Synthesen gefuhrt. Hinzu kommt,
dass die Anforderungen, durch Strahlenschutz und GMP, Uber die Jahre zugenommen
haben. Eine der grol3en Herausforderungen der klinischen Routine ist es aktuell dieser
Nachfrage gerecht zu werden, 6konomisch zu arbeiten und dabei der Gesundheit des

Personals und dem Schutz der Patienten Rechnung zu tragen.

Module erméglichen es, dass verschiedene Radiopharmaka mit robusten Synthesen
und vor allem GMP-konformen Materialien bei geringer Dosisbelastung fir das Personal
hergestellt werden kénnen. Fir die Entwicklung einer automatischen Synthese, ist das
vorherige systematische Untersuchen der jeweiligen Radiometalltracer die Vorausset-
zung. Darauf aufbauend konnte eine Standardsynthese etabliert werden, welche mit ge-
ringfligigen Anpassungen geeignet ist, um neue Tracer zUgig fUr die Routine verfiigbar
zu machen. Dennoch ist das Implementieren, trotz dieser Vorarbeiten, nicht ohne Her-
ausforderung. Fur jeden Tracer und jedes Radionuklid missen seine chemischen, aber
auch physikalischen Eigenschaften bedacht und berlcksichtigt werden, um die Qualitat
des Produktes gewahrleisten zu kénnen. Zusatzlich kénnen nicht immer alle auftreten-

den Probleme zufriedenstellend gel6st werden.

Schlussendlich konnten mehrerere neue Tracer automatisiert werden. Die Automatise-
rung, aber auch die dazugehdrige Qualitatskontrolle, wurde hinsichtlich ihrer optimalen
Parameter evaluiert und fir die Routine validiert. Die Tracer konnten dann erfolgreich in

der klinischen Anwendung weiter evaluiert werden.

Schlagwdrter: Automatisierung; Radiopharmaka; klinische Routine, Radiometalle,

Theranostik



Abstract

In the present work, several aspects of daily radiopharmaceutical work in nuclear medi-
cine were dealt with. The main focus was on the translation of new tracers from research

into clinical routine, especially with regard to the automation of syntheses.

For a long time, the demand for ®Ga-labelled radiotracers and the number of associated
syntheses was manageable. Often, a few syntheses per week were sufficient. These
could be carried out in manual procedures if radiation protection was given. New tracers,
especially [*®Ga]Ga-PSMA-11, have led to an increased number of patients and thus to
more syntheses. In addition, the demands of radiation protection and GMP have in-
creased over the years. One of the great challenges of clinical routine is currently to meet
this demand, to work economically and at the same time to take into account the health

of the staff and the protection of the patients.

Modules make it possible to produce various radiopharmaceuticals with robust synthe-
ses and, above all, GMP-compliant materials with low dose exposure for the personnel.
A prerequisite for the development of an automatic synthesis is the prior systematic in-
vestigation of the respective tracers. Based on this, a standard synthesis could be es-
tablished which, with minor adjustments, is suitable for making new tracers quickly avail-
able for routine use. Nevertheless, despite this preliminary work, implementation is not
without its challenges. For each tracer and each radionuclide, its chemical and physical
properties must be considered and taken into account in order to guarantee the quality

of the product. In addition, not all problems can always be solved satisfactorily.

Finally, several new tracers could be automated. The automation, but also the associated
guality control, was evaluated with regard to its optimal parameters and validated for

routine use. The tracers were then successfully further evaluated in clinical application.

Keywords: automated syntheses, radiopharmaceuticals, clinical routine, radiometals,

theranostics
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1. Einleitung

Aufgrund des demographischen Wandels in der Gesellschaft gibt es immer mehr Krebs-
erkrankungen. Laut Statistischem Bundesamt wachst die Gruppe der Gber 65-Jahrigen
in Deutschland kontinuierlich an. Lag ihr Anteil an der Gesamtbevdlkerung 1990 mit
11,9 Mio. noch bei 15 % so stieg er bis 2018 auf 22 % (17,9 Mio.). Bei der Gruppe der
Uber 85-Jahrigen ist der Zuwachs nochmals starker, hier hat sich der Anteil sogar von
1 % (1,2 Mio.) 1990 auf 3 % (2,3 Mio.) in 2018 gut verdreifacht (Abbildung 1) [1].
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Abbildung 1: Demografischer Wandel in Deutschland seit 1990 [1].

Als Folge des allgemeinen Anstiegs der Lebenserwartung treten altersbedingte Krank-
heiten wie Krebs statistisch signifikant haufiger auf. Bei Menschen tber 60 Jahren be-
tragt das Risiko Uber 20 %, innerhalb von funf Jahren an einer der zehn haufigsten
Krebsarten zu erkranken. Das bedeutet, dass in Deutschland etwa 500.000 Menschen
jahrlich neu an Krebs erkranken. Davon sind ca. 50 % zum Zeitpunkt der Diagnose uber
65 Jahre alt (Durchschnittsalter: Frauen 68 Jahre; Manner 69 Jahre) [2].

In der modernen Medizin gibt es viele verschiedene Behandlungsméglichkeiten, um ei-

nen Patienten durch seine Krebserkrankung zu begleiten. Ein wichtiger Aspekt hierbei

ist, dass es nicht DEN Krebs als Krankheit gibt. Vielmehr ist es ein Oberbegriff fir eine

Vielzahl von Erkrankungen, bei denen sich Kdrperzellen unkontrolliert vermehren und
1



gesundes Gewebe zerstoren oder verdrangen. Je nach befallenem Organ kdnnen heute
Uber 100 Krebsarten voneinander unterschieden werden [3]. Diese unterscheiden sich
zum Teil deutlich in Uberlebenschance, Verlauf und Behandlungsoptionen. Selbst bei
Patienten mit ,gleicher Diagnose kénnen die Krankheitsverldufe starke Differenzen auf-
weisen. Daher ist fur jeden Patienten eine personalisierte Therapie notwendig, die auf
seine individuelle Situation eingeht. Viele verfugbare Therapien greifen auch nur zu ei-
nem bestimmten Zeitpunkt. Flr einen optimalen Therapieerfolg ist es also wichtig, das
richtige Medikament dem richtigen Patienten zum richtigen Zeitpunkt zu verabreichen,

das personalisierte Patientenmanagment.

Viele Krebserkrankungen in friihen Stadien oder deren Vorstufen bleiben oft unbemerkt,
da sie keine Beschwerden verursachen. In fortgeschrittenen Stadien gehen sie jedoch
in der Regel mit einem Verlust an Lebensqualitt einher. Eine frihzeitige und exakte
Diagnose und eine darauf aufbauende Therapie konnten die Prognose einer
Krebserkrankung verbessern und im gunstigsten Fall zu einer Heilung flhren.
Dementsprechend stehen neue Wege und Mdglichkeiten der Pravention und
frihzeitigen Diagnostik sowie neue Therapieansdtze seit Jahren im Fokus der

Krebsforschung.
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Abbildung 2: Veréanderung der Therapiemdglichkeiten durch die Mithilfe der Nuklearme-
dizin schematisch dargestellt wahrend des Verlaufs einer Prostatakrebserkrankung.
2002-2012 PSA-Ara; 2012-2019 PSMA-Ara (Dankenswerter Weise zur Verfigung ge-

stellt von: Dr. Masha Mahara).



1.1 Strahlung

Strahlung bezeichnet zunachst nur die Form einer Energieausbreitung. Der Bereich der
hier betrachteten Energien liegt im atomaren Maf3stab und wird in Elektronenvolt (eV;
1 eV =1,6022*101° J) anstatt der makroskopischen Einheit Joule (J) angegeben. Strah-
lung lasst sich in zwei Kategorien einteilen in Korpuskularstrahlung (Teilchenstrahlung)
und elektromagnetische Strahlung (Wellenstrahlung; EM-Strahlung).

Die ausgesandten Teilchen der Teilchenstrahlung besitzen eine bestimmte Ruhemasse
(mo), eine Ausdehnung (r) und eventuell eine Ladung (q). Zur Teilchenstrahlung z&ahlen

unter anderem a- und (B-Strahlung.

Elektromagnetische Strahlung besteht aus rdumlich und zeitlich begrenzten Wellenpa-
keten. Sie haben keine Ruhemasse, bewegen sich im Vakuum mit Lichtgeschwindigkeit
und werden je nach Anwendung durch ihre Energie (20), ihre Frequenz (2) oder die
Wellenlange (3) beschrieben. Zur EM-Strahlung zahlen unter anderem y-Strahlen und

Roéntgenstrahlen.
E = h*v; Einheit: 1 eV (1)

E: Energie; h: Planck’sche Wirkungsquantum; v: Frequenz des Photons; eV: Elektro-

nenvolt
1
V=5 Einheit:1s ' =1Hz 2)

v: Frequenz des Photons; t: Zeit; s: Sekunde; Hz: Hertz

c
A= i Einheit:1m (3)

A: Wellenldnge des Photons; c: Lichtgeschwindigkeit 2,99792458*108 m/s; v: Fre-

guenz des Photons
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Abbildung 3 EM-Wellenbereich. (Elektromagnetisches Spektrum)

Im Alltag sind wir standig ionisierender Strahlung ausgesetzt. Diese Strahlung kommt
aus natdrlichen Quellen, sowohl von der Erde (terrestrisch) als auch aus dem Weltraum
(kosmisch). Die daraus resultierende Strahlenbelastung setzt sich aus = 19 % terrestri-
scher, = 14 % kosmischer und = 67 % interner Strahlung (aufgenommene Nahrung; In-
halation von Radon aus der Luft) zusammen [4]. In Deutschland kommt man damit im
Schnitt auf eine natirliche Strahlenexposition von ca. 2 mSv/a, die geographisch und
geologisch bedingt jedoch deutlich variieren kann (Abbildung 4).

Abbildung 4: Mittlere natirliche Dosisleistung pro Jahr in Deutschland [5].



Zusatzlich zu den nattrlichen Strahlenquellen tragen noch kunstliche zur Strahlenbelas-
tung bei. Dazu z&hlen vor allem medizinische Untersuchungen (z. B. Computertomogra-
phie (CT); Rontgenuntersuchungen), der Fallout von Kernwaffenversuchen oder Reak-
torunfallen (z. B. Tschernobyl, Fukushima), aber auch die Férderung und Verbrennung

von Kohle.

Sonstiges <1 %
. Hoéhen-

strahlung 8 % Boden-
St strahlung 10 %,

Nahrung 8 %

Medizin 45 % Radon 29 %

Zivilisation Natur

Abbildung 5 Zusammensetzung der Jahrlich durchschnittlichen Strahlendosis in
Deutschland [4].

1.1.1 Biologische Strahlenwirkung

Fur die medizinische Anwendung relevant ist die biologische Wirksamkeit von Strahlung,
das heifdt welchen Effekt eine Energielibertragung von Strahlung auf exponierte Kérper-
zellen hat. Die Reaktion eines Gewebes auf eine Strahlenexposition ist abhangig von
der Energie und Art der Strahlung, aber auch vom bestrahlten Gewebe. Diese individu-
elle Gewebereaktion nach ionisierender Strahlung kann sehr unterschiedlich ausfallen.
Die Strahlen- bzw. Radioempfindlichkeit ist meist direkt proportional zur Zellteilungsrate,

jedoch umgekehrt proportional zur Differenzierung des Zelltyps eines Gewebes [6-8].

Beschrieben wird die biologische Wirkung von Strahlung mit Hilfe der Aquivalentdosis
und der effektiven Dosis. Die Aquivalentdosis beschreibt dabei die GroRe des Schadens
ausschlieBlich aufgrund der Art der Strahlenexposition. Die effektive Dosis zieht zusétz-

lich die Art des bestrahlten Gewebes in Betracht.

Die Aktivitat beschreibt die Starke einer Strahlenquelle. Diese ist abhangig von der
Masse, das heil’t der Anzahl der noch nicht zerfallenen Kerne, und der Halbwertszeit
des Nuklides (4).



d
A(t) = —d—IZ(t) =A-N(t) (4)

A: Aktivitat; N: Anzahl der Kerne, t: Zeit; A: Zerfallskonstante

Die Energiedosis dagegen beschreibt, wie Strahlung auf einen Kérper wirkt. Je mehr
Dosis Ubertragen wird, desto groRRer ist auch die Wirkung.

D= —=>-— (5)

D: Dosis; E: Energie; m: Masse; p: Dichte; V: Volumen

Die Aquivalentdosis beriicksichtigt zusatzlich die Wirkung der verschiedenen Strahlen-
arten auf Gewebe und enthalt hierfir den Bewertungsfaktor q. Die Werte von q sind

einheitenlos und bewegen sich von 1 fiir Photonen bis hin zu 20 fur a-Teilchen.
Hp = Qr " Dg (6)

Hr: Aquivalentdosis; Qr: Qualitatsfaktor; Dr: Energiedosis

Hinsichtlich ihrer Wirkung unterscheidet man zwischen ionisierender Strahlung und
nichtionisierender Strahlung. Erstere unterteilt sich weiter in direkt ionisierende (a- und

B-Strahlung) und indirekt ionisierende Strahlung (y- und n-Strahlung).

Die Energie der nichtionisierenden Strahlung ist zu gering, um Atome zu ionisieren, da
sie unterhalb der meisten Bindungsenergien liegt. Das heil3t, die minimale stabile Bin-
dungsenergie zwischen Molektlen von 3 eV wird nicht Gberschritten. Zur nichtionisieren-
den Strahlung werden Wellen im Frequenzbereich unterhalb von 750 THz oder einer

Wellenlange oberhalb von 400 nm gezahilt.

lonisierende Strahlung bezeichnet Teilchen- bzw. jede EM-Strahlung, die durch ihre
Energie Elektronen aus Atomen oder Molekilen 16sen kann. Hierflr ist es auch nicht
entscheidend, ob bei der Wechselwirkung mit der Materie auch tatsachlich lonisierungen
stattfinden, sondern nur das genug Energie vorhanden ist, damit sie stattfinden kénnen.
Die daflir notwendige Energie ist typischerweise grof3er als 5 eV. Die einzelnen Strah-
lenarten unterscheiden sich darin wie viele elektrisch neutrale Molekiile pro Wegstrecke
ionisiert werden kbénnen und ihrer daraus resultierenden biologischen Wirkung. Die loni-
sation durch EM-Strahlung findet hierbei tber einen der folgenden drei Prozesse statt:

Compton-Effekt, Photoeffekt oder Paarbildung.

6



Der Compton-Effekt beschreibt einen der wichtigsten lonisationsprozesse und stellt den
groRten Teil der Wechselwirkungen von Photonen mit Elektronen dar. Hierbei wird ein
Teil der Energie auf das Elektron Ubertragen. Dabei andert sich die Wellenlange und
Richtung des Photons. Der Effekt kommt zu tragen bei Photonen mit mittlerer Energie,
welche mit &ufBeren Valenzelektronen interagieren. Das dabei gestreute Elektron wird
als Compton-Elektron bezeichnet.

GestoRRenes
Elektron

Einfallendes Photon

________________________________________

Gestreutes
Photon

Abbildung 6: Schematische Darstellung der Compton Streuung.

Beim Photoeffekt wird die Energie eines Photons vollstéandig auf ein Valenzelektron
Ubertragen. Die Ubertragene Energie muss jedoch gréf3er als 5 eV sein, um das Elektron
aus der Bindung zu lIésen (7). Sie ist die Hauptenergieumwandlung bei Photonen mit
niedrigen Energien. Die Wechselwirkung findet zumeist mit Elektronen aus der inneren

Schale statt.
E=hxv—-W, )

E: Energie; h: Planck’sches Wirkungsquantum; v: Frequenz des Photons; W:

Austrittsarbeit des Elektrons.

Unter Paarbildung versteht man die Umwandlung eines Photons in ein Elektron-Posit-
ron-Paar (Teilchen-Antiteilchen-Paar). Sobald die Energie eines einzelnen Photons die
doppelte Ruheenergie des Elektrons (2*mec? = 1,022 MeV) Uberschreitet, wird Paarbil-

dung im Feld eines Kernes mdoglich (8).



YK - e"e*K (8)
K: Kern; e": Elektron; e*: Positron; y: einfallendes Photon

2

m
E, > 2myc? + 22— ¢? 9
Mkern

Ey: Energie des Photons; me: Masse des Elektrons; c: Lichtgeschwindigkeit

Oberhalb von etwa 3 MeV dominiert Paarbildung die anderen beiden Prozesse der Ener-
gietbertragung. Der gegenteilige Effekt, die Vernichtung eines Teilchen-Antiteilchen-

Paares unter Aussendung von Photonen, ist die Annihilation (Paarvernichtung).
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Abbildung 7: Ubersicht der Abgrenzungen des Photo-, Compton-Effekts und der Paar-
bildung [9].

1.1.2 Strahlenschaden

lonisierende Strahlung ist ein Trager von Energie, welche bei Wechselwirkung mit Ma-
terie abgegeben werden kann. Handelt es sich bei dem bestrahlten Stoff um biologisches
Gewebe so kann die absorbierte Energie vielfaltige Effekte haben. Ob und wieviel Scha-
den die Strahlenexposition anrichtet, hangt von der Art der Strahlung, der absorbierten

Dosis und der betroffenen Kdrperregion (Organ, Gewebe) ab.

lonisierende Strahlung kann entweder deterministische oder stochastische Strahlen-

schaden im Organismus hervorrufen. Deterministische Strahlenschaden treten ab einem

8



Schwellenwert von 500 mSv auf. Sie sind die Folge einer massiven Abtdtung von Zellen
durch Apoptose oder Nekrose. Diese tritt auf, wenn die korpereigenen Reparaturmecha-
nismen nicht mehr in der Lage sind, die entstandenen Schaden zu reparieren. Sterben
zu viele Zellen in einem Gewebe oder Organ ab, kommt es zu Funktionseinbuf3en des
betroffenen Organs. Folgende Kérperregionen sind besonders betroffen: Haut; Haare;
Schleimhaut des Magen-Darm-Traktes, Lunge und Fortpflanzungsorgane. Als erstes
sichtbar werden Verénderungen an der Haut, es entstehen Rdtungen &hnlich wie bei
einem Sonnenbrand. Nach 2-3 Tagen kann es dann zu Haarausfall kommen. Ist der
Magen-Darmtrakt betroffen, sind Ubelkeit und Durchfall moglich. Bei Strahlendosen tiber
6 Sv tritt der Tod meist innerhalb von 14 Tagen ein.

Oberhalb des Schwellenwertes ist die Schwere des Schadens proportional zur Dosis der
ausgesetzten Strahlenexposition. Liegt die Dosis unterhalb des Schwellenwerts, treten
keine deterministischen Schaden auf. Eine Schadigung kann dennoch nicht ausge-
schlossen werden. Diese zuféllig auftretenden Schaden werden stochastische Strahlen-

schaden genannt.

Stochastischen Strahlenschaden treten mit einer bestimmten Wahrscheinlichkeit auf,
welche proportional zur Dosis der Strahlenexposition ist. Sie kdnnen immer, sowohl bei
niedrigen als auch bei hohen Dosen, eintreten. Dabei ist die Schwere des Schadens von
der Dosis unabhéngig. Stochastische Strahlenschéaden fiihren aufgrund einer unzu-
reichenden oder fehlerhaften Reparatur der DNA zu Veranderungen im Erbmaterial von
Zellen. Die dadurch veranderte genetische Information der Zelle wird beim naturlichen
Prozess der Zellteilung an die Tochterzellen weitergegeben. Dieser Vorgang kann noch
Jahre nach der Strahlenexposition zur Entstehung von Krebs flihren. Die Zeit die zwi-
schen der Einwirkung der Strahlung und der Erkrankung vergeht, nennt man Latenzzeit.
Stochastische Schaden sind beispielsweise Krebserkrankungen, Unfruchtbarkeit oder

Leukamie.

1.1.3 a-Strahlung

Radioaktive Nuklide, die unter Aussendung von a-Strahlung zerfallen, nennt man
a-Strahler. Bei dieser Art der radioaktiven Kernumwandlung sendet der zerfallende
Atomkern einen Helium-Atomkern (a-Teilchen) aus. Dieses ist ein zweiwertiges Kation
und besteht aus zwei Protonen und zwei Neutronen. Fur den Zerfall gilt die allgemeine

Gleichung:



24X - 423Y + 3He + AE (10)
X: Mutternuklid; Y: Tochternuklid; A: Massenzahl; Z: Protonenzahl; E: Energie

Die Austrittsenergie der a-Teilchen liegt in einem Bereich von 2 bis 5 MeV. Kinstlich
erzeugte a-Teilchen kénnen aber auch Energien von 10 MeV erreichen. Das Energies-
pektrum des a-Zerfalls, kann nur diskrete Werte annehmen. Dieses Linienspektrum ist
charakteristisch fur jedes Nuklid und kann zu seiner Identifikation genutzt werden (Ab-
bildung 8).
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Abbildung 8: Alpha-Spektrum von nattrlichen Uran [10].

Aufgrund ihrer Masse und ihrer Kernladung haben a-Teilchen nur eine geringe Eindring-
tiefe in Materie. Dabei geben sie jedoch nahezu kontinuierlich Energie an die Molekile
in ihrer Umgebung ab. Sie ionisieren also sehr viele Molekiile, das aber nur auf einer
relativ kurzen Strecke. Diese Eigenschaften machen a-Strahler fur die Nuklearmedizin
auRerst interessant. Da sich ihre Energie nur lokal sehr begrenzt auswirkt, durchdringt
sie nur wenige Zellschichten. Gekoppelt an einen geeigneten Tracer kbnnen a-Strahler
im Tumorgewebe angereichert und dort therapeutisch wirksam werden, wahrend das

umgebende gesunde Gewebe nur minimal von der Strahlenexposition geschadigt wird.

1.1.4 B-Strahlung

B-Strahlung wird in zwei Kategorien unterteilt, in - und in B*-Strahlung. B -Strahlung

entsteht durch den Zerfall eines Neutrons in ein Proton, ein Elektron und ein Antineutrino

(12).
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Die allgemeine Zerfallsgleichung lautet:
72X = 244V +e” +7, (11)

X: Mutternuklid; Y: Tochternuklid; A: Massenzahl; Z: Protonenzahl; e": Elektron;

V.. Antineutrino

m-o lp+te +v, (12)
n: Neutron; p: Proton; e™: Elektron; v,: Antineutrino

Diese Art der Kernumwandlung geschieht vorzugweise in neutronenreichen Nukliden
wie z. B. Molybd&n-99 und Lutetium-177.

B*-Strahlung entsteht durch den Zerfall eines Protons in ein Neutron, ein Positron und

ein Neutrino (14). Die allgemeine Zerfallsgleichung lautet:
X >, 4V +et +v, (13)
- e

X: Mutternuklid; Y: Tochternuklid; A: Massenzahl; Z: Protonenzahl; e*: Posit-

ron; v,: Neutrino

lp-o>in+et +v, (14)
n: Neutron; p: Proton; e*: Positron; v,: Neutrino

Diese Art der Kernumwandlung wird von protonenreichen Nukliden wie z. B. Gallium-68

oder Fluor-18 bevorzugt.

Eine weitere Moglichkeit fur protonenreiche Nuklide an Stabilitat zu gewinnen, ist der
Elektroneneinfang (eng. electron capture; EC). Hierbei wird ein kernnahes Elektron ein-
gefangen und verbindet sich mit einem Proton zu einem Neutron. Die Massezahl bleibt

dabei konstant, wahrend sich die Protonenzahl verringert (16). Der EC stellt eine direkte
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Konkurrenzreaktion zur B*-Emission dar. Die minimal notwendige Energie von
1022 MeV welche fir die Erzeugung von zwei Photonen notwendig ist, stellt hierbei die

Abgrenzung dar. Unterhalb dieser Energie wird EC bevorzugt, oberhalb die B*-Emission.

15
X - , 47 +v, (15)
X: Mutternuklid; Y: Tochternuklid; A: Massenzahl; Z: Protonenzahl; v,: Neut-

rino

(16)

p+e > ln+v,
n: Neutron; p: Proton; e*: Positron; v,: Neutrino

Auf die beim Betazerfall erzeugten Neutrinos bzw. Antineutrinos geht ein unbestimmter
Anteil der Zerfallsenergie tber. Aufgrund dieses Drei-Teilchen-Problems ist das resultie-
rende B-Energiespektrum nicht konkret, sondern kontinuierlich bis zu einer Maximalener-
gie. Dabei liegt das Maximum der Energieverteilung bei etwa einem Drittel der maxima-
len Energie. Tabellarische Betaenergien, welche beispielsweise zur Dosisberechnung
herangezogen werden, beziehen sich hingegen stets auf den maximalen Wert und ver-

nachlassigen das restliche Spektrum.
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Abbildung 9: in a) ist das 8 -Spektrum von Kalium-40 dargestellt. In b) ist das B*-Spek-
trum von Phosphor-30 dargestellt [11].

B*- und B-Strahler unterscheiden sich zudem in ihrer Wechselwirkung mit Materie.
B-Teilchen wechselwirken tber ihre gesamte Wegstrecke mit Kernen. Solange sie noch
energiereich sind, verringern sie ihre Energie durch elastische Stdl3e und erzeugen da-

bei Photonen (Bremsstrahlung). Sobald sie genug Energie abgegeben haben werden
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sie in ein leeres Valenzband eines Kerns aufgenommen, wodurch dieser negativ ionisiert

wird.

Auch B*-Teilchen wechselwirken Uber ihre gesamte Wegstrecke mit Kernen durch Er-
zeugung von Bremsstrahlung, solange sie noch energiereich sind. Sobald das
B*-Teilchen seine Ruheenergie erreicht hat, interagiert es mit einem Elektron in Form
einer Annihilation und der Bildung von zwei y-Quanten (einzelne y-Quanten werden auch
Photonen genannt), die sich in einem Winkel von 180° voneinander entfernen. Die zur
Erlangung der Ruheenergie zuriickgelegte Wegstrecke ist abhangig vom Medium und
dessen Dichte [12]. Fir die Einstellung und Kalibrierung der SPECT bzw. PET werden,
aufgrund der dichteabhangigen Wegstrecke der B-Teilchen, verschiedene Arten von

Phantomen benutzt.

1.1.5 y-Strahlung

y-Strahlung ist eine elektromagnetische Strahlung. Sie wechselwirkt nur wenig mit Ma-
terie und hat dementsprechend eine hohe Eindringtiefe in diese. Zur y-Strahlung z&hlen
EM-Strahlen bis zu einer Energie <200 keV oder Wellenlangen von 5 pm. y-Strahlung
entsteht in der Regel als Folge eines a- oder 3-Zerfalls, bei denen der Tochterkern meist
noch einen Energietiberschuss aufweist. Dieser angeregte Tochterkern wandelt sich
nach einer bestimmten Zeit in einen niederenergetischen Zustand um. Die Uberschis-

sige Energie wird bei der Umwandlung in Form von y-Strahlung abgegeben.
AX* > 4X +y (17)

X": Nuklid im angeregten Zustand; X: Nuklid im Grundzustand; A: Massenzabhl;

Z: Protonenzahl; y: ausgesandtes Photon

amy L AX +y (18)

mX: metastabile Form des Nuklids; X: Nuklid im Grundzustand; A: Massenzahl;

Z: Protonenzahl; y: ausgesandtes Photon

Diese Art der Umwandlung wird auch y-Ubergang oder y-Zerfall genannt. Die Energie
von y-Strahlung ist immer diskret und charakteristisch fiir jedes Nuklid. Die scharfe Ener-
gie der y-Strahlung erklart sich daraus, dass die Lebensdauern von y-Ubergangen kern-

physikalisch gesehen vergleichsweise lang sind. Da die Lebensdauer eines angeregten
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Kernzustandes stets hoéher als 10%° s ist fuhrt dies nur zu diskreten Photonenenergien
mit einer Halbwertsbreite von unter 0,3 eV [13]. y-Strahlung kommt auch zur Sterilisation
zum Einsatz, z. B. bei medizinischen Produkten. y-Strahlung kann fiir die Diagnostik ver-

wendet werden.

1.2 Radionuklide in der Medizin

Radionuklide dienen in der Nuklearmedizin als Strahlenquelle fir diagnostische (z. B.
Positronen-Emissions-Tomographie (PET)) oder therapeutische Zwecke. Die radioaktiv
markierten Medikamente, auch Radiopharmaka genannt, werden den Patienten zumeist
intravents verabreicht. Sie bestehen in der Regel entweder nur aus der radioaktiven
Substanz, welche z. B. in Form eines Salzes (z. B. [?*°Ra]Cl,, Na[*®F]F) vorliegt, oder
aus dem Radionuklid gebunden an einen Carrier (z. B. ®F-Fluro-Desoxy-glucose
([*®F]-FDG)). Mit diesen Tracern kénnen, basierend auf dem Tracer-Prinzip von George
de Hevesy [14], einerseits Stoffwechselprozesse abgebildet und andererseits Krank-

heiten behandelt werden.
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1.2.1 Nuklearmedizinische tomographische Verfahren
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Abbildung 10: Schematische Darstellung der Detektion in einem PET und einem SPECT.

Der Nuklearmedizin stehen verschiedene Radionuklide (z. B. Technetium-99m) fir die
In-vivo-Diagnostik zur Verfigung deren ausgesandte Strahlung au3erhalb des Patienten
detektiert wird. Durch die Verteilung des Radiopharmakons im Patienten kénnen Rlck-

schlisse auf die Funktion verschiedener Organe oder Gewebe gezogen werden.

Fur die diagnostische Bildgebung kommen entweder Positronen- oder y-emittierende
Radionuklide zum Einsatz. Beide Strahlungsarten werden von den Detektoren in den
Tomographen in Form von Photonen registriert. Jedes detektierte Photon wird dabei als
"Punkt" dargestellt, wobei wahrend eines Scans typischerweise hunderttausende dieser
Punkte gesammelt werden, um ein endgultiges Bild zu erstellen. In der Art und Weise
ahnelt das der Malerei von Paul Signac oder Georges-Pierre Seurat, welche ihre Bilder
Punkt fir Punkt zusammensetzten [15] (Abbildung 11). Die Bildgebung kann in Form von

statischen, bewegten, Querschnitts- und dreidimensionalen Bildern erfolgen.

Querschnittshilder werden Uberwiegend mit Hilfe der sogenannten Single-Photon-Emis-
sions-Computertomographie (SPECT) aufgenommen. Die meisten SPECT-Geréate ver-
flgen Uber zwei Gamma-Detektorkdpfe auf einer Drehachse (Abbildung 10) welche um
den Patienten rotieren und werden haufig mit einer CT-Einheit kombiniert. Das ermog-
licht es funktionale und anatomische Bildsatze miteinander zu kombinieren. Die Detek-
toren der Kamera bestehen im Einzelnen aus einer Kollimatorblende, Szintillationskris-

tall, Lichtleiter und Photomultiplier. Beim Auftreffen eines y-Quants auf den Kristall wird
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ein Lichtblitz erzeugt, welcher verstarkt und dann in ein elektronisches Signal umgewan-
delt wird. Entsprechend ihrer Haufigkeit werden die Einzelsignale als Bildpunkt in unter-
schiedlich dunklen Farben eines Gesamtbildes dargestellt (Abbildung 11). Die zu unter-
suchenden Organe kdnnen einfach planar dargestellt werden. Aus diesen planaren Bil-
dern kann die Verteilung des Radiopharmazeutikums im Kérper bestimmt werden und
dann z. B. als Schnittbild durch den Kérper dargestellt werden. Dabei werden mehrere
Bilder derselben Kdrperregion zu einem dreidimensionalen Modell errechnet.

Abbildung 11: Links: Szintigramm einer gesunden Schilddrise mitTechnetium-99m-per-
technetat als Radiotracer in einem SPECT [16]. Rechts: Der Papstpalast zu Avignon von

Paul Signac derzeit ausgestellt in Musée d'Orsay, Paris, Frankreich.

Bei der Positronen-Emissions-Tomographie werden Positronenemitter eingesetzt. Das
Positron annihiliert mit einem Elektron, nachdem es seine Ruheenergie erlangt hat, zu
zwei Photonen. Idealerweise strahlen diese im 180° Winkel ab (1.1.4). Diese beiden
Photonen werden anschlieRend mit Hilfe einer Koinzidenzmessung detektiert. Koinzi-
denzmessung ist die Aufnahme vom Zusammentreffen bestimmter Ereignisse (hier: die
Detektion der zwei y-Quanten der Annihilation) innerhalb eines bestimmten, vorgegebe-
nen Zeitfensters (Abbildung 10). Mit einer geeigneten Software kann dann der urspriing-
liche Ort des Kernzerfalls errechnet und eventuelle Fehlkoinzidenzen kompensiert wer-
den (Abbildung 12).

Strahlendetektor - Strahlendetektor

Abbildung 12: Schematische Darstellung der verschiedenen Koinzidenzdetektionen. A:

echte Koinzidenz; B: Zuféllige Koinzidenz; C: gestreute Koinzidenz; D: Streuung.
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Dadurch ist es moglich im PET eine quantifizierte Untersuchung durchzufuhren. Die
Quantifizierung ist gleichbedeutend mit der Bestimmung lokaler Aktivitatskonzentratio-
nen im Gewebe und, gegebenenfalls durch zusétzliche Schritte, quantitativer physiolo-
gischer Parameter [17]. Voraussetzung dafir ist, dass das PET unter ordnungsgemafien
Arbeitsbedingungen betrieben wird (Qualitéatskontrolle, Normalisierung, Kalibrierung).
Die Quantifizierung erfordert Korrekturen fur die Totzeit, Dampfung, Streuung und ggf.
gegen zufallige Koinzidenzen (Abbildung 12). Die Uberlegenheit von PET gegeniiber
SPECT basiert auf den Vorteilen der Koinzidenzdetektion (elektronische Kollimation,
PET) gegeniiber der mechanischen Kollimation (SPECT). Bei entsprechend ausgeleg-
ten Ringsystemen fuhren diese Vorteile zu einer besseren Bildqualitéat [18]. Weitere Vor-
teile sind ein deutlich reduzierter Streuanteil und die Verbesserung der Zahlratenleis-
tung, mittels einer erhdhten Anzahl unabhangiger Zahlkanédle bei Verwendung von
Blockdetektoren. Die Kombination dieser Vorteile fiuihrt zu kontrastreichen und detailrei-
chen Bildern. Die hohere Zahlratenleistung bietet zudem eine verbesserte statistische
Bildqualitét, bei gleichbleibender applizierter Aktivitdt [19]. Die Abschwachung und
Streukorrektur fuhrt dazu, dass eine Quantifizierung im SPECT nicht durchfihrbar ist. In
den letzten Jahren gemachte Fortschritte bei Rekonstruktionsalgorithmen und Korrek-
turmethoden ermdglichen eine Verbesserung der Bildqualitat und verringern die derzei-
tigen Einschrankungen der SPECT-Technik [20]. Dennoch kann die SPECT die Leis-
tungsfahigkeit der PET rein physikalisch nicht erreichen.

Fluor-18 ist das am haufigsten genutzten PET-Isotop und wird bis heute zumeist in Form
von radioaktiv markiertem Zucker ([*®F]-FDG) verwendet, welches immer noch der Gold-

standard in der onkologischen Bildgebung ist.
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Tabelle 1: Gegenuberstellung der Details zu PET und SPECT

PET SPECT
Bsp. Verwendete Radionuklide 1C; 18F, %8Ga 9mTe; 123]; 1
Produktion der Nuklide Zyklotron, Generator Generator
emittierte Photonen 2*511 keV 1 ca. 140 keV
T Minuten bis wenige Stunden  Stunden bis Tage
Mogliche raumliche Auflésung 3-7mm 7-10 mm
Mdogliche zeitliche Auflésung 5s—1min >1 min
Notwendige Rechenleistung sehr hoch relativ gering
Durchschnittliche Kosten (D) 350-440 € 70-120 €

1.2.2 Radionuklide Produktion

Fur die Routineproduktion von Radionukliden, gibt es verschiedene Mdglichkeiten. So
kann ein stabiles Nuklid beispielsweise durch Bestrahlung mit Kernteilchen (z. B. Neut-
ronen, Protonen oder Gammastrahlen) in einen instabilen Zustand gebracht werden.
Dies geschieht entweder an Teilchenbeschleunigern (z. B. Zyklotron) oder in Kernreak-
toren. Die enorme Vielfalt der auf diese Weise entdeckten Radionuklide und vor allem
die Moglichkeit diese dann auch in einem entsprechend notwendigen Mal3stab herzu-
stellen, hat zu zahlreichen Anwendungen in der Industrie und Technik als auch natirlich
in der Medizin geflhrt. Eine Alternative Route der Radionuklidproduktion sind Radionuk-

lid-Generatoren, welche kontinuierlich das Radionuklid produzieren.

1.2.3 Zyklotron

Ein Zyklotron besteht zumeist aus zwei hohlen, halbkreisférmigen Metallelektroden (Du-
anten). An die Duanten ist eine hochfrequente Wechselspannung angeschlossen, wel-
che sie abwechselnd positiv und negativ ladt. Durch die gegenséatzliche Ladung der bei-

den Duanten entsteht im Spalt zwischen ihnen ein starkes elektrisches Feld (E-Feld).
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Oberhalb und unterhalb der Duanten befinden sich Elektromagnete, welche ein konstan-
tes, homogenes Magnetfeld (B-Feld) innerhalb der Duanten erzeugen. Im Inneren der
Duanten befindet sich eine Teilchenquelle, die freie lonen abgibt (Abbildung 13) [21].

-

Duant 2 Duant 1

lonenquelle

ﬂ"

pole®
Abbildung 13: Schematische Darstellung der Funktionsweise eines Zyklotrons.

Die Teilchenquelle gibt geladene lonen (zumeist positiv geladene Protonen) in den Spalt
zwischen den Duanten ab. Bei negativer Ladung von Duant 1 werden die Protonen durch
das E-Feld im Spalt in Richtung Duant 1 beschleunigt. Tritt das Proton in den Duanten
ein, so verlasst es das E-Feld. Beide Duanten wirken hier als Faraday’'sche Kafige, in
denen kein E-Feld herrscht. Durch das B-Feld des Elektromagneten wird das Proton
innerhalb des Duanten durch die Lorentzkraft beeinflusst. Dadurch wird es auf eine
Kreisbahn gezwungen. Wahrend sich das Proton noch innerhalb des Duanten befindet,
wird die Polung des E-Feldes umgekehrt. Nach Durchlaufen eines Halbkreises verlasst
das Proton den Duanten und tritt wieder in das E-Feld ein. Hier wird es, bis zu seinem
Eintritt, in Richtung Duant 2 beschleunigt. Mit jeder Runde erhéht sich so die Geschwin-
digkeit des Teilchens und damit auch der Radius seiner Kreisbahn. Dadurch kann die
Durchlaufzeit durch einen Duanten konstant gehalten werden. Durch Wiederholung die-
ses Prozesses wird das Teilchen immer weiter beschleunigt, bis es durch eine Ablen-
kelektrode aus dem Duanten in Richtung des Targets gelenkt wird. Durch das Beschie-
Ben von definierten Targets mit den beschleunigten Teilchen kénnen gezielt radioaktive

Isotope, unter anderem fur die medizinische Anwendung, erzeugt werden [22].
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1.2.4 Reaktor

Die Herstellung von Radionukliden an einem Kernreaktor stellt eine der frihsten Mog-
lichkeiten dar, diese fir die Medizin nutzbar zu machen [23]. Friher kamen viele medi-
zinisch verwendete Radionuklide aus den Abfallprodukten der Atomkraftwerke. Heutzu-
tage werden, ahnlich der Herstellung am Zyklotron, Targets verwendet, welche mit Neut-
ronen in einem Kernreaktor beschossen werden. So kdénnen die gewlnschten Radio-
nuklide selektiv hergestellt werden. Die Bestrahlung kann Stunden bzw. auch Tage dau-
ern, bevor das Target entnommen und das gefragte Radionuklid chemisch abgetrennt
wird. Die unterschiedlichen Bestrahlungszeiten hangen vom Wirkungsquerschnitt (79),
und damit von der Wahrscheinlichkeit mit der ein Teilchen mit einem Targetteilchen

wechselwirkt, ab.

= F 19
G—a)NT (19)

o: Wirkungsquerschnitt; w: Wechselwirkungswahrscheinlichkeit; F: Bestrahlte

Targetflache; Nt: Anzahl der im Target enthaltenen Teilchen

Das so erhaltene reine Radionuklid wird dann entsprechend weiterverarbeitet (Abbildung
14). Das in Abbildung 13 gezeigte Verfahren zur Herstellung von Molybdan-99 steht da-
bei beispielhaft fur viele Verfahren dieser Art. Ein weiteres Beispiel ist Lutetium-177. Es
werden derzeit zwei Wege kommerziell genutzt Lutetium-177 am Reaktor herzustellen.
Indirekt Uber die Bestrahlung von einem 1"®Yb-Target mit Neutronen (Kurzschreibweise:
178Yp(n,y)Y""Yb —* ¥7Lu), dabei entsteht zunachst das kurzlebige Ytterbium-177
(ta2 = 1,9 h), welches dann zu dem gewiinschten Lutetium-177 (ti2 = 6,71 d) zerfallt [24].
Die zweite Mdglichkeit ist das direkte Verfahren. Hierbei wird ein "®Lu-Target mit Neut-
ronen bestrahlt (Kurzschreibweise: *"®Lu(n,y)!"’Lu) wobei direkt das gewiinschte Lute-
tium-177 entsteht. Der Nachteil des Verfahrens ist, dass zusatzlich bis zu 0,1 % Lute-
tium-177m (t12 = 160,1 d) entstehen. Die lange Halbwertszeit von Lutetium-177m kann,

insbesondere im Abfall- bzw. Abwasser-Management, zu Problemen fuhren.
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U-235 Herausgelostes Mo-99/Tc-99m

Targets .i‘ Mo-99 Generatoren
Reaktor Mo-99 Generator- Krankenhauser,
Targetbestrahlung Prozessor hersteller Pharmaunternehmen

Abbildung 14: Versorgungskette von Technetium-99m fir die Anwendung im Kran-
kenhaus [25].

1.2.5 Radionuklid-Generatoren

Radionuklid-Generatoren sind traditionell wichtige Lieferanten fir medizinisch verwen-
dete Radionuklide. Die andauernde Entwicklung und ihr anhaltender Erfolg in der diag-
nostischen Nuklearmedizin sind zum groRen Teil auf den **Mo/**"Tc-Generator zurlick-
zufiihren. Dieser wurde 1957 im Brookhaven National Laboratory [26] entwickelt und
1961 erstmalig klinisch erprobt [27]. Die Nuklearmedizin héatte, ohne die kommerzielle
Verfugbarkeit dieses Generators und damit von Technetium-99m, nicht zu einem integ-
ralen Spezialgebiet der diagnostischen Bildgebung werden kénnen. Mit geschatzten 35
Millionen jahrlichen Studien weltweit zahlen **"Tc- zusammen mit ®Ga-Radiodiagnos-

tika zu den am haufigsten genutzten Generator-produzierten Nukliden [28].

Die Nutzung von Radionuklid-Generatoren ist insofern attraktiv da im Vergleich zu den
Zyklotron-produzierten Nukliden weniger Equipment und Personal benétigt wird. Es ist
daher moglich auf minimalem Raum mit entsprechender Abschirmung relativ kosten-

gunstig eine In-House Produktion zu betreiben.

Tabelle 2: Typen von Radionuklidgeneratoren und Zerfallsarten.

Mutternuklid Tochternuklid
Generator Zerfall Zerfall Anwendung
Tue Tz
®Mo/**"Tc 66 h B 6,01 h y Diagnostik
4Ti/*Sc 60 a EC 3,93 h B* Diagnostik
68Ge/8Ga 270,8d EC 67,71 min B* Diagnostik
0Gy/0y 28,78 a B 64,10 h B Therapie
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188\ /188Re 69,4d B 17,00 h B Therapie

225Ac/213Bi 10d a 45,59 min a Therapie

Die ersten ®8Ge/®®*Ga-Generatoren wurden 1964 beschrieben [29]. Prinzipiell ist der Auf-
bau der unterschiedlichen Generatoren identisch. Ihr Kernstick ist eine Saule, die ein
Adsorbermaterial (Matrix) mit aufgetragenem Mutternuklid enthalt. Diese befindet sich in
einer Abschirmung aus Blei und ist nach auf3en mit Verschlauchungen verbunden (Ab-
bildung 15). ®8Ge/*®Ga-Generatoren kdnnen entweder manuell eluiert oder mit einer au-

tomatisierten Syntheseanlage verwendet werden.
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Abbildung 15: Links: Schematische Darstellung der verschiedenen %8Ge/%®Ga-Genera-

torsysteme [30]. Rechts: Querschnitt durch einen ®Ge/®®Ga-Generator [31].

Das Mutternuklid (Mutter; hier: Germanium-68) ist auf der Matrix fest eingebettet wo es
permanent in sein Tochternuklid (Tochter; hier: Gallium-68) zerfallt, welche wiederum in
stabiles Zink umwandelt. Der Zerfall und die Bildung von Gallium-68 stehen dabei in
einem Gleichgewicht (sakulares Gleichgewicht) mit seiner Mutter. Ist die Halbwertszeit
der Mutter (t1,2,=270,8 d) deutlich gréRer als die der Tochter (t12.=67,71 min) ndhert sich
ihre Aktivitat mit der Zeit an die der Mutter an (Abbildung 16). Befinden sich beide Radi-
onuklide im Gleichgewicht zerfallt das Gemisch mit der Halbwertszeit der Mutter, bis es
durch einen aul3eren Einfluss (z. B. Elution) gestort wird. Wird durch Elution die Tochter
entfernt, stellt sich das Gleichgewicht nach ca. zehn Halbwertszeiten der Tochter wieder
vollstandig ein. In der klinischen Routine werden ®Ge/%®Ga-Generatoren in der Regel

nach ca. zwei bis funf 88Ga-Halbwertszeiten erneut eluiert.
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Abbildung 16: Theoretischer Aktivitatsverlauf nach einer Elution des Radionuklidgenera-

tors mit anschliel3ender Regeneration [32].

Derzeit (2020) sind verschiedene ®8Ge/®®*Ga-Generatoren, mit unterschiedlichen Matri-
zen, kommerziell erhaltlich. Bevorzugt werden TiO», SnO, oder organische Harze als
Matrix verwendet. Die Ausbeuten an Gallium-68 im Eluat eines neuen Generators rei-
chen von etwa 60 % (z. B. GalliaPharm; Eckert & Ziegler) bis 80 % (z. B. iThemba LABS)

bezogen auf das Kalibrierdatum. Die Ausbeute kann im Laufe der Zeit abnehmen.

Eines der ersten verfugbaren %Ga-Diagnostika war [8Ga]Ga-EDTA und konnte direkt
von den Generatoren eluiert werden. Die salzsauren Eluate der heutigen, kommerziell
erhaltlichen Generatoren liefern dagegen positiv geladene %Ga**-lonen anstelle der

®8Ga-Komplexe friiherer Entwicklungen.

Die einfache Verflugbarkeit der ®Ga**-lonen forderte die Entwicklung weiterer Tracer flr
die Anwendung [33, 34]. Gleichzeitig erforderte die Radiomarkierung der Vorlaufer Re-
aktionsbedingungen die nicht direkt vom Eluat geliefert werden konnten. Vor allem der
niedrige pH, Metallverunreinigungen und das grofR3e Volumen des Eluats waren proble-
matisch. Durch die Entwicklung verschiedener Post-Prozessings konnten diese und wei-

tere Probleme adressiert werden [35-37].

Typische Metallverunreinigungen, die reduziert werden kdnnen, sind unter anderem
Germanium-68, Eisen und Zink. Die Europaische Pharmacopoeia gibt fiir den Anteil ei-
nes Mutternuklids der im Eluat eines medizinisch genutzten Generators vorliegen darf,
den sogenannten Durchbruch, Limits vor, die eingehalten werden missen. Im Fall eines
%8Ge/®®Ga-Generatoren liegt das Limit flir Germanium-68 bei 0,001 % bezogen auf die

Gesamtaktivitat an Gallium-68 zum Zeitpunkt der Elution [38]. Der Durchbruch ist tber
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die Lebensdauer des intakten Generators, abgesehen von statistischen Schwankungen,
relativ konstant. Entscheidend ist das relative Aktivitatsverhéaltnis von Mutter zu Tochter.
Da sich die durch Elution verfigbare Aktivitdt an Gallium-68 des Generators mit der Zeit
verringert, wird das Verhaltnis von Mutter- zu Tochteraktivitat kontinuierlich gréRer, auch
wenn der Durchbruch (Ausbluten) der Mutter konstant ist.

Durch die wachsende Palette an Tracern und ihrer zunehmenden Anwendung/Bedeu-
tung in der Nuklearmedizin wuchs nicht nur der Bedarf, sondern auch die Anforderungen
an die Herstellung von %8Ge/®®Ga-Generatoren (GMP; Zulassung als Medizinprodukt).
Als Folge wurden die Generatoren hinsichtlich ihrer Matrix weiterentwickelt [30] und ihre
Herstellung den Anforderungen angepasst. Durch ein geeignetes Voraufreinigung des
Eluats, aber auch die Verbesserung der Matrix, kann die Nutzungsdauer auf ca. ein Jahr
ausgedehnt werden. Durch die Einhaltung der verschiedenen Regularien und die not-
wendige Zertifizierung fur GMP ist der Preis in den letzten Jahren deutlich gestiegen und

fur zugelassene Generatoren deutlich hoéher als fur nicht zugelassene.

1.2.6 Chelatoren

Radiometall markierte Radiopharmaka bestehen im Allgemeinen aus einem Radionuk-
lid, einem Chelator/Linker und einer biologisch aktiven Komponente, dem Pharmakophor
(Abbildung 17). Die verfigbaren Radioisotope die Anwendung in der Nuklearmedizin
finden sind Metalle bzw. Metalloide und Nichtmetalle. Sie kdnnen entweder direkt als
Salz oder zur Markierung der biologisch aktiven Komponente, ohne deren Funktionalitét
einzuschranken, eingesetzt werden. Salze von Radiometallen wie [22Rb]JRbCl, [39],
["Ga]Ga-Citrat [40], [°Sr]SrCl, [41] oder Alpharadien ([?*Ra]RaCl,) [42] werden so zur

Diagnostik und Therapie eingesetzt.

Biologisch aktive

Chelator Linker
Komponente

Q] i

Abbildung 17: Vereinfachte Darstellung des Prinzipiellen Aufbaus eines Tracers.

Damit Target-Vektoren mit einem Radiometall markiert werden kénnen, sind in der Regel

Chelatoren und Linker erforderlich. Chelatoren sind mehrzahnige Liganden die, durch
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ihre 3D-Struktur, bestimmte lonen bevorzugt koordinativ binden. Dieses Koordinations-
vermogen wird in der Natur von Chlorophyll (Zentralion Mg?*) oder Hamoglobin (Zentra-
lion Fe?*) genutzt. Der Chelator sollte stehts zur Aufgabe passen, die an ihn gestellt wird.
Diese entscheidet dariiber, welches lon komplexiert werden soll und vor allem in welcher

Umgebung der Komplex stabil sein muss.

Der Linker wird verwendet, um den Chelator mit dem Pharmakophor zu koppeln. Die
Interaktion zwischen dem Chelator und der biologisch aktiven Komponente sollte dabei
minimal sein und, was am wichtigsten ist, die Pharmakokinetik des Verbandes nicht mo-
difizieren. Es ist dokumentiert, dass der Linker einen tiefgreifenden Einfluss auf die Bio-
distribution des Pharmakophors hat [43, 44]. Verschiedene Arten von Linkern kénnen
verwendet werden, um die Pharmakokinetik zu modulieren. Die Lange, Flexibilitat, Hyd-
rophilie und Ladungen (kationisch, anionisch und neutral) sind hierbei Schliisselfaktoren,

die bei der Auswahl eines geeigneten Linkers berticksichtigt werden miussen [45].

Einer der vielseitigsten verfigbaren Chelatoren ist der Makrozyklus DOTA (1,4,7,10-Tet-
raazacyclododecan 1,4,7,10-Tetraessigsaure, Abbildung 1, Abbildung 18). Er ist seit
1976 bekannt und wurde urspriunglich fur die Komplexierung von Lanthanoiden verwen-
det, da er mit den meisten zwei- und dreiwertigen Metallen stabile Komplexe bildet [46].
Darlber hinaus ist die Synthese von DOTA sehr einfach und schnell, was die Entwick-
lung vieler Derivate mit verschiedenen funktionellen Gruppen erleichterte, die seine me-
dizinische Anwendung ermdglichten [47]. Die erste und bis heute noch in der Medizin
angewandte Form von DOTA ist die Gadotersaure, unfunktionalisiertes DOTA, welches
Gadolinium (Gd®**) komplexiert und bis heute weite Anwendung als Kontrastmittel in der
Magnetresonanztomographie findet [48].
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Abbildung 18: Darstellung verschiedener Chelatoren die aktuell in der Nuklearmedizin
im Einsatz sind.

Eines der ersten DOTA-Derivate das in der Nuklearmedizin angewandt wurde, ist DOTA-
TOC (DOTA-(0)-Phe(1)-Tyr(3))octreotid; INN: Edotreotid, Abbildung 18

Abbildung 18: Darstellung verschiedener Chelatoren die aktuell in der Nuklearmedizin
im Einsatz sind.

). In der Diagnostik wird DOTA-TOC mit Positronenemittern (z. B. Gallium-68) und in der
Therapie mit alpha-, beta-, oder Auger-Emittern (z. B. Actinium-225, Lutetium-177 [49]
oder lod-125 [50]) markiert [51].

Die Reaktionsbedingungen der Komplexierung mit einem spezifischen Radiometall han-
gen vor allem von der Halbwertszeit des Radiometalls, seinen chemischen Eigenschaf-
ten und dem jeweiligen Chelator ab. So sind, wegen seiner relativ kurzen Halbwertszeit,
erhdhte Temperauren (80-100 °C) fiur die Markierung von DOTA-Derivaten mit Gallium-
68 notig damit die Reaktion ausreichend schnell mit guten Ausbeuten ablauft. Zudem ist
ein pH-Wert im Bereich von 3-4 bevorzugt [35]. Diese Bedingungen sind immer auch ein
Kompromiss. So steigt einerseits das Komplexierungsvermégen von DOTA mit dem pH-
Wert [52], andererseits bildet Gallium bei steigendem pH-Wert zunehmend schwerldsli-
che Hydroxide (kolloidales Gallium; Kolloide), welche nicht mehr zur Komplexierung zur
Verfigung stehen [53]. Diese Bedingungen sind fir viele mdgliche Tracer (z. B. Antikor-

per) nicht geeignet und fuhren zu ihrer Inaktivierung [54].
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Anders dagegen sieht es z. B. bei Lutetium-177 aus. Aufgrund seiner deutlich langeren
Halbwertszeit (T12= 6,65 d) kann die Markierungsdauer bei Bedarf auf mehrere Stunden
ohne nennenswerte Verluste in der Aktivitét des Endproduktes ausgedehnt werden. Zu-
sétzlich bilden sich die in der Markierung stdrenden Kolloide erst ab einen pH > 6.
Dadurch kann der pH-Wert der Reaktion auf 4,5-5 angehoben werden [55]. Der héhere
pH-Wert ist von Vorteil, da sich das Markierungspotential des DOTA-Chelators ab einen
pH-Wert > 4 deutlich erhdht [52].

Die Forschung arbeitet immer weiter daran, neue, fur die medizinische Anwendung mit
Radiometallen geeignete, Chelatoren zu entwickeln [56]. Unter anderem in Hinsicht auf
die Radiomarkierung von sensiblen Vektoren oder Kit-Synthesen. Letztere sind vor allem
bei Technetium-99m im Einsatz. In einer solchen Kit-Synthese sind alle benétigten Che-
mikalien und der Vorlaufer schon soweit vorbereitet, dass nur noch das Radionuklid hin-
zugefigt werden muss und nach Inkubation und bestandener Qualitatskontrolle das Ra-
diopharmakon direkt appliziert werden kann. Der Vorteil dieser Methode besteht in ihrer
Einfachheit und der damit verbundenen sehr guten Verfligbarkeit von Untersuchungs-

methoden.

Einer der limitierenden Faktoren fur Dauer und Komplexitat einer Synthese ist die Halb-
wertszeit des Radionuklides. Daher sollte ein idealer Chelator selektiv kinetisch aber
auch thermodynamisch stabile Komplexe mit dem jeweiligen Radiometall bilden. Eine
guantitative Ausbeute ist zu bevorzugen, wenn eine Aufreinigung schwierig oder nicht

madglich bzw. gewlnscht (z. B. Kit-Synthese) ist.

Jeder Targetvektor hat unterschiedlichen Bedingungen, unter denen er stabil ist bzw.
seine Funktionalitdt erhalten bleibt. Wahrend fir PSMA-11 hohe Temperaturen
(> 100 °C) fur die Funktionalitdt des Pharmakophors kein Problem darstellen [57] sind
Antikorper nicht nur Temperatur-sensibel (> 45 °C), sondern auch empfindlich gegen-

Uber verschiedene organische Losemittel.

Einer der Chelatoren der diese Probleme adressiert ist NOTA (1,4,7-Triazacyclononane-
triessigsaure, Abbildung 18). Studien haben gezeigt das die Komplexierung von NOTA
mit Gallium-68 schon bei deutlich milderen Bedingungen (25 °C, 10 min, Ausbeute
= 90 %) mdglich ist [58—60]. Trotz seines Potentials hat auch NOTA noch Defizite, vor-
rangig im Komplexierungsvermdgen von divalenten Radiometallen, die einen breiten
Einsatz verhindern [61].

Ein weiterer geeigneter Chelator flr Gallium-68 ist TRAP (Methyl-(hydroxymethyl)phos-
phinsaure; Abbildung 18). Die Komplexierung erfolgt schneller als mit NOTA bei pH 0
und Raumtemperatur [62]. Daraus resultierend kann das Eluat vom %Ge/®®Ga-Generator
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ohne weitere Aufreinigung fur eine Markierung mit TRAP verwendet werden. Doch ob-
wohl [®8Ga]Ga-TRAP gute Stabilitaten aufweist, ist es aufgrund seiner Trimerisierung
nicht immer die beste Wahl [63].

Die Chelatoren TRAP, NOTA und DOTA sind alle Stickstoffbasierte Makrozyklen. Durch
die GroRRe der Ringe wird die Stabilitdt der Ga-Komplexe beeinflusst, wobei Ga-DOTA
(log Keayy =21,3) als groRter der drei Ringe die geringste und Ga-NOTA
(log K(ar) = 31,0) bzw. Ga-TRAP (log Kay) = 26,2) hohere Stabilitaten aufweisen [64].
Auch fur die Stabilitat der Komplexe entscheidend sind die Carboxyl-Gruppen. Werden
diese zur Bindung an den Targetvektor genutzt verringert sich die Stabilitat weiter. Die-
ser Verlust ist fir Ga-Komplexe weniger stark als fur gro3ere Metalle wie den Lanthani-
den. Wéahrend Gallium in einer Oktaeder-ahnlichen Struktur (Koordinationszahl 6; KZ 6)
koordiniert, wofir 6 Liganden benétigt werden, bevorzugt die Gruppe der Lanthanide die
Struktur der dreifach Gberkappten trigonalen Prismen (KZ 9), wofir 9 Liganden bendtigt
werden [65]. Die Ringstruktur von DOTA liefert Gber seine vier Stickstoffatome vier Ko-
ordinationstellen, vier weitere werden Uber die aul3eren Carboxylgruppen bereitgestellit.
Entfallt durch die Kopplung des Targetvektors eine der Carboxylgruppen, kann diese die
Komplexbildung nun nicht mehr unterstitzen. Dieser Verlust an Koordinationsvermégen,

wirkt sich weniger auf Metalle mit niedrigen Koordinationszahlen aus.

Ein anderer Ansatz wurde mit THP (Tris(hydroxypyridinon); Abbildung 18) verfolgt. THP
ist wie TRAP ein trivalenter Chelator und wurde zunéchst zur Markierung von Proteinen
und Peptiden unter milden Bedingungen (pH = 7; 5-7 min; RT) genutzt [66]. Ein Vorteil
von [%8Ga]Ga-THP fur die Anwendung ist die Stabilitat gegeniiber Humanserum [67].
Erste Studien zu ®Ga-Kit-Synthesen mit THP-PSMA konnten realisiert werden [68].

Ein weiterer Chelator der, dhnlich wie DOTA, zunachst als MRT-Kontrastmittel einge-
setzt wurde ist AAZTA (1,4-Bis(carboxymethyl)-6-[bis(carboxymethyl)]Jamino-6-methyl-
perhydro-1,4-diazepin; Abbildung 18) [69]. AAZTA bildet nicht nur mit Gadolinium son-
dern auch mit Gallium, Scandium oder Lutetium stabile Komplexe, weshalb dessen An-
wendungsbereiche weiter erforscht werden [70, 71].

Ein vielversprechendes Derivat von AAZTA ist DATA ((6-pentansaure)-6-(amino)methy-
1,4-diazepinetriacetat; Abbildung 18), welches sein Potential auch in klinischen Studien
zeigen konnte [72, 73].

AAZTA und DATA sind chimare Chelatoren. Sie kombinieren einen makrozyklischen
1,4-Diazapamring mit einem freien azyklischen Arm. Diese Verknipfung von Ring und
freien Arm erlaubt es die Markierung unter milden Bedingungen durchzufihren (10 Mi-
nuten; pH =4-5,5; RT) [71]. Ein Nachteil von AAZTA ist seine Instabilitat in humanem
Serum und gegenliber anderen Chelatoren wie z. B. EDTA oder DTPA [70]. DATA

dagegen zeigte gegeniiber beiden eine hohere Stabilitat [70].
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Beispiele wie TRAP, DATA und THP (Abbildung 18) ermdglichen eine effiziente Radio-
markierung bei Raumtemperatur, niedrigen pH-Werten oder Substrat-Konzentrationen.
Diese Eigenschaften konnten in Zukunft ®®Ga-Kit-Praparationen auch mit sensibleren
Targetvektoren ermoglichen.

1.2.7 Targetvektoren

Radiopharmaka sind Pharmakophore, die mit einem Radionuklid markiert sind. Das Kon-
zept der Pharmakophore wurde schon 1909 von Paul Ehrlich erstmals beschrieben[74].
Es wird laut IUPAC (International Union of Pure and Applied Chemistry) definiert wie

folgt:

»A pharmacophore is the ensemble of steric and electronic features that is necessary to
ensure the optimal supramolecular interactions with a specific biological target structure

and to trigger (or to block) its biological response.

A pharmacophore does not represent a real molecule or a real association of functional
groups, but a purely abstract concept that accounts for the common molecular interaction
capacities of a group of compounds towards their target structure. The pharmacophore
can be considered as the largest common denominator shared by a set of active mole-
cules. This definition discards a misuse often found in the medicinal chemistry literature
which consists of naming as pharmacophores simple chemical functionalities such as
guanidines, sulfonamides or dihydroimidazoles (formerly imidazolines), or typical struc-

tural skeletons such as flavones, phenothiazines, prostaglandins or steroids.” [75]

Das Pharmakophor ist definiert Uber die wesentlichen sterischen und elektronischen,
funktionsbestimmenden Punkte, die flr eine optimale Interaktion mit dem jeweiligen

pharmakologischen Ziel notwendig sind.

Zu den Pharmakophoren gehéren unter anderem Salze, Aminosauren, Peptide, Antikor-
per oder Nanopartikel. Diese Molektle kdnnen bestimmte Biomarker (z. B. Enzyme, Re-
zeptoren und Transporter), Zellpopulationen (z. B. krebsassoziierte Fibroblasten, Im-
munzellen) oder biologische Prozesse (z. B. Energiestoffwechsel, Hypoxie, Azidose und

oxidativer Stress) selektiv ansteuern [76].

Konventionelle Pharmazeutika sind so konzipiert und entwickelt, dass sie in die biologi-
schen Prozesse von Krankheiten eingreifen und diese verandern und zu einem positiven
Behandlungsergebnis fuhren, und gleichzeitig eine minimale Toxizitat im normalen Ge-
webe aufweisen. Daher sind die Wirksamkeit und Sicherheit in der Regel zwei der wich-

tigsten Uberlegungen fir ein Medikament [77]. Im Vergleich dazu sind Radiopharmaka
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so konzipiert, dass sie die Krankheiten nicht-invasiv beeinflussen. Insgesamt wird erwar-
tet, dass ein zielgerichtetes Radiopharmakon mit klinischem Translationspotenzial die
folgenden Eigenschaften aufweist [78]:

Hohe Spezifitat: Zielspezifische Radiopharmaka interagieren selektiv mit bestimmten
Biomarkern (z. B. Enzymen, Rezeptoren oder Transportern) die an verschiedenen bio-
logischen Prozessen in Verbindung mit bestimmten Zellpopulationen und subzellularen
Kompartimenten beteiligt sind [79, 80]. Sie stellen biologische Prozesse auf molekularer
Ebene dar wobei die hohe Spezifitat die unspezifische Aufnahme in andere Gewebe
reduziert. Dadurch sind sie sehr nitzlich fir das Verstandnis von einer Krankheit zu-
grunde liegenden Stoffwechselprozessen aber auch fur die Therapie mit radioaktiver
Strahlung.

Hohe Bindungsaffinitat: Eine hohe Bindungsaffinitat zum biologischen Target ist eine
Voraussetzung, um eine ideale Anreicherung des Radiopharmakons im Zielgewebe zu
erreichen. Um eine hohe Aufnahme innerhalb einer begrenzten Zirkulationszeit zu errei-
chen, muss das Radiopharmakon eine schnelle Assoziation und eine langsame Disso-

ziation aufweisen.

Rasches Auswaschen aus Nicht-Zielgeweben: Radiopharmaka sollten renal, hepato-
biliar oder Uber beide Wege ausgeschieden werden. Der Eliminationsweg hangt von
mehreren Faktoren ab: der Grol3e, Lipophilie, Ladung und Plasma-Protein-Bindung. Bei
anhaltender Tumoraufnahme verbessert sich der Bildgebungskontrast mit raschem Aus-
waschen aus Blut und Nicht-Zielgewebe. Dariiber hinaus reduziert sich die Strahlenbe-

lastung entschieden flr den Patienten.

in-vivo Stabilitat: Da Radiopharmaka zumeist injiziert werden und die Geschwindigkeit
der Aufnahme im Zielgewebe schwankt (Minuten bei [*®F]JFDG; Tage bei Antikérpern),
missen sie gegeniuber verschiedenen Enzymen, Proteasen, andere Chelatoren oder
lonen, welche im Serum oder im Zielgewebe vorhanden sind, stabil bleiben. Informatio-
nen, die durch Metaboliten des Radiopharmakons erhalten werden, machen die Bildaus-
wertung komplexer und verfalschen das Ergebnis. Die Qualitat der quantitativen Analyse

und, darauf basierend, die Diagnostik hangt stark von der in-vivo-Stabilitat ab.

Geringe Immunogenitat oder Toxizitat: Es ist unwahrscheinlich, dass die applizierte
Mikrodosis des Pharmakons zu einer allergischen Reaktion flihrt oder pharmakologische
Wirkung hat. Trotzdem miissen die biologischen Wirkungen, die ein Radiopharmakon
verursacht genau Uberwacht werden, da einige zum Teil mehrfach eingesetzt werden
[81].
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Zuganglich und kosteneffektiv: Radiopharmazeutika, einschliellich der Vorlaufer fur
die Radiomarkierung, sollten leicht und gtinstig verfligbar sein, um eine klinische Routi-

neanwendung zu ermoglichen.

In einigen Fallen hat das Radionuklid auch die biologische Funktion inne und kann direkt,
z.B. in Form seines Salzes, als Radiopharmakon verwendet werden. So wird z.B. die
Durchblutung des Herzmuskels im PET mit [®2Rb]RbCl,, alternativ Hz[**O]O oder
[**N]NHs, dargestellt [39, 82]. Auch lod, dessen Isotope zur Diagnose und Therapie ein-
gesetzt werden, kommt gegebenenfalls ohne zusatzlichen Targetvektor aus. In der Di-
agnostik wird unter anderem lod-123 [83], in der Brachytherapie lod-125 [50] und in der
Schilddrusentherapie lod-131 [84], verwendet.

In anderen Fallen kann der Targetvektor ohne jeglichen Funktionalitdtsverlust mit einem
Radionuklid markiert werden. So ist [**C]Cholin biochemisch nicht von nattrlichem Cho-
lin unterscheidbar. Die relativ kurze Halbwertszeit von Kohlenstoff-11 (20,364 min) er-
fordert jedoch eine komplexe Infrastruktur vor Ort, und die Bildaufnahme muss friih nach
der Injektion erfolgen. Diese praktischen Probleme fuhrten zur Entwicklung von fluorier-
ten Derivaten wie [*®F]Fluorethyl-Cholin (FEC) oder [*®F]Fluormethyl-Cholin (FCH) [85].
Diese Tracer zeigen Unterschiede in ihrer Biodistribution zu Cholin, welche allerdings fur

die klinische Anwendung vernachlassigbar sind [85].

Ein anderer Ansatz in der Diagnostik ist die Darstellung von Stoffwechselvorgangen
(z. B. Zuckermetabolismus). Viele Tumorarten haben eine erhéhte Stoffwechselrate und
damit zumeist verbunden einen héheren Energiebedarf [86]. Die als Warburg-Effekt be-
zeichnete Umwandlung der Energiegewinnung durchlaufen ca. 70 % der Krebszellen,
hierbei scheidet die Krebszelle Laktat aus anstatt diese dem Zitratzykluss zur verfligung
zu stellen [87]. Der erhohte Energieverbrauch kann dann mit Hilfe von [*®*F]FDG , wel-

ches sich als Goldstandard in der PET-Diagnostik etabliert hat, dargestellt werden [88].

Das Prostata-spezifisches Membran-Antigen (PSMA) ist ein Transmembranmolekil im
Prostatagewebe und wird bei den meisten Prostatakrebsarten stark Gberexprimiert [89,
90]. Sein extrazellularer N-terminaler Teil, der die katalytische Domane enthalt, ist fir
ein selektives Tumortargeting geeignet [91]. Aufgrund der geringen Expression von
PSMA in gesundem Gewebe, mit Aushahme von Speichel- und Tranendrusen, ist eine
hochdosierte Radioligandentherapie (RLT) moglich. Der aktuell am haufigsten genutzten
Tracer in der Diagnostik ist [®®Ga]Ga-PSMA-11 [92].

Somatostatin-Rezeptoren (SSTR) gehéren zur Gruppe von G-Protein-gekoppelten Re-

zeptoren, die in Neuronen und endokrinen Zellen vorkommt und eine hohe Dichte im
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Gehirn, in den peripheren Neuronen, in der endokrinen Pankreas und im Gastrointesti-
naltrakt aufweisen. Es sind funf Subtypen bekannt (SSTR1-SSTR5), wobei durch alter-
native SpleiBung der SSTR2-mRNA zwei Subtypen hinzukommen, namlich SSTR2A
und SSTR2B [93]. Die meisten neuroendokrinen Tumore (NET) uUberexprimieren
SSTRs, die als Targets fur die Theranostik verwendet werden kdnnen. [94]. NET sind
eine heterogene Gruppe verschiedener Neoplasmen, die in den Zellen neuroendokrinen
Ursprungs in vielen verschiedenen Organen entstehen, am haufigsten jedoch im Gast-
rointestinaltrakt und in der Lunge. Da die metabolische Stabilitdt von natirlichem Soma-
tostatin sehr gering (1-3 min) ist, wurden synthetische Analoga mit wesentlich hdherer
Stabilitat entwickelt. In der Diagnose bzw. Therapie von neuroendokrinen Tumoren wird
z. B. [®®Ga]Ga-DOTA-TOC bzw. [*""Lu]Lu-DOTA-TATE verwendet, die SSTR als Target
ansteuern [95, 96].

Bei vielen Tumorarten treten Metastasen des Knochens als Nebenerkrankung auf, wel-
che die Lebensqualitat und -erwartung der Patienten signifikant beeinflussen. Hier wer-
den Knochen-affine Targetvektoren eingesetzt, welche z. B. an das im Knochen enthal-
tene Mineral Hydroxylapatit binden [97]. Zu diesen zahlen unter anderen [®*Ga]Ga-
DOTA-ZOL [98], [*""Lu]Lu-EDTMP (Ethylendiamintetramethylen Phosphorsaure [99]),
[**"Tc]Tc-MDP (Methylendiphosphonat; [100]), oder [**™Tc]Tc-HDP (Hydroxymeth-
ylenbisphosphonat; [101]).

1.3 Theranostik
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Abbildung 19: Darstellung einige der wichtigsten Verfahren zu Diagnose und Therapie-

4

mdglichkeiten von Tumorerkrankungen.

2005 wurde erstmals der Begriff Theragnostik (Theranostik) fur die Beschreibung des
Einsatzes bildgebender Diagnostik zur Therapieplanung in der Radioonkologie verwen-

det [102]. Theranostik ist definiert als Verwendung von Informationen aus medizinischen
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Diagnoseverfahren zur Bestimmung der optimalen Therapie fur einen einzelnen Patien-
ten [102].

Das erste Radiotheranostikum der Nuklearmedizin war Radiojod (lod-131) [103]. Zur Be-
handlung gutartiger Schilddriisenerkrankungen mit Radiojod sind Empfehlungen fur eine
pratherapeutische Dosimetrie in der europdischen Leitlinie enthalten [104].

Anhand der Pharmakokinetik eines diagnostischen Radiopharmakons kann die Expres-
sion spezifischer Tumormarker bei einem Patienten nachgewiesen und quantifiziert wer-
den. Darauf basierend kann eine Vorhersage tUber den Therapieverlauf getroffen wer-
den. Die Therapie wird mit Hilfe einer darauffolgenden Dosimetrie geplant und mit Kon-
trollmessungen tberwacht. Diese Kontrollmessung ermoglicht gegebenenfalls notwen-
dige Anpassungen zu planen (Abbildung 20). Zudem liefert die Dosimetrie notwendige
Daten in Hinsicht auf Effizienz und Toxizitat neuer Tracer in der Behandlung [105].
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/ Patienten-Pharmakokinetik \
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6. Behandlung und

QC-Messungen I e i ~| Parameter
] Kinetische und L~ ' ﬂ
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,I 5. Therapieplanung | ~_ |3 thersase O!er
T * Pharmakokinetik
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— h .

Rdionukliddaten Masse und Lage von Organen

Abbildung 20: Vorgehensweise bei der individualisierten nuklearmedizinischen Therapie
[106].

Fur die Dosimetrie sind mehrere Schritte notwendig. Zuerst muss eine quantitative Bild-
gebung zu verschiedenen Zeitpunkten durchgefuhrt werden, um die Aktivitat in den im
Fokus stehenden Organen Uber die Zeit zu beurteilen. Die etablierte Methode beruht auf
der Messung der Pharmakokinetik durch serielle y-Kamera-Scans. Die Verwendung von
SPECT-CT (oder, falls moglich, PET/CT) erhoht die quantitative Genauigkeit deutlich
[107]. Diese héangt auch von einer zuverlassigen Kalibrierung und sorgfaltigen Anpas-
sung der Kamera- und Rekonstruktionseinstellungen ab. Fir die Organ- oder Lasions-
dosimetrie mussen individuelle Organ- oder Lasionsvolumina bestimmt werden. So kann
beispielsweise bei der CT die Verwendung von Standardorganvolumina falsch sein und

zu einer ernsthaften Unter- oder Uberschatzung der absorbierten Dosen fiihren. Dies
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kann zu einer Uber- bzw. Unterdosierung fuhren, wodurch der Tumor nicht wirksam be-

kampft oder gesundes Gewebe in Mitleidenschaft gezogen werden kann [108].

Der zweite Schritt besteht darin Zeit-Aktivitatskurven fur die Akkumulation der Radioak-
tivitdt in den Organen und L&sionen zu erstellen. Diese wird dann Uber die Zeit zu inte-
griert, um die Gesamtzahl der in den sogenannten Quellorganen auftretenden Zerfalle
zu erhalten. Zu diesem Zweck ist es wichtig, sowohl die optimalen Zeitpunkte als auch
die optimale Anpassungsfunktion zu wéhlen [108].

Der letzte Schritt ist die Wahl des S-Wertes. Der S-Wert, ist die radionuklidspezifische
absorbierte Dosisleistung pro Aktivitdtseinheit, die in die Zielregion von der Quellregion
abgegeben wird. Der S-Wert berlcksichtigt die bei jedem radioaktiven Zerfall freige-
setzte Energie sowie die relative Geometrie des Quellorgans und des Zielorgans, fir das
die Energiedosis berechnet werden soll. So ist die kumulierte Aktivitat von biologischen
Parametern abhangig, wéahrend der S-Faktor die physikalischen Komponenten der Ener-
giedosis berticksichtigt [108]. Es wird keine Annahme beziglich der Quell- oder Zielor-
gane getroffen, aulRer dass die Verteilung der Aktivitat im Quellorgan homogen ist. Die
Quell- und Zielorgane kdnnen von beliebiger Gro3e oder Zusammensetzung sein. Wenn
die Aktivitat im Quellorgan heterogen verteilt ist, ist es theoretisch mdglich, das Quellor-
gan in kleinere Volumina zu unterteilen, in denen die Aktivitat als homogen betrachtet
werden kann. S-Wert-Berechnungen hangen stark von der Wahl des Modells ab. Wenn
tabellierte S-Werte verwendet werden, die aus mathematischen anthropomorphen
Phantomen berechnet werden, dann sollten die Massen der Organe an die Gewichte der
Organe der Patienten angepasst werden. Gegenwartig werden haufig voxelbasierte (in
der 3D-Computergrafik stellt ein Voxel einen Wert auf einem regelméfigen Gitter im
dreidimensionalen Raum dar) S-Wert Berechnungen fir die patientenspezifische Dosis
verwendet, wie z. B. in der Software NUKDOSE [109]. Die so berechnete Dosisvertei-
lung ist einer der Hauptindikatoren fur die Bewertung des festgelegten Therapieplans.
Aufgrund der Dosisverteilung im Patienten kann der behandelnde Arzt entsprechende

Anpassungen vornehmen um einen optimalen Therapieverlauf zu gewéhrleisten [110].
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2. Problemstellung und Zielsetzung

In der vorliegenden Dissertation wurden mehrere Aspekte der taglichen radiopharma-
zeutischen Routine in der Nuklearmedizin bearbeitet. Der Fokus lag dabei auf der Trans-

lation von neuen Tracern aus der Forschung in die klinische Anwendung.

Entscheidende Regularien und Konzepte, welche bei der Herstellung von Radiophar-
maka zu beachten sind, sind zum einen GMP (Good Manufacturing Practice [111]), das
Arzneimittelbuch [112] und der Strahlenschutz [113]. Sie beeinflussen jeden Gesichts-
punkt der Herstellung und Anwendung eines Radiopharmakons und inwieweit sie fir den
klinischen Alltag Anwendung finden. Oftmals ist ein Spagat zwischen Strahlenschutz und

GMP notwendig, da hier, unter Umstanden, kontrare Anforderungen vorliegen kdnnen.

In den jungen Jahren der ®®Ga-markierten Radiotracer waren der Bedarf und die Zahl
der damit verbundenen Synthesen Uberschaubar. Haufig wurden wenige Synthesen pro
Woche bendtigt. Diese konnten in manuellen Verfahren durchgefihrt werden, wenn der
Strahlenschutz gegeben war. Hinsichtlich GMP waren die Behorden, zumindest in
Deutschland, bei dem sehr kleinen Patientenkollektiv lange Zeit sehr tolerant. Erst mit
dem Erfolg von PSMA-11 [114] in der Prostatadiagnostik steigerten sich die Patienten-
zahlen und der damit verbunde Bedarf an Synthesen. Gleichzeitig stiegen die Anforde-
rungen des Strahlenschutzes (mehr Synthesen = héhere Dosisbelastung des herstellen-
den Personals) aber auch an die Herstellung (Ausgangsmaterialien, Umgebung, Abfll-
lung etc.). Infolgedessen wurden automatisierte Module immer attraktiver. Die Hersteller,
welche bis dato hauptsachlich Module fiir Fluor-18 anboten, passten ihr Angebot dem
Bedarf an Gallium-68 an. Die Module bieten die Mdglichkeit verschiedene Radiophar-
maka mit robusten Synthesen und GMP-konformen Materialien bei geringer Dosisbelas-
tung fur das Personal herzustellen. Gleichzeitig wurde die Entwicklung neuer Tracer flr
Diagnostik und Therapie vorangetrieben was wieder zu steigenden Patientenzahlen
fuhrte. Eine der groRen Herausforderungen der klinischen Routine ist es deshalb aktuell
der Nachfrage gerecht zu werden, 6konomisch zu arbeiten und dabei der Gesundheit

des Personals und dem Schutz der Patienten Rechnung zu tragen.
Teilprojekt: DOTA-ZOL

Ein Tracer fur die Translation in die klinische Routine war DOTA-ZOL. Ein neues Agens
sowohl fur die Diagnostik als auch Therapie von Knochenmetastasen und anderen Kno-
chen-umwandelnden Prozessen (z. B. Entziindungen). Ziel der vorliegenden Arbeit war

die Implementierung der Radiomarkierung und Qualitatskontrolle in die klinische Routine
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unter Beachtung der Anforderungen von Strahlenschutz und Arzneimittelbuch an
®8Ga/*’"Lu-markierte Radiopharmaka.

Ausgangsbasis fur die Etablierung von DOTA-ZOL waren eine manuelle Markierungs-
methode mit Gallium-68 bzw. Lutetium-177 und eine DC-Methode fiir die Qualitatskon-
trolle. Fur Lutetium-177 soll eine automatisierte Synthese ebenso wie eine vollstandige
Qualitatskontrolle evaluiert, validiert und etabliert werden, welche als Grundlage fir eine
analoge %®Ga-Methode dient. Anséatze aus der Literatur zur Qualitatskontrolle sollen ver-
folgt und im Anschluss auch die gegebene Radiomarkierung nachverfolgt, evaluiert so-
wie optimiert werden. Die knochenaffinen Tracer sollen anschlieRend fur klinische Dosi-
metriestudien zur verfiigung stehen. Hierfiir soll deren Potential fur Diagnostik und The-

rapie von osteoblatstischen Knochenmetastasen untersucht.
Im Rahmen dieses Teilprojekts sind folgende Publikationen veréffentlicht worden:

e Michael Meisenheimer, Stefan Kirpig, Markus Essler, Elisabeth Eppard; DOTA-
ZOL: A Promising Tool in Diagnosis and Palliative Therapy of Bone Metastasis—
Challenges and Critical Points in Implementation into Clinical Routine; Molecules
2020, 25(13), 2988

e Khawar, A., Eppard, E., Roesch, F., Ahmadzadehfar, H., Kiirpig, S., Meisenhei-
mer, M., Gaertner, F., Essler, M., Bundschuh, R., Preliminary results of biodis-
tribution and dosimetric analysis of [®®Ga]Ga-DOTAZOL: a new zoledronate-
based bisphosphonate for PET/CT diagnosis of bone diseases; Ann Nucl Med
2019, 33, 404

e Khawar, A., Eppard, E., Roesch, F., Ahmadzadehfar, H., Klirpig, S., Meisenhei-
mer, M., Gaertner, F., Essler, M., Bundschuh R., Biodistribution and post-therapy
dosimetric analysis of [*"’Lu]Lu-DOTAZ°" in patients with osteoblastic metasta-
ses: first results; EJINMMI Res 2019, 9, 102

Teilprojekt: PSMA

Die Markierung von PSMA-11 mit Gallium-68 wurde in der Anfangszeit noch manuell
durchgefiihrt. Es wurde jedoch sehr schnell deutlich, dass der Strahlenschutz des Per-
sonals bei dem Patientenaufkommen nicht mehr gewéhrleistet werden kann. Auf Grund-
lage schon bekannter automatisierten Methoden fiir DOTA-TOC bzw. DOTA-TATE soll
je eine eigensténdige Methode fiir PSMA-11 bzw. PSMA-617 fir Gallium-68 und Lute-
tium-177 entwickelt und fur den Routineeinsatz validiert werden. Die Methoden werden,
unter Beriicksichtigung von GMP und Strahlenschutz, in den klinischen Alltag implemen-

tiert und etabliert. Fir eine Markierung mit dem nicht-standard Isotop Scandium-44 soll
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zuerst eine manuelle Synthese und, darauf aufbauend, eine automatisierte entwickelt
und validiert werden. Ebenso soll in Anlehnung an die Pharmakopoeia eine geeignete
Qualitatskontrolle etabliert werden. AnschlieRend soll das neue PET-Isotop in klinischen
Studien mit dem Standard Gallium-68 verglichen werden.

Im Rahmen dieses Teilprojekts sind folgende Publikationen vergffentlicht worden:

e Lara Schwarte, Lena Thomas, Elisabeth Eppard, Michael Meisen-heimer, Chris-
tof Weiss-Wichert, Rolf Fimmers, et al. Comparison of Tumor Heterogeneity As-
sessed with Textural Parameters in ®Ga-PSMA PET/CT and '"’Lu-PSMA
SPECT/CT in Patients with Meta-staticProstate Cancer; Biomed J Sci & Tech
Res, 2018, 11(5)

e Ambreen Khawar; Elisabeth Eppard; Jean Sinnes; Frank Roesch; Hojjat Ahmad-
zadehfar; Stefan Kirpig; Michael Meisenheimer; Florian Gaertner; Markus Ess-
ler; Ralph Bundschuh; Prediction of Nor-mal Organ Absorbed Doses for
[*"’Lu]Lu-PSMA-617 Using [*Sc]Sc-PSMA-617 Pharmacokinetics in Patients
With Metastatic Castration Resistant Prostate Carcinoma; Clinical Nuclear Med-
icine. 2018, 43(7), 486

e Ambreen Khawar; Elisabeth Eppard; Jean Sinnes; Frank Roesch; Hojjat Ahmad-
zadehfar; Stefan Kurpig; Michael Meisenheimer; Florian Gaertner; Markus Ess-
ler; Ralph Bundschuh; [*Sc]Sc-PSMA-617 Biodistribution and Dosimetry in Pa-
tients With Metastatic Cas-tration-Resistant Prostate Carcinoma; Clinical Nuclear
Medicine. 2018, 43(5), 323

e Yordanova, A., Linden, P., Hauser, S. Meisenheimer, M., Klrpig, S., Feldmann,
G., Gaertner, F., Essler, M., Ahmadzadehfar, H. Out-come and safety of rechal-
lenge [*"’Lu]Lu-PSMA-617 in patients with metastatic prostate cancer; Eur J Nucl
Med Mol Imaging 2019, 46, 1073

Teilprojekt: Prozessoptimierung

Wahrend der Radiomarkierung sind die Vorlaufersubstanzen direkt der ionisierenden
Strahlung ausgesetzt, wodurch sie beschadigt werden kdnnen. Hinsichtlich der Radio-
lyse, die wahrend der Markierung entstehen kann, soll flr bestehende und neue Synthe-
sen Inhibitoren getestet werden. Bekannte Radiolyseinhibitoren sind unter anderem As-
corbat, Wasser und Ethanol. Da die Festphasenaufreinigung der Modulsynthese Ethanol
als Elutionsmittel der aufgereinigten Radiopharmaka ([®3Ga]Ga-DOTA-TOC & [®Ga]Ga-
PSMA-11) verwendet, ware dessen Einsatz als Inhibitor wahrend der Synthese wuin-
schenswert. AuBerdem soll Uberpriuft werden, ob die verwendeten Mengen Ethanol in

der Lage sind die Markierungseffizienz zu steigern. Beides wird anhand von [®*Ga]Ga-
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DOTA-TOC bzw. -TATE evaluiert. Auf Basis der erhaltenen Ergebnisse wird eine Me-
thodik fur die klinische Routineproduktion erarbeitet und implementiert.

In einer retrospektiven Analyse wird die Auswirkung der resultierenden Anderungen in
der Routine hinsichtlich Zuverlassigkeit und Ausbeute Uberpruft. Zu diesem Zweck wer-
den die verschiedenen Prozesse (optimierte Manuell, Modul) statistisch untersucht und

miteinander verglichen.
Im Rahmen dieses Teilprojekts sind folgende Publikationen verdoffentlicht worden:

e Meisenheimer, M., Kirpig, S., Essler, M., Eppard, E., Ethanol ef-fects on %Ga-
radiolabelling efficacy and radiolysis in automated synthesis utilizing NaCl post-
processing; EJNMMI radiopharm. chem. 2019, 4, 26

e Meisenheimer, M., Kurpig, S., Essler, M., Eppard, E. Maunual vs automated
®8Ga-radiolabelling — A comparison of optimized processes. J Labelled Comp Ra-
diopharm. 2020; 63, 162

Teilprojekt: Kontrolle zellularer Transportmechanismen

Immer noch strittig ist die Frage, ob NAPMT oder GLUT1 das hauptséchliche zellulare
Ziel des GLUT1-Inhibitors STF-31 ist. Daher soll die Spezifitat des Medikaments erneut
untersucht werden. Hierzu werden Kurzzeit-Aufnahmeexperimente mit [**F]JFDG durch-
gefluhrt.

Im Rahmen dieses Teilprojekts ist folgende Publikation veréffentlicht worden:

e Kraus, D., Reckenbeil, J., Veit, N. Kurpig, S., Meisenheimer, M., Beier, I., Stark,
H., Winter, J., Probstmeier, R. Targeting glucose transport and the NAD pathway
in tumor cells with STF-31: a re-evaluation; Cell Oncol. 2018, 41, 485

Teilprojekt: Implementierung neuer Tracer fur klinische Studien

Fur klinischen Studien mussen die betreffenden Tracer auch unter GMP Bedingungen
hergestellt werden. Das bedeutet in der Regel, dass basierend auf einer publizierten
Methode eine fur die klinische Anwendung adaquate entwickelt werden muss. Dafiir soll
zuerst die gegebene manuelle-Methode nachvollzogen und notwendige Anpassungen
vorgenommen werden, z. B. um eine eine Sterilfiltration zu ermdglichen. Des Weiteren
soll untersucht werden, ob eine Aufreinigung des Produktes méglich und integrierbar ist.
Diese bietet den Vorteil, dass auch bei eventuellen Abweichungen in der Synthese noch
ausreichend Produkt zur Verfligung steht, welches geeignete Reinheit besitzt. Ist dies
alles fur die manuelle Methode erreicht worden, soll geprift werden, ob es auf dem Mo-

dul adaptiert werden kann.

38



Fir den direkten Vergleich von DOTA-TOC gegen DATA-TOC in einer klinischen Studie
soll zuerst eine adaquate manuelle Methode entwickelt werden, die es ermoglicht, erste
Patienten-geeignete Dosen herzustellen. Auf dieser Grundlage soll des Weiteren eine
Automatisierung fur das Kassettenmodul erarbeitet werden. Fir die Qualitdtskontrolle
sollen die gegebenen Methoden validiert und auf Zuverlassigkeit hin Gberprift werden.
Die beiden Tracer sollen in einer klinischen Studie hinsichtlich ihres Potenzials bei der

Erkennung von Lebermetastasen verglichen werden.

DATA5mM.SA.FAPi kann hilfreich sein, um eine Vielzahl von malignen und benignen Tu-
moren zu charakterisieren. Es besteht dartber hinaus Hinweise darauf, dass aktivierte
Fibroblasten sichtbar gemacht werden kénnen, die eine wichtige Rolle im Wachstum
bestimmter Tumorarten spielen. Der neue Tracer DATASM.SA.FAPI soll in einer ersten
Humananwendung genutzt werden. Hierzu soll eine manuelle Methode und direkt darauf
aufbauend eine automatisierte Methode entwickelt werden. Die Literatur-bekannten

Qualitatskontrollen sollen Uberprift, validiert und gegebenenfalls angepasst werden.
Im Rahmen dieses Teilprojekts ist folgende Publikation veréffentlicht worden:

e Kreppel B, Gartner FC, Marinova M, Atteberger U, Meisenheimer M, Toma M, et
al. [®*Ga]Ga-DATA5M.SA.FAPi PET/CT: Specific Tracer-uptake in Focal Nodular
Hyperplasia and potential Role in Liver Tumor Imaging. Nuklearmedizin. 2020,
59, 387

e F.C. Gartner, T. Plum, B. Kreppel, E. Eppard, M. Meisenheimer, H. Strunk, R.A.
Bundschuh, J.P. Sinnes, F. Rosch, M. Essler; Clinical evaluation of [68Ga]Ga-
DATA-TOC in comparison to [68Ga]Ga-DOTA-TOC in patients with neuroendo-
crine tumours; Nuclear Medi-cine and Biology 2019, 76-77, 1-9
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4. DOTA-ZOL
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Abbildung 21 DOTA-ZOL

Bei vielen Tumorarten treten Metastasen des Knochens als Nebenerkrankung auf. Fur
die Langzeituberlebensrate wirken sich diese Metastasen besonders negativ aus. Eine
Heilung ist aktuell nicht moglich, jedoch kénnen Symptome gelindert werden. DOTA-
ZOL gehort zur Gruppe der Bisphosphonate. Diese sind Strukturanaloga des anorgani-
schen Pyrophosphats und besitzen ebenso hohe Bindungsaffinitéat zu dem im Knochen
vorhandenen Hydroxyapatit. Mit radioaktiv markiertem DOTA-ZOL kénnen strukturelle
Veranderungen am Knochen sichtbar gemacht bzw. behandelt werden. Zu den Bisphos-
phonaten die bisher Anwendung gefunden haben zahlen unter anderem [*®Ga]Ga-
DOTA-ZOL; [*"Lu]Lu-DOTA-ZOL, [*"Lu]Lu-EDTMP (Ethylendiamintetramethylen Phos-
phorsaure), [**™Tc]Tc-MDP (Methylendiphosphonate;), oder [**"Tc]Tc-HDP (hydroxyme-
thylenbisphosphonat;).

51



4.1 DOTA-ZOL: A Promising Tool in Diagnosis and Palliative
Therapy of Bone Metastasis—Challenges and Critical Points

in Implementation into Clinical Routine

Michael Meisenheimer?, Stefan Kiirpig*, Markus Essler?, Elisabeth Eppard™

!Department of Nuclear Medicine, University Hospital Bonn, D-53127 Bonn, Germany

2actual adress: PositronPharma S.A, Rancagua 878, 7500921 Providencia, Chile

*Corresponding author: eeppard@positronpharma.cl; PositronPharma S.A, Rancagua
878, 7500921 Providencia, Chile

https://doi.org/10.3390/molecules25132988

52


https://doi.org/10.3390/molecules25132988

Abstract

The novel compound 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)-
ZOL (DOTA-conjugated zoledronic acid) is a promising candidate for the diagnosis and
therapy of bone metastasis. The combination of the published methodology for this
bisphosphonate with pharmaceutical and regulatory requirements turned out to be un-
expectedly challenging. The scope of this work is the presentation and discussion of
problems encountered during this process. Briefly, the radiolabelling process and purifi-
cation, as well as the quality control published, did not meet the expectations. The con-
stant effort setting up an automated radiolabelling procedure resulted in (a) an enhanced
manual method using coated glass reactors, (b) a combination of three different reliable
radio thin-layer chromatography (TLC) methods instead of the published and (c) a pre-
liminary radio high-pressure liquid chromatography (HPLC) method for identification of
the compound. Additionally, an automated radiolabelling process was developed, but it
requires further improvement, e.g., in terms of a reactor vessel or purification of the crude
product. The published purification method was found to be unsuitable for clinical routine,
and an intense screening did not lead to a satisfactory result; here, more research is
necessary. To sum up, implementation of DOTA-ZOL was possible but revealed a lot of

critical points, of which not all could be resolved completely yet.

Keywords: gallium-68; bone metastasis; radiolabelling synthesis; quality control; mod-

ule system
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Introduction

The bone is, more than other tissues, affected by the metastasis of solid tumours [1, 2]
and is a prevalent complication in cancers of breast (BCa), prostate (PCa) and lung (LCa)
[3]. PCa metastasise preferentially into bone, which represents a matrix facilitating tu-
mour growth and promoting a vicious cycle between metastasis and bone pathology [4,
5]. Of all new diagnosed patients with PCa, 3% already have, and about 11.5% will de-
velop, bone metastases [6]. As shown by an autopsy study, approximately 90% of men
dying from PCa suffer from bone metastases [7]. Apart from this, approximately 90% of
patients diagnosed with stage IV PCa present bone metastases when diagnosed [8].
These bone lesions can induce skeletal-related events (SRES) as further complications
of the disease, which are experienced by a further 5.9% of the patients [6]. These SREs,
like pathological fractures, nerve compression syndromes or hypercalcemia, reduce the
quality of life of the patients [9—11] and contribute to a major part to the significantly

increased mortality and morbidity [12—14].

The first publications on the biological effects of diphosphonates, later renamed bisphos-
phonates, appeared in 1958 [15]. Since then, their importance and use in medicine has
increased rapidly, and today, they are applied for treatments of a variety of bone dis-
eases with excessive osteoclast activity (e.g., metastatic and osteolytic bone disease,

osteoporosis and Paget’s disease of bone) [16, 17].

Bisphosphonates are structural analogues of inorganic pyrophosphate (PPi). Although
PPi contains two esterified phosphate groups (P-O-P bond) and bisphosphonates link
two phosphonate groups covalently to a central carbon (P-C-P bond), they exhibit, to
some extent, similar biological properties. In the human metabolism, PPi results from a
multitude of reactions as a by-product but also plays a key role in biomineralization path-
ways [18, 19]. Already, in 1962, PPi was found to be responsible for calcification regula-
tion under physiological conditions [20], which formed the basis for further investigations
of its role in the calcification of soft tissue, bone mineralisation, metabolism and related
clinical disorders [19]. Like PPi, bisphosphonates have a high affinity for hydroxyapatite
(HAP) [21, 22], one of the main constituents of bone, but being chemically stable and
enabling a number of variations in the structure based on the substitutions in the R; and

R2 positions on the carbon atom (Figure 1) [19].
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Figure 1. (a) Chemical backbone of bisphosphonates. (b) Chemical structure of
zoledronate with R;: OH and R2: imidazol-1-ylethyliden. (c) Chemical structure of
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid-conjugated zoledronic acid
(DOTA-ZOL).

Since the first medicinal use of a bisphosphonate (etidronate in 1969; first-generation
bisphosphonate) as an antiresorptive [17], the pharmacological properties of them have
improved significantly. Bisphosphonates of the generation applied today, zoledronate or
risedronate, provide a relative antiresorptive potency, which is between 1000- and
10,000-fold higher [23]. Pharmacokinetics are strongly influenced by the two moieties
binding to the central carbon. While the two phosphate groups provide the strong affinity
for HAP, a hydroxyl group in position R1 increases the ability of the bisphosphonate to
bind calcium [23, 24]. Although this is essential for the affinity to the bone matrix, the
antiresorptive potency is dependent on the moiety on R2, and a nitrogen or amino group
in this position increases the antiresorptive potency relative to first-generation bisphos-
phonates like etidronate by 10 to 10,000 [23, 25]. As shown by some studies, bisphos-
phonates of the actual generation (nitrogen-containing R2) bind to farnesyl pyrophos-
phate synthase (FPPS) and inhibit its activity [25, 26]. The FFPS is a key enzyme in the
mevalonic acid pathway (MVAP), and its inhibition correlates with a blockade of the
MVAP [27, 28]. This intervention leads to a constrained isoprenylation of proteins, which
is essential for the regulation of osteoclast activity [29], ultimately inducing osteoclast

apoptosis [27, 30].

In the entire process, from diagnosis to the treatment of patients suffering from skeletal
metastatic disease, the techniques of nuclear medicine play a key role. ®™Tc-labelled
bisphosphonates such as methylene diphosphate (MDP) or hydroxy methylene diphos-
phate (HMDP) have been used in the clinical diagnosis of metastatic bone cancer for
many years [31], and therapeutic radionuclides have proven their value in bone pain
palliation [32—34]. From the current generation of bisphosphonates, zoledronate’s high
affinity for hydroxyapatite and its high antiresorptive potency makes it particularly inter-

esting as a targeting vector for theragnostic applications in nuclear medicine. One of the
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first bisphosphonate derivates suitable for diagnostic imaging as well as therapeutic
treatment was (4-{[(bis(phosphonomethyl))carbamoyl]methyl}-7,10-bis(carboxymethyl)-
1,4,7,10-tetraazacyclododec-1-yl) acetic acid (BPAMD) [35, 36]. BPAMD combines the
bisphosphonate with a chelator, namely 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA). DOTA forms stable complexes with a variety of medicinal ap-
plied radiometals, thus enabling the use of the entire spectrum of nuclear medicine tech-
nigues. The first patient studies with gallium-68 ®Ga/*’’Lu-labelled BPAMD proved the
potential of this theragnostic approach of a DOTA-conjugated bisphosphonate [37—-39].
This proof-of-principle paved the way for more sophisticated macrocyclic bisphospho-
nates, employing more potent bisphosphonate basic structures like pamidronate and
zoledronate [40], the latter of which already proved its enhanced potential in diagnosis
and therapy [41, 42].
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Figure 2: Planar scintigraphy (anterior and posterior) of [*’Lu]Lu-DOTA-ZOL at different
time points (a—d) and PET/CT of [®8Ga]Ga-DOTA-ZOL (e) in a bronchial carcinoma pa-

tient with secondary bone metastases [41].

The presented work arises from the need to implement this novel compound DOTA-
conjugated zoledronic acid (ZOL) into radiopharmaceutical routine production prior to
patient studies. The transfer of the radiolabelling but particularly the proposed quality
control methods exhibited a series of problems and flaws that need to be addressed. On
the one hand, the setup of an automated radiolabelling method for gallium-68 using the
available module system and its accessories presented some challenges. On the other
hand, the quality control was not reliable. This combination of problems led to an ex-
tended effort on addressing all these issues. (1) The cassette and consumable kit, as
well as the radiolabelling itself, needed to be adjusted accordingly. (2) The need for a
purification method using solid-phase extraction (SPE). (3) The bisphosphonate pre-

sented issues with the glass reactor vial from the cassette. (4) The known radio thin-
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layer chromatography (radio TLC) methods could not distinguish between the radio-
labelled compound and gallium-68 in its colloidal form. (5) The known radio-TLC method
presented a high percentage of false negative results. (6) The known radio-TLC method
led to a decomposition of the final compound. (7) The proposed radio high-pressure lig-
uid chromatography (radio HPLC) methods were not reproducible. Despite all efforts, a
solution could only be found for a part of the observed challenges, which are described
in the following.

Results & Discussion

The first attempts to implement the novel compound DOTA-ZOL into radiopharmaceuti-
cal routine production for intended patient studies exhibited a peck of trouble. An in-depth
investigation of the reasons and possible solutions revealed a number of critical points.
In the following, the results of the first attempts for the implementation are presented, as
well as all findings that are based thereon. For a better explanation and understanding,
the radiolabelling/synthesis and purification are divided in two paragraphs and discussed

separately.
Radiolabelling I: The Manual Method

The initial starting point for the implementation was the published radiolabelling method
by Meckel et al. [40]. To adapt the method for clinical use, the open vial concept was
replaced by a closed vial setup, employing a sealed sterile reaction vessel. Conse-
guently, the acetone present in the preparation due to the post-processing of the gener-
ator eluate was not evaporated any longer during the reaction. To avoid acetone in gen-
eral, it was decided to modify the procedure according to Seemann et al. [43]. This radi-
olabelling method for bisphosphonate takes the advantage of ethanol-based post-pro-
cessing, which was found to be more suitable in a clinical setting, with the aim to prepare

patient doses. A schematic description of the radiolabelling is presented in Figure 3.
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Figure 3: Scheme of the %Ga-radiolabelling of DOTA-ZOL. Highlighted in green, the
bisphosphonate moiety and, encircled, the chelating moiety.

Taking this into account resulted in a modified method using 500-uL post-processed [44]
gallium-68 with 25 pg (35.6 nmol) of DOTA-ZOL in an ammonium acetate buffer (1 M;
pH 4.5) in a sealed, sterile reaction vessel that was agitated at 85 °C for 15 min. The
result of the complexation reaction was monitored via radio TLC using the published
radio TLC method [40]. For this, an aliquot of the crude product was taken, spotted on
the TLC strip and developed in the described solvent system consisting of acetylacetone

(acac), acetone (ac) and concentrated hydrochloric acid (HCI) in the ratio 10:10:1.

A series of five consecutive synthesis with starting activities of 441.3 £ 129.4 MBq proved
the method to be more unstable than expected. The mean complexation yield (deter-
mined in the crude product) was found to be 75.82% * 25.66%, with an range from 31.9%
to 98.9%. Only one of the five synthesis yielded more than 95%. While lacking a suitable
purification method, as described later on, the complexation yield of the crude product is
equal to the radiochemical purity of the final product. As a result, 80% of the synthesis
did not meet the quality control criteria for uncomplexed gallium-68 (<2%) and colloids
(<3%) thereof present in the final product. These values were defined based on the phar-
macopeial monograph for [8Ga]Ga-DOTA-(0)-Phe(1)-Tyr(3))octreotid
([*®Ga]Ga-DOTA-TOC) [45].

Not only the standard deviation of the complexation yields, especially the wide range
from 31.9% to 98.9%, was unforeseen and requested an in-depth investigation. The first
revision of the synthesis and its parameters led to an improved method using 50-ug
(71.3 nmol) DOTA-ZOL and 90 °C. The maodifications resulted in higher complexation
yields (mean 85.73% + 12%), with an range from 68.9% to 96.05% in a series of three

consecutive synthesis. Still, the rejection rate (66.6%) was high. Further experiments
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with elevated temperatures (up to 120 °C) did not improve this result. Surprisingly, the
increase of the precursor amount from 25 pug to 50 pug had a lower effect than expected.

With regards to these findings and the unavailability of a purification method, the high
rejection rate led to the decision to start all over again, trying to adapt the institutional
standard radiolabelling method from a clinical routine for DOTA-ZOL instead of a litera-
ture-based method development. Use of this method would have, additionally, the ad-
vantage of the availability and grade of the reagents. The second major revision of the
synthesis led to the manual method described in the Materials and Methods section,
applying 50-pug DOTA-ZOL and sodium chlorine post-processed gallium-68.

In a series of three consecutive synthesis (426.00 + 87.78 MBQ), this method was found
to be significantly more reproducible, with a mean complexation yield of 99.56% + 0.15%
determined with the published radio TLC method. The range of the complexation yield
was from 99.36% to 99.72%. The radioactivity yield was 73.27% % 9.87% (n.c.) and the
radiochemical yield 87.94% + 7.99% (d.c.).

Due to this result, it was assumed that the problem was solved and the synthesis under
control. Therefore, it was decided to proceed and translate the method on the synthesis

module.
Radiolabelling II: First Attempt for Automation

First the available cassette and associated method were modified in terms of purification.
As, at this particular time, none of the evaluated SPE methods were found to be suitable
and the manual method expected to be reproducible, with complexation yields above
95%, it was decided to eliminate the purification step. The final cassette setup is depicted
in Supplemental Figure 6. Using this cassette setup, the manual synthesis was trans-

ferred to the module system.

In principle, this was found to be successful. A first series of four consecutive synthesis
(427.50 = 77.87 MBqQ) revealed a mean complexation yield of 98.27% * 0.89%, and a
range from 97.51% to 99.71% seemed to prove this. Interestingly, with the increasing
number of syntheses, it got worse and worse. In a set of 16 syntheses (532 + 225.50
MBq) under equal reaction conditions, the mean complexation yield was 89.09% +
11.15%, with a range from 71.07% to 99.71%. From these 16 syntheses, nine did not
meet the criteria for quality control (56.3%). Further adjustments in terms of temperature,

reaction time, buffer, and precursor amount did not show any effects. A subsequent eval-
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uation with regards to the most common problems with gallium-68 (e.g., metal-contami-
nated solutions) and the implementation of citric buffer pH 4 as additional radio TLC
method, switched the focus of the investigation in the direction of quality control.

Radio TLC Quality Control: Unexpected Outcomes

The radio TLC method applied for determination of the yield of the complexation reaction
was taken from literature [40] making use of silica-coated TLC plates as a stationary,
and a mixture of acac/ac/conc. HCI (10:10:1) as a mobile, phase. In this solvent system,
free uncomplexed gallium-68 is complexed by acetylacetone to [®®Ga]Ga(acac)s travel-
ling with the solvent front. Gallium-68 in its colloidal form is converted due to the very low
pH into ionic [*8Ga]Ga®*, which then also can be complexed and travel with the solvent
front. The retention factors (Ry) for [®¥Ga]Ga-DOTA-ZOL and free, uncomplexed gallium-
68, respectively, and 8Ga-colloids as an acetylacetone complex, are specified with 0.1

and 0.9, respectively [40].

Retention factors observed during the setup of the automated synthesis for
[(8Ga]Ga(acac)s ranged from 0.5-0.9. Additionally, sometimes, an unusual smear or third
peak occurred (Figure 7). To determine the amount of ionic [®®Ga]Ga*" without %8Ga-
colloids, as well as to verify the results obtained by the published radio TLC method, the
mobile phase was substituted with citric buffer pH 4. The retention factors for
[8Ga]Ga-DOTA-ZOL, free, uncomplexed gallium-68, respectively, and *8Ga-colloids are
with 0-0.1, 0.7-1 and 0.1-0.2. Discrimination of the radiopharmaceutical and low

amounts of %8Ga-colloids is not possible with this method.

In a comparison of the results for both radio TLC methods in terms of free, uncomplexed
gallium-68, two observations were made. For the synthesis that would be rejected based
on the result of the published method, the particular results always vary widely. Assuming
that the amount of activity spotted is similar when applying an aliquot of the same volume
from the same preparation, the amount of radiopharmaceuticals detected with the pub-

lished method is significantly reduced.

Based on these findings, an inspection of the intermediate precision and robustness [46]
of the previously published radio TLC method was performed. The survey is described
in detail in the Supplementary Materials. The retention factor found for ®Ga-colloids was
0.8-1, like published, but for free, uncomplexed gallium-68, an effective value of 0.6—0.9
was found. Additionally, the high concentration of HCI not only converted ®®Ga-colloids
into ionic [®®Ga]Ga3* travelling with the solvent front. Besides that, it seemed to facilitate
the H*-assisted dissociation of the DOTA complex [47-49].
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Assuming that this dissociation in the mobile phase led to the significantly different re-
sults of ®Ga-contents in both radio TLC methods and, thus, to the incorrect rejection
rates, further experiments with [®8Ga]Ga-DOTA-ZOL were conducted. The incubation of
[(8Ga]Ga-DOTA-ZOL in the mobile phase (acac/ac/conc. HCI (10:10:1)) at room temper-
ature for 5 min resulted in the decomposition of the compound verified by radio TLC with
a citric buffer pH 4. Less than 15% of the spotted activity was detected with R < 0.1,
which is assigned to the compound as gallium-68 in its colloidal form, and was not pre-
sent under these pH conditions. The majority of activity was found at R 0.5, which was
assigned to [®®*Ga]Ga(acac)s.

To clarify whether the gallium-68 detected origins from an unintendedly produced outer-
sphere complex or from the desired 8Ga-DOTA complex, the experiment was repeated
with a preparation of [®Ga]Ga-DOTA-TOC. To the best of our knowledge,
[(8Ga]Ga-DOTA-TOC did not form stable outer sphere complexes. Therefore, the only
source for gallium-68 in a sample of known purity was the %Ga-DOTA complex. Addi-
tionally, quality control with radio TLC and radio HPLC of this compound was straightfor-
ward and reliable. The experiment confirmed the origin of gallium-68. The majority of
activity (>90%) was found at R¢ 0.5, which was assigned to [®®Ga]Ga(acac)s. The reten-
tion factor of [®Ga]Ga-DOTA-TOC, initial purity 98%, in citric buffer pH 4 was 0-0.2.

The subsequent prospection for a radio TLC method allowing the determination of free,
uncomplexed gallium-68, ®Ga-colloids and [8Ga]Ga-DOTA-ZOL led to three radio TLC

methods found to be suitable to determine the radiochemical purity (Table 1).

A detailed description, as well as images of the corresponding radio TLCs of the here-

described experiments, can be found in the Supplementary Materials.

Table 1: List of the published (first row) and the finally used radio thin-layer chromatog-
raphy (TLC) methods.

Mobile Phase Rf Compound  R([®Ga]Ga®* R:%Ga-colloids
acac/ac/HCI (1:1:0.1) [40] 0-0.2 0.6-0.9 0.8-1

acac/ac (1:1) 0-0.1 0.7-0.8 0-0.1/0.5-0.9
Citric buffer pH 4 0-0.1 0.7-1 0.1-0.2
TBAP/MeOH (9:1) 0.7-0.8 0.1-0.3 0.1-0.2
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By means of these three radio TLC methods, the high rate of falsely negative results was
minimised, and a reliable quality control in terms of the complexation yield was possible.

With this amendment, work on the implementation could continue.
Radiolabelling I1I: Revision of the Methods

Unfortunately, the decomposition of the radiolabelled compound during quality control
guestioned all previously achieved results for the radiolabelling. Therefore, a revision of
the manual and automated method using the augmented radio TLC methods for quality
control was executed. The previous results for the mean complexation yield were con-
firmed in both cases but with significantly reduced deviations. Nevertheless, especially
the automated synthesis with a mean complexation yield of ~90% was, without a suitable

SPE purification method, still a do-or-die procedure and required a solution.
Solid Phase Extraction: Close by

The simple and fast process of SPE purification is perfectly suitable for radiopharmaceu-
tical needs where time matters. The separation of dissolved or suspended compounds
from a mixture results from differences in the physical and chemical properties of the
entire species. Based on the properties of the requested compound, it can be retained
or pass through the stationary phase of the SPE cartridge during the purification process
[50]. Purification of [#8Ga]Ga-DOTA-ZOL was published using a weak anion exchanger
(25 mg, Merck LiChroprep NH2), where the product was trapped on and eluted with 2-
mL phosphate-buffered saline (PBS) [40].

Based on the published purification method, a SPE cartridge screening was conducted,
as the Merck LiChroprep NH2 SPE cartridge was not available anymore. In first place,
the selection was based on recommendations and suggestions of the technical service
of the manufacturers. In second place, after a couple of unexpected and or negative
results, tests were extended to every resin type at our disposal. A total of 35 commer-
cially available SPE cartridges were evaluated for their suitability to purify
[(8Ga]Ga-DOTA-ZOL (Table 3). This was achieved using the automated method but with
the original cassette setup where the C18 cartridge used for DOTA-peptide radiolabelling
was replaced by the entire cartridge. The parameters of interest were trapping, recovery

and final purity of the product.

Depending on the trapping behaviour, the cartridges were assigned to four groups: (1)
no retention, (2) retention of both species, (3) retention of gallium-68 and (4) retention of

the product.
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Group 1 included 19 out of these 35 cartridges that did not retain either the product or
free, uncomplexed gallium-68. This result was found for the pure reaction mixture con-
taining up to 12 vol% ethanol, as well as for the diluted one containing only 5 vol%. The
ethanol content did not affect this result at all. Due to this insufficient trapping perfor-
mance, these 19 cartridges were dismissed.

Eleven cartridges were assigned to group 2, showing (partial) retention of both species,
although not always equally strong. All were dismissed for nonselective trapping and
final purity. In the relevant cases, the loss of the product was adjudged too high, with

more than 10%, in conjunction with only partial purification.

Group 3 included three cartridges. They retained only gallium-68, while no retention for
the product was observable. Two of these three cartridges retained gallium-68 unexpect-
edly, instead of [®®Ga]Ga-DOTA-ZOL. Nevertheless, the obtained retention gallium-68
was found to be incomplete in all cases. As a result, in the final product fraction, the
amount of free, uncomplexed gallium-68 was reduced compared to the reaction mixture
before purification but still present. To overcome this problem, an increased amount of
resin should have been the solution. Admittedly, no bigger size was available for two
(Chromafix SA and Chromafix HR-XAW) cartridges. For the third cartridge (Chromafix
PS-H*), the next larger size (L) showed a partial retention of both species and was as-
signed to group 2. The cartridges of group 3 may be used for purification. Nevertheless,
their purifying effect was too low to achieve a product of sufficient quality in terms of free,
uncomplexed gallium-68 when the initial amount of it was in a medium or high range.
With regards to the mean complexation yield of the automated synthesis, ~90% of the
cartridges of group 3 were excluded. The use of these would help in only the minority of
syntheses to achieve a releasable product. The majority provided either perfect com-
plexation yields (>95%) or yields with medium or high amounts of uncomplexed gallium-
68 left.

The two cartridges in group 4 retained only [®®Ga]Ga-DOTA-ZOL. While the trapping of
the product was nearly quantitative, the purifying effect could not be conclusively evalu-
ated. In both cases, no recovery was achieved. For recovery, in the first place, solvent
mixtures predefined as suitable for an injectable radiopharmaceutical were evaluated.
Additionally, the supplier-recommended eluents were used. For one cartridge
(Strata-X-C polymeric) also, the supplier recommendation did not lead to success; for
the other (Chromafix PS-H* (s)), the product was decomposed due to the solvent com-

position. Both cartridges were found to be unsuitable.
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The development of a purification strategy based on only one SPE cartridge was found
to be more complicated than expected and hoped. A lack of the presented survey was
its incompleteness. The number of commercially available resins or prepacked car-
tridges is appreciably higher and increases with ongoing research on dedicated materials
every year. Besides this, only a single-step purification was evaluated, while a multilevel
purification process may be the solution. Despite that, it is a first sight on the issue, indi-
cating the problems due to the structural characteristics of bisphosphonates. It is a bal-
ancing act between radiopharmaceutical needs (purity and activity yield) and chemical
demands. Nevertheless, if the demand for %Ga-labelled bisphosphonates increases in
the future, SPE purifications shall be evaluated in more detail.

Radiolabelling 1V: The Journey Goes on

Realising that the SPE purification problem will be a long-term project, the decision was
made to figure out which parameters could be optimised to achieve reliable high com-
plexation yields superseding a subsequent purification. From the previous radiolabelling

experiments, two findings were scrutinised:
a) Why is the effect of elevated temperatures low?
b) Why is the effect of a doubled precursor mass low?

In comparison to other DOTA-conjugated compounds, the effects of these two parame-
ters were too low. Being aware of this moved the chemical properties of zoledronic acid

into the focus.
Reactor Screening: Minimal Change, Maximum Impact

Glass vessels are omnipresent in the pharmaceutical industry, as well as radiopharmacy,
even though they cannot be considered quite inert; to the contrary, various interactions
between glass surfaces and the products could appear [51, 52]. One class of pharma-
ceuticals known to interact with glass containers are bisphosphonates in solutions.
These show an interaction with several polyvalent cations present in the glass, leading
to an accelerated leaching of the cations and precipitation of the bisphosphonate and,
finally, to a shortened drug potency [51]. This interaction is further driven by the pH and/or
elevated temperatures. With regards to this, the nanomolar amount of the precursor, as
well as a chelator requiring elevated temperatures in combination with a glass reactor,
can be assumed to be problematic in a reaction known to be sensitive for metal contam-
inations and asking for precursor excesses. To avoid those glass-drug interactions in the

pharmaceutical industry, special-coated containers are used. The silicon-based coating
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aims to prevent direct contact of the pharmaceuticals with the glass surfaces and can
sustain additional functionalities for further improvements of the surfaces of the container

materials.

Based on this, the decision was made to evaluate the reaction vessels in stock for their
suitability in radiolabelling DOTA-ZOL. To evaluate the effect of the container on the
radiolabelling with gallium-68, two types of special-coated glass vials were compared
with the vials in stock under equal radiolabelling conditions using the manual method as
described. Reactors from the stock tested were Tc-Elu-15 vials (volume 15 mL; Cis-Bio,
Berlin, Germany), as well as the reactors provided with the fluidic kit of the module (vol-
ume 10 mL; ABX, Radeberg, Germany). These were compared with SCHOTT Type |
plus® with pure SiO; coating and SCHOTT TopLyo® with Si-O-C-H hydrophobic coating
(both: volume 10 mL; Schott, Mainz, Germany).

The impressive effect of the silicone coating on the radiolabelling reaction is depicted in
Figure 4. Compared to the two glass reactors (TC-ELU-15 75.43% * 16.92% and ABX
70.9%7 £ 26.38%), the coated vials led to significantly increased and stable complexa-
tion yields (TopLyo® 96.99% + 2.80% and Type | Plus® 97.68% + 1.39%). While the
difference between coated and noncoated vials was evident, no significant effect be-
tween the pure silicone coating and hydrophobic Si-O-C-H coating was observable. Both
coatings were found to be effective in preventing glass-drug interactions and stabilising

the synthesis outcome.

TC-ELU n=5 | 75.43 ]
ABXn=5 | 70.97 i
Toplyo® n=9 | 96.99 =
Typ | Plus® n=6 | 97.68 A
0 20 40 60 80 100

Complexation yield [%]

Figure 4: Comparison of the four different reactor vials for radiolabelling. Two normal

glass reactors, as well as two silicone-coated glass reactors.
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Radiolabelling V: Final Version

With regards to the results of the reactor screening, the manual synthesis was modified
in terms of the reaction vial. The high repeatability in combination with complexation
yields above 95% facilitated the use of DOTA-ZOL for diagnostic imaging, even without
a purification method.

Unfortunately, the coated reactor vials did not fit into the heater of the module system.
As the original reactor showed the poorest performance of the four tested reaction vials,
the automated method was put on hold until a suitable replacement or a purification
method was found. Although the manual method does not meet the demand for clinical
routine production, the unfavourable reactor or SPE problem could not be satisfactory
addressed; the manual method at least provided [®®*Ga]Ga-DOTA-ZOL in good quality

for the first clinical studies.
Radio-HPLC Quality Control

The previously described radio TLC methods provided a fast and reliable way to check
the final product for the appearance of gallium-68, either free, uncomplexed or in its col-
loidal form. Albeit this is very important information in terms of quality control, the tech-
nique cannot assess every information needed or wanted, especially for a new investi-
gational compound. This informational gap could be closed by radio HPLC. In a clinical
routine, radio HPLC is used to determine not only the content of gallium-68 in %Ga-
radiopharmaceuticals but, also, chemical and other radioactive impurities (e.g., radiolysis
by-products). A critical requirement, not obtained by radio TLC but by radio HPLC, is the

product identification.

The method published for radio HPLC [40] took a detour to take advantage of the stand-
ard available C18 columns and water/acetonitrile mixtures as the solvent system fre-
guently used for metal-based radiopharmaceuticals. The aliquot for quality control was
incubated with deferoxamine (DFO) to the complex-remaining free gallium-68. So com-
plexed, it was possible to discriminate between [¢®Ga]Ga-DOTA-ZOL and [®®Ga]Ga-DFO,
which was, in contrast to the zoledronate, retained. With this method, the
[8Ga]Ga-DOTA-ZOL passed the column without retention. Therefore, it was not suitable
for an identification of the ®®Ga-labelled species of interest or the determination of radi-
olysis products thereof or chemical purity. Additionally, for the theragnostic counterpart
[}"Lu]Lu-DOTA-ZOL, it did not work. Based on this, it was decided to start from scratch
again, searching for suitable radio HPLC conditions for [®8Ga]Ga-DOTA-ZOL.
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A complete list of all evaluated radio HPLC conditions can be found in the Supplemental
Materials (Table 4). Finally, a preliminary method was obtained that still has some weak-
nesses but can be used to identify the product compound. It is based on a method pub-
lished by Reddy et al. [53] but adapted for [*®Ga]Ga-DOTA-ZOL (Figure 5).
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Figure 5: The currently used high-performance liquid chromatography (HPLC) method
utilises an isocratic mixture of 90% 59-mM TBAP/10% MeOH (1.2 mL/min). The chro-
matogram shows the result of a [*3Ga]Ga-DOTA-ZOL synthesis (complexation yield de-
termined with radio thin-layer chromatography (TLC) was 98%). The first peak refers to
all injected activity measured before the column. The ratio between both peaks is nearly
50:50.

Due to the setup of the radio HPLC, recovery of the product could be determined imme-
diately. The injected activity passed the radioactivity detector two times, before and after
the column. Retention times were determined for free gallium-68 (R; = 2.85 + 0.03 min),
[8Ga]Ga-DOTA-ZOL (R: = 3.35 + 0.01 min), void volume (R = 2.35 = 0.04 min) and
[Y""Lu]Lu-DOTA-ZOL (R = 6.30 £ 0.05 min).

The difference in retention times of the different species was very small. Up to now,
this problem could not be solved either by changing the flow or the solvent ratio. Addi-
tionally, the product peak showed some tailing, which could be improved but not pre-
vented yet. Reduced tailing can be achieved by dilution of the aliquot in an equal amount
of the mobile phase before injection. Due to this, only occurring for the product peak, it
was assumed that it was induced by the chemical properties of the compound. Further

improvements may be achieved by adjusting the pH of the mobile phase.
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Nevertheless, the method is not perfect and still requires improvements until a first step
is achieved. As the compound shows retention, it is possible to determine it via its reten-
tion time directly and not only via the exclusion procedure. This represents an advantage,
not only over the previously published method but, also, over the radio TLC. In total, the
combination of radio TLC for the determination of the unlabelled *®Ga-species and radio
HPLC for product identification and chemical purity empowers a more reliable quality

control.
Materials and Methods
Radiolabelling

Gallium-68 was obtained from a %8Ge/%®Ga-generator (iThemba Labs, Cape town, South
Africa). Synthesis was performed utilising an automated cassette module (GAIA; Elysia-
Raytest, Straubenhardt, Germany). Standard fluidic and reagent kit for ®3Ga-radiolabel-
ling of peptides (ABX advanced biochemical compounds; GmbH, Radeberg, Germany)
were used. The standard strong cation exchanger (SCX) provided by the reagent kit was
replaced by 200-mg STRATA SCX (Phenomenex, Torrance, CA, USA). All reagents
used were from the reagent kit unless otherwise stated. TraceSelect water, as well as
ethanol Ph. Eur., were purchased from Merck (Darmstadt, Germany). DOTA-ZOL, syn-
thesised according to the literature [40], was obtained from CheMatech (CheMatech,

Dijon, France) and diluted with TraceSelect water to a final concentration of 1 mg/mL.

Manual synthesis was performed by adding gallium-68 in 500-uL eluent to 60-uL
DOTA-ZOL in 4.8-mL 0.08-M ammonium acetate buffer (pH 4.5) and 500-uL ethanol in
a sealed reactor. After radiolabelling in a thermo-shaker (Hettich-Benelux, Gelder-
malsen, Netherlands) at 95 + 4.5 °C for 600 s, an aliquot of the reaction mixture was

analysed to investigate the chelate formation.

Reactors tested for radiolabelling were TYP | plus and TopLyo obtained from Schott
(Mainz, Germany), the reactor provided with the fluidic kit of the module (ABX; Radeberg,
Germany), as well as standard Tc-Elu-15 vials from Cis-Bio (Berlin, Germany). All reac-

tors were tested under equal radiolabelling conditions using the manual method.

Automated synthesis was performed using the standard fluidic kit without C18 purifica-
tion (Figure 6). Gallium-68 in 450-uL eluent were added to 3.28-mL 0.08-M ammonium
acetate buffer (pH 4.5) and 500-uL ethanol. After radiolabelling at 95 + 4.5 °C for 648 +

112 s, the reaction mixture was diluted with isotonic saline solution and sterile-filtered
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into the final product vial. Analysis of the complexation was performed on an aliquot of
the final product solution.

SPE cartridges tested for purification of [®®Ga]Ga-DOTA-ZOL are listed in detail in the
Supplementary Materials (Table 2). Preconditioning of the particular column was per-
formed according to the manufacturer’s instructions. To evaluate the different SPE col-
umns for the automated method but with the original cassette setup trap, either [*®Ga]Ga-
DOTA-ZOL or free, uncomplexed gallium-68 was used on the respective column. For all
experiments, either the pure or diluted reaction mixture was passed over the entire car-
tridge. Recovery was evaluated using the data from the module providing 4 radioactivity
detectors. Additional manual synthesis was performed in cases were only one species
was retained. To obtain a product suitable for medical use, only ethanol, water, saline or
mixtures thereof were considered as solvents for elution. Complexation yield and purity
were quantified via radio TLC using the methods described in Table 1 utilising aliquots
of each the pure reaction mixture, waste and eluate from the cartridge. Rejection criteria
were: no selective trapping of one species, loss of product during purification steps >10%

and purification effect not sufficient.
Quiality Control

Solvents and chemicals for quality control are listed below. Optigrade acetonitrile (ACN)
was obtained from PromoChem (LGC Standards; GmbH, Wesel, Germany); acety-
lacetone (acac) from Sigma-Aldrich (St. Louis, MO, USA); water for chromatography (LC-
MS Grade) LiChrosolv, Certipur citric buffer pH 4, Certipur citric buffer pH 5, acetone
(ac), methanol (MeOH), hydrochloric acid (HCI) suprapure 30% and trifluoroacetic acid
(TFA) from Merck (KGaA, Darmstadt, Germany); ethylacetate (EtOAc) from ACROS Or-
ganics (Geel, Belgium) and saline solution from Fresenius Kabi (Bad Homburg, Ger-
many). Triethylammonium phosphate (TEAP) solution for HPLC, buffer solution 1 M, pH
3.0 (Merck KGaA, Darmstadt, Germany). Tri-sodium citrate dihydrate for analysis
EMSURE® 29.4 g (100 mMolar) (Merck KGaA, Darmstadt, Germany). Sodium phos-
phate 96% 16.3 g (100 mMolar) (Merck KGaA, Darmstadt, Germany). The 60-mM tet-
rabutylammonium phosphate buffer (TBAP) was prepared by dissolution of 40.0 g (0.294
mol) of dipotassium dihydrogen phosphate (Merck KGaA, Darmstadt, Germany) and
20.0 g (0.059 mol) of tetrabutylammonium hydrogensulfate (ACROS Organics, Geel,
Belgium) in 1000 mL of water. Unless otherwise indicated, this solution was used for

analyses.
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For quality control, an aliquot of about 150 pL was taken from the reaction mixture (man-
ual method) or from the final formulation (automated method). Radioactivity was meas-
ured with a dose calibrator ISOMED 2010; MED Nuklear-Medizintechnik Dresden
GmbH, Dresden, Germany).

Radio thin-layer chromatography (radio TLC) was analysed with a single trace radio TLC
scanner (PET miniGITA; Elysia-Raytest, Straubenhardt, Germany) and an evaluation
software (GinaStar TLC; Elysia-Raytest, Straubenhardt, Germany). A series of stationary
phases were evaluated with a variety of different mobile phases, which are listed in detail

in the Supplemental Materials (Table 2).

Radio-HPLC was performed using Agilent 1260 Infinity Il reverse-phase HPLC system
(Agilent Technologies, Santa Clara, CA, USA) equipped with GABI y-HPLC flow detector
(Elysia-raytest, Straubenhardt, Germany) and a PC interface running Gina Star software
(Elysia-raytest, Straubenhardt, Germany). All columns evaluated, as well as the mobile
phases and gradient systems, are listed in detail in the Supplemental Materials (Table
4).

Conclusions

The implementation of the novel radiopharmaceutical [*®*Ga]Ga-DOTA-ZOL into clinical
routine production exhibited more challenges than expected for a previously published
compound. For all of these revealed issues, an intensive analysis for possible solutions
was performed. Not every issue could be addressed to our entire satisfaction (e.g., still,
the automated method is not suitable for routine production due to the lack of proper
coated reactors) or even solved at all (e.g., SPE purification still not possible without a
high loss of activity). Nevertheless, the previously published radio TLC method could be
improved and provides reliable information about the complexation yield in combination
with two other (one newly developed) methods. Additionally, as a first step forward, a
radio HPLC identification was successfully made, even though there is still room and
need for improvement. Further enhancements may be achieved by optimising the pH,
as well as further adjustments in the solvent composition and/or flow rate, and are the

focus of ongoing research.

In conclusion, the example of the DOTA-conjugated zoledronate showed that, some-
times, very little changes lead to a high impact on radiolabelling outcomes (e.g., normal

glass reaction vessels vs. coated reaction vessels).
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Materials and Methods
Radiolabelling

Gallium-68 was obtained from a %Ge/*®Ga-generator (iThemba Labs, South-Africa).
Synthesis was performed utilizing an automated cassette module (GAIA, Elysia-Raytest,
Straubenhardt, Germany). Standard fluidic and reagent kit for ®®Ga-radiolabelling of pep-
tides (ABX advanced biochemical compounds GmbH, Radeberg, Germany) were used.
The standard strong cation exchanger (SCX) provided by the reagent kit was replaced
by 200 mg STRATA SCX (Phenomenex, USA). All reagents used are from the reagent
kit unless otherwise stated. TraceSelect water as well as ethanol Ph. Eur. were pur-
chased from Merck (Darmstadt, Germany). DOTA-ZOL was obtained from CheMatech
(CheMatech, Dijon, France) and diluted with TraceSelect water to a final concentration

of 1 mg/ml.

Manual synthesis was performed by adding gallium-68 in 500 uL eluent to 60 pL
DOTA-ZOL in 4.8 mL 0.08 M ammonium acetate buffer (pH 4.5) and 500 pL ethanol in
a sealed reactor. After radiolabelling in a thermo-shaker (Hettich-Benelux, Gelder-
malsen, Netherlands) at 95+4.5 °C for 600 s, an aliquot of the reaction mixture was an-

alysed to investigate the chelate formation.

Reactors tested for radiolabelling were TYP | plus and TopLyo obtained from Schott
(Mainz, Germany), the reactor provided with the fluidic kit of the module (ABX Radeberg,
Germany) as well as standard Tc-Elu-15 vials from Cis-Bio (Berlin, Germany). All reac-

tors were tested under equal radiolabelling conditions using the manual method.

Automated synthesis was performed using the standard fluidic kit without C18 purifica-
tion (Figure 6). gallium-68 in 450 L eluent were added to 60 uL DOTA-ZOL in 3.28 ml
0.08 M ammonium acetate buffer (pH 4.5) and 500 pL ethanol. After radiolabelling at
95+4.5 °C for 648+112 s the reaction mixture was diluted with isotonic saline solution
and sterile filtered into the final product vial. Analysis of the complexation was performed

on an aliguot of the final product solution.
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Figure 6: Schematic illustration of the fluidic kit setup of the automated synthesis of
[8Ga]Ga-DOTA-ZOL.

The solid phase extraction (SPE) cartridges tested for purification of
[8Ga]Ga-DOTA-ZOL are obtained from Agilent (Santa Clara, USA), Grace (Columbia,
USA), Macherey-Nagel (Duren, Germany), Waters (Milford, USA), Phenomenex (Tor-
rance, USA), Merck KGaA (Darmstadt, Germany). A detailed list is provided in Table 3.
Preconditioning of the particular column was performed according to manufacturer’s in-
structions. To obtain purified [#8Ga]Ga-DOTA-ZOL an attempt was made to trap either
[8Ga]Ga-DOTA-ZOL or free uncomplexed gallium-68 on the respective column. To ob-
tain a product suitable for medical use only ethanol, water, saline or mixtures thereof

were considered as solvents for elution.
Quiality Control

Solvents and chemicals for quality control are listed below. Optigrade acetonitrile (ACN)
was obtained from PromoChem (LGC Standards GmbH Wesel, Germany), acety-
lacetone (acac) from Sigma-Aldrich (St. Louis, USA), Water for chromatography (LC-MS
Grade) LiChrosolv, Certipur citric buffer pH 4, Certipur citric buffer pH 5, acetone (ac),
methanol (MeOH), hydrochloric acid (HCI) suprapure 30%, trifluoroacetic acid (TFA)
from Merck (KGaA Darmstadt, Germany), ethyl acetate (EtOAc) from ACROS Organics
(Geel, Belgium) and saline solution from Fresenius Kabi (Bad Homburg, Germany). Tri-
ethylammonium phosphate (TEAP) solution for HPLC, buffer solution 1 M pH 3.0 (Merck
KGaA, Darmstadt, Germany). Tri-sodium citrate dihydrate for analysis EMSURE® 29.4
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g (100mMolar) (Merck KGaA, Darmstadt, Germany). Sodium phosphate 96% 16.3 g
(100 mMolar) (Merck KGaA, Darmstadt, Germany) in 1000 ml water.

The 60 mM tetrabutylammonium phosphate buffer (TBAP) was prepared by dissolution
of 40.0 g (0.294 mol) of dipotassium dihydrogen phosphate (Merck KGaA, Darmstadt,
Germany) and 20.0 g (0.059 mol) of tetrabutylammonium hydrogensulfate (ACROS Or-
ganics, Geel, Belgium) in 1000 mL water. Unless otherwise indicated, this solution was
used for analysis.

For quality control an aliquot of about 150 pL was taken from the reaction mixture (man-
ual method) or from the final formulation (automated method). Radioactivity was meas-
ured with a dose calibrator (ISOMED 2010, MED Nuklear-Medizintechnik Dresden
GmbH, Dresden, Germany).

Radio thin-layer chromatography (radio-TLC) was analysed with a single trace radio-
TLC-scanner (PET-miniGITA, Elysia-Raytest, Straubenhardt, Germany) and an evalua-
tion software (GINA Star TLC, Elysia-Raytest, Straubenhardt, Germany). As stationary
phase silica-gel coated aluminium TLC-plates (silica 60 F254, Merck, Darmstadt, Ger-
many), silica-gel impregnated microfiber paper (iTLC-SG, Agilent Technologies, Santa
Clara, California), silicic acid impregnated microfiber paper (iTLC-SA, Agilent Technolo-
gies, Santa Clara, California), silica-gel coated glass fibre paper (GF-DC Macherey-
Nagel, Duren, Germany) as well as cellulose fibres (3MM CHR, Whatman International
Ltd., Maidstone, England) were evaluated with a variety of different mobile phases (Table
2).

Radio-HPLC was performed using Agilent 1260 Infinity Il reverse phase HPLC system
(Agilent Technologies, Santa Clara, California) equipped with GABI y-HPLC flow detec-
tor (Elysia-raytest, Straubenhardt, Germany) and a PC interface running Gina Star soft-
ware (Elysia-raytest, Straubenhardt, Germany). Several columns where evaluated,
namely Infinity Lab Poroshell 120 EC C18 4.6*50 mm 2.7 um, ZORBAX Infinity Eclipse
plus C18 4.6*100 mm 3.5 um and ZORBAX SB-C18 9.4*250 mm 5 um (Agilent Tech-
nologies Folson, CA), EC 125/4 Nucleodur 100-3 C18 ec; EC 150/3 Nucleodur C18 HTec
3 um; 250/4 Nucleodur Hilic 5 um; 250/4 Nucleodur 300-5 C18, VA 50/4.6 Nucleodur RP
4000-8 (Macherey-Nagel GmbH & Co, Kg, Diren Germany), as well as Kinetex 5 um
Biphenyl 100 A 250*4.6 mm; Luna 5um NH2 100 A 250*4.6 mm ; Jupiter 5 pm C5 300 A
250*4.6 mm (Phenomenex Inc., Torrance CA), with several mobile phases and gradient

systems (Table 2).
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Results
Radio Thin-Layer Chromatography

[(8Ga]Ga-DOTA-ZOL was prepared using a manual method. Gallium-68 and %Ga-col-
loids were obtained from generator eluate in 0.6 M HCI which was adjusted with sodium
hydroxide (NaOH) to pH 5.5 for the latter one. Order of appearance in the figures is
always as followed: first row [®®Ga]Ga-DOTA-ZOL, second row %8Ga-colloids, third row
free uncomplexed gallium-68. Travel distance of the mobile phase was 7 cm in all cases.
Count of replicates for every radio-TLC is three. All radio-TLCs shown in Figure 7 and

Figure 8 are from the same batch of the respective substance.

Radio-TLCs of the different potentially present species using the published method
(acac/ac/con. HCI (10:10:1) and silica 60 F254 TLC plates) (Figure 7) [1]. Retention fac-
tors of [®8Ga]Ga-DOTA-ZOL are 0-0.2 respectively 0.8-1 for ®Ga-colloids, 0.6-0.9 for

uncomplexed gallium-68.
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Figure 7: Radio-TLC chromatograms of the different species potentially present in a
[(8Ga]Ga-DOTA-ZOL synthesis developed in acac/ac/conc. HCI (10:10:1) with silica 60
F254 TLC plates as stationary phase. Appearance in the following order: final product of
a [8Ga]Ga-DOTA-ZOL synthesis, ®Ga-colloids, [(8Ga]Ga®".

Revised published method without concentrated HCI with silica 60 F254 TLC plates as
stationary phase (Figure 8). Retention factors of [®3Ga]Ga-DOTA-ZOL are 0-0.1 respec-
tively 0-0.1 and 0.5-0.9 for ®8Ga-colloids and 0.7-0.8 for uncomplexed gallium-68.
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Figure 8: Radio-TLC chromatograms of the different species potentially present in a
[(8Ga]Ga-DOTA-ZOL synthesis developed in acac/ac with silica 60 F254 TLC plates as
stationary phase. Appearance in the following order: final product of a [®3Ga]Ga-DOTA-
ZOL synthesis, 8Ga-colloids, [®Ga]Ga®".

Radioactive species developed in citric buffer pH 4 with silica 60 F254 TLC plates as
stationary phase (Figure 9). Retention factors of [®8Ga]Ga-DOTA-ZOL are 0-0.1 respec-
tively 0.1-0.2 for %8Ga-colloids and 0.7-1 for uncomplexed gallium-68.
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Figure 9: Radio-TLC chromatograms of the different species potentially present in a
[(®Ga]Ga-DOTA-ZOL synthesis developed in citric buffer pH 4 with silica 60 F254 TLC
plates as stationary phase. Appearance in the following order final product of a [*3Ga]Ga-

DOTA-ZOL synthesis, %8Ga-colloids, [¢®Ga]Ga®* present as citrate complex.
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Radioactive species developed in TBAP/MeOH (9:1) with silica 60 F254 TLC plates as
stationary phase (Figure 10). Retention factors of [®®*Ga]Ga-DOTA-ZOL are 0.7-0.8 re-

spectively 0.1-0.3 for ®8Ga-colloids and 0.1-0.2 for uncomplexed gallium-68.

Figure 10: Radio-TLC chromatograms of the different species potentially present in a
[8Ga]Ga-DOTA-ZOL synthesis developed in TBAP/MeOH (9:1) with silica 60 F254 TLC
plates as stationary phase. Appearance in the following order final product of a [*®Ga]Ga-
DOTA-ZOL synthesis, %8Ga-colloids, [**Ga]Ga®*.

A detailed tabulation of the tested mobile phases using TLC silica 60 F254 and iTLC SG

plates as stationary phase is listed below (Table 2). All other stationary phases listed in

the materials section were found to be unsuitable for quality control of radiolabelled

[8Ga]Ga-DOTA-ZOL.

Table 2: List of investigated radio-TLC conditions. Greyed cells represent no single peak

or smear of the species.

Stationary phase

Mobile phase TLC silica 60 F254 iTLC SG
Rt A R: B R C Ri A Rt B Ri C
0.9% saline
ac
acac 0-0.2 0.8-1
acac/ac (1:1) 0-0.1 0.7-0.8
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acac/ac/HCI (1:1:0.1) [1] 0.6-09 0.8-1
ACN 0-0.2 0.8-1
Citric buffer pH 4 0-0.1 0.7-1 0.1-0.2
Citric buffer pH5 0-0.1 0.7-1 0.1-0.2
EtOAc

H.0

MEK

MeOH

ProH

TBAP 0.7-1

TBAP/ac (1:1)

TBAP/acac (1:1)

TBAP/acac (3:1)

TBAP/MeOH (9:1) 0.7-0.8 0.1-0.3 0.1-0.2

A: [8Ga]Ga-DOTA-ZOL; B: [*8Ga]Ga®*; C: %8Ga-colloids

To verify the dissociation of the compound facilitated by the mobile phase of the pub-
lished method, a further experiment was performed. An aliquot [®*Ga]Ga-DOTA-ZOL was
incubated 5 min in a preparation of the mobile phase (acac/ac/conc. HCI (10:10:1) and
subsequent control using citric buffer pH 4 as mobile phase. In both cases silica 60 F254
TLC plates was used as stationary phase. The obtained chromatograms are presented
in Figure 11. Already after 5 min the majority of the radioactivity is observed in one peak
at R 0.5. A control with an aliquot of pure %8Ga eluate also incubated in acac/ac/conc.
HCI (10:10:1) resulted in a similar chromatogram with the activity found at R; 0.5. It can
be assumed that gallium-68 is present as [®®Ga]Ga(acac)s instead of a weak gallium
citrate complex. In a second experiment an aliquot of a preparation [*3Ga]Ga-DOTA-TOC
(initial radiochemical purity > 98 % as determined by means of radio-HPLC and radio-
TLC) was treated equally and exhibited the same behaviour as found for [*®Ga]Ga-
DOTA-ZOL.
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Figure 11: Change of composition during incubation in the solvent system of the pub-
lished radio-TLC method developed in citric buffer pH 4 with silica 60 F254 TLC plates
as stationary phase. First row: radioTLC chromatogram of [®®Ga]Ga-DOTA-ZOL after
synthesis. Second row: [®®Ga]Ga-DOTA-ZOL incubated 5 min in a preparation of
acac/ac/conc. HCI (10:10:1). Third row: %®Ga eluate incubated 5 min in a preparation of
acac/ac/conc. HCI (10:10:1). Fourth row: [®8Ga]Ga-DOTA-TOC (initial complexation rate

98 %) after 5 min incubation in a preparation of acac/ac/conc. HCI (10:10:1).
Solid phase extraction

To evaluate the different SPE columns for their suitability to purify [(8Ga]Ga-DOTA-ZOL
the automated method was used but with original cassette setup. The cartridges listed
in Table 3 were evaluated in terms of trapping, recovery and final achievable purity of
the product. For all experiments either the pure or diluted reaction mixture was passed
over the entire cartridge. Recovery was evaluated using the data from the module provid-
ing 4 radioactivity detectors. Additional manual synthesis was performed in cases were
only one species was retained. Complexation yield and purity were quantified via radio-
TLC using the methods described in Table 2 utilizing aliquots of each the pure reaction

mixture, waste and eluate from the cartridge. Rejection criteria were:
e no selective trapping of one species
¢ loss of product during purification steps >10%

¢ purification effect not sufficient.
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Table 3: List of all evaluated SPE cartridges.

SPE cartridge Size Should Retain Comments
retain
Agilent
1 Bond Elut SCX 500 mg Ga Ga; P Dismissed
2 Bond Elut Certify 200mg Ga - Dismissed
Grace
3 Alltech Extract-Clean IC-Ag 1.5ml P Ga; P Dismissed
4 Alltech Extract-Clean IC-H 05m P - Dismissed
5 Alltech Extract-Clean IC-OH 1.5ml P Ga; P Dismissed
Macherey-Nagel
6 Chromabond HILIC 500mg P - Dismissed
7 Chromabond HR-XC 60mg P - Dismissed
8 Chromafix HR-XC S P Ga; P Dismissed
9 Chromafix C18 ec S P - Dismissed
10 Chromafix C4 M P - Dismissed
11  Chromafix HR-P M P - Dismissed
12  Chromafix HR-P L P - Dismissed
13 Chromafix HR-XA S P Ga; P Dismissed
14  Chromafix HR-XAW S P - Dismissed
15 Chromafix HR-XAW M P Ga Partial purification
16  Chromafix PS-Ag* L P Ga; P Dismissed
17  Chromafix PS-BA M P - Dismissed
18 Chromafix PS-H* S Ga P No recovery
19 Chromafix PS-H* M Ga Ga Partial purification
20 Chromafix PS-H* L Ga Ga; P Dismissed
21 Chromafix PS-OH- M P Ga; P Dismissed
22  Chromafix SA M P Ga Partial purification

85



23  Chromafix SB M P Ga; P Dismissed

Waters
24  Sep-Pak Alumina N Plus 280mg P - Dismissed
25 Sep-Pak C18 Plus 360mg P Ga; P Dismissed
26  Sep-Pak C18 Plus Light 130mg P - Dismissed
27 Sep-Pak Accell Plus QMA 360mg P - Dismissed
Plus
28 Sep-Pak Accell Plus QMA 130mg P - Dismissed
Plus Light
29 Sep-Pak Silica Plus 690mg P - Dismissed
30 Sep-Pak Silica Plus Light 120mg P - Dismissed
31 OASIS MCX 3 cc Vac 60mg P - Dismissed
32 OASIS MCX 6 cc Vac 150mg P - Dismissed
Phenomenex
33 Strata SCX 200mg Ga Ga; P Dismissed
34 Strata-X-C 200mg P - Dismissed
35 Strata-X-C polymeric 200mg P P No recovery

P: [¢®Ga]Ga-DOTA-ZOL

19 cartridges did not show any retention, neither of product nor of free uncomplexed

gallium-68. Consequently these 19 cartridges were dismissed.

11 cartridges retained both species, gallium-68 and the product, although not always
equally strong. Each were dismissed because of product loss (> 10 %), insufficient purity

of the final product or both.

3 cartridges retained gallium-68 while no retention for the product was observed. In 2 of
these 3 cases gallium-68 was trapped instead of the product (expected). In all of these
cases, the trapping was not completely meaning that the amount of gallium-68 left in the
final product was reduced in comparison to the reaction mixture but still too high to

achieve sufficient product quality. All were rejected.
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2 cartridges retained only product while no retention for gallium-68 was observed. In both
cases no recovery was achieved, neither with the solvents defined as suitable for the

final product nor with supplier recommended eluents.
Radio High Pressure Liquid Chromatography
A detailed summary of the tested conditions is listed below (Table 4).

Table 4: List of investigated radio-HPLC conditions. Greyed cells represent no success-

ful discrimination.

Column
Mobile Phase
A B CDETFGHI J K
TBAP?
TBAP/MeOH 95:5 &
TBAP/MeOH 90:10% v

TBAP/MeOH 85:15%

TBAP/MeOH 75:25°"

100 mM Na3PO4/100 mM Na3CeH507
pH 4.5

10 mM TBA-citrate pH 4.5/ACN¢

100 mM TEAP pH 2.242

0.1 % TFA in H20/0.1 % TFA in ACN®

0.1% TFA in H,0/0.1 % TFA in ACN'

disocratic, flow 0.5; 0.7; 1; 1.2 (in 15 min) and 1.5 ml/min; in 25 min. Pisocratic, flow 0.7;
1 and 1.2 ml/min; in 25 min. °gradient A:B (0:100) - A:B (0:100) in 30 min, flow 0.7; 1.2
ml/min, (provided by ITG, Germany). “gradient A:B (70:30) = A:B (20:80) in 30 min, flow
0.7; 1.2 mi/min, (provided by ITG, Germany). ¢gradient A:B (95:5) - A:B (20:80) in
25min, flow 0.7; 1.2 ml/min [1] ‘gradient A:B (100:0) = A:B (0:100) in 20min = AB
(50:50) from 20 to 25min, flow 0.7 ml/min

A: Agilent Infinity Lab Poroshell 120 EC C18 4.6*50 mm 2.7 um; B: Agilent ZORBAX
Infinity Eclipse plus C18 4.6*100 mm 3.5 um; C: Agilent ZORBAX SB-C18 9.4*250 mm
5 um; D: Macherey-Nagel EC 125/4 Nucleodur 100-3 C18 ec; E: Macherey-Nagel EC
150/3 Nucleodur C18 HTec 3 pum; F: Macherey-Nagel 250/4 Nucleodur Hilic 5 pm; G:
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Macherey-Nagel 250/4 Nucleodur 300-5 C18; H: Macherey-Nagel VA 50/4.6 Nucleodur
RP 4000-8; I: Phenomenex Kinetex 5 um Biphenyl 100 A 250*4.6 mm; J: Phenomenex
Luna 5pm NH2 100 A 250*4.6 mm; K: Phenomenex Jupiter 5 um C5 300 A 250*4.6 mm

*on the basis of Maheswara Reddy et al. [2]
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Abstract

Objective: Pre-clinical studies with gallium-68 zoledronate ([®®Ga]Ga-DOTAZOL) have
proposed it to be a potent bisphosphonate for PET/CT diagnosis of bone diseases and
diagnostic counterpart to [*"’Lu]Lu-DOTAZOL and [*2°Ac]Ac-DOTAZOL. This study aims
to be the first human biodistribution and dosimetric analysis of [®8Ga]Ga-DOTAZOL.

Methods: Five metastatic skeletal disease patients (mean age: 72 years, M: F; 4:1) were
injected with 150-190 MBq (4.05-5.14 mCi) of [68Ga]Ga-DOTAZOL i.v. Biodistribution
of [8Ga]Ga-DOTAZOL was studied with PET/CT initial dynamic imaging for 30 min; list
mode over abdomen (reconstructed as six images of 300 s) followed by static (skull to
mid-thigh) imaging at 45 min and 2.5 h with Siemens Biograph 2 PET/CT camera. Also,
blood samples (8 time points) and urine samples (2 time points) were collected over a
period of 2.5 h. Total activity (MBQ) in source organs was determined using interview
fusion software (MEDISO Medical Imaging Systems, Budapest, Hungary). A blood-
based method for bone marrow selfdose determination and a trapezoidal method for
urinary bladder contents residence time calculation were used. OLINDA/EXM version
2.0 software (Hermes Medical Solutions, Stockholm, Sweden) was used to generate

residence times for source organs, organ absorbed doses and effective doses.

Results: High uptake in skeleton as target organ, kidneys and urinary bladder as organs
of excretion and faint uptake in liver, spleen and salivary glands were seen. Qualitative
and quantitative analysis supported fast blood clearance, high bone to soft tissue and
lesion to normal bone uptake with [®®Ga]Ga-DOTAZOL. Urinary bladder with the highest
absorbed dose of 0.368 mSv/MBq presented the critical organ, followed by osteogenic
cells, kidneys and red marrow receiving doses of 0.040, 0.031 and 0.027 mSv/MBq, re-
spectively. The mean effective dose was found to be 0.0174 mSv/MBq which results in

an effective dose of 2.61 mSv from 150 MBqg.
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Conclusions: Biodistribution of [®®Ga]Ga-DOTAZOL was comparable to [*®F]NaF,
[*®*"Tc]Tc-MDP and [®®Ga]Ga-PSMA-617. With proper hydration and diuresis to reduce
urinary bladder and kidney absorbed doses, it has clear advantages over [*®F]NaF owing
to its onsite, low-cost production and theranostic potential of personalized dosimetry for
treatment with [17Lu]Lu-DOTAZOL and [?5Ac]Ac-DOTAZOL.

Key words: [®®¥Ga]Ga-DOTAZOL; biodistribution; organ absorbed doses; effective
dose.
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INTRODUCTION

Metastatic skeletal disease is a long known complication in many solid tumors. It affects
up to 70% of patients suffering from advanced breast or prostate cancer. It is a major
contributor to increased morbidity and mortality in these patients [1-3]. The role of nu-
clear medicine in diagnosis, staging and assessment of treatment response in these pa-
tients is well established. Among available SPECT and PET tracers, [*®F]NaF PET/CT
has shown sensitivity of 100% and specificity of 97% [4]. Using B— and a-emitting radio-
nuclides for pain palliation in these patients has proved beneficial [5]. The theranostic
role of nuclear medicine for management of skeletal metastatic disease has progressed
from pain palliation to delivery of targeted cytotoxic radionuclide therapy as is seen with
prostate-specific membrane antigen (PSMA) targeted therapies for prostate carcinoma
[6]. However, targeted therapies for skeletal metastasis secondary to other tumor entities
are still being investigated. Since many years, bisphosphonates have been used for pain
palliation and prevention of complications from skeletal metastases. Their anti-resorptive
effect has been proven in vivo and in vitro fact [7]. The high rate of adsorption by bisphos-
phonates encouraged its labeling with theranostic radionuclides [8]. Success in this re-
gard has been found in successful development of ®*"Tc-labeleld bisphosphonates such
as [*™Tc]Tc-Alendronate [9] and various acyclic bisphosphonates such as, e.g., EDTMP
[ethylenediamine tetra (methylene phosphonic acid] labeled with trivalent %Ga and ""Lu
such as [®Ga]Ga-EDTMP [10], and [*"’Lu]Lu-EDTMP [11-15]. In addition, there is a
class of bisphosphonates conjugated to macrocyclic chelators, which allow for labeling
with trivalent radiometals [16, 17]. Among this group, simple bisphosphonates have been
investigated first such as BPAMD (4-{[(bis(phophonomethyl)carbamoyl]methyl}-7,10-
bis(carboxymethyl)-1,4,7,10-tetraazacyclododec-1-yl) acetic acid, resulting in [#8Ga]Ga-
BPAMD [18] and [*""Lu]Lu-BPAMD [18, 19]. Despite the great potential of BPAMD as a
theranostic pair, further radiopharmaceutical research demonstrated, that the NOTA ver-
sion [%8Ga]Ga-NO2APBP ([®®Ga]Ga-1,4,7-triazacyclonone-1,4-diacetic acid) of that
bisphosphonate not only allowed for more effective labelling with gallium-68, but also
demonstrated superior targeting quality [20]. It is superior with high thermodynamic sta-
bility and kinetic inertness as compared to DOTA-labeled ®Ga bisphosphonates, label-
ing of which is less efficient and more vulnerable to experimental conditions. It was char-
acterized by high skeletal uptake and less kidney uptake [20]. However, in pre-clinical
animal biodistribution studies, ist therapeutic counterpart [*"’Lu]Lu-NO2APBP was found
inferior to [*’Lu]Lu-BPAMD with less affinity to skeleton [21]. To date, [*Ga]Ga-
NO2APBP and [*"’Lu]Lu-BPAMD thus represent the theranostic combination of the sim-

ple bisphosphonate. Alpha-hydroxy bisphosphonates like pamidronate and, in particular,
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alpha-hydroxy bisphosphonates containing a potent nitrogen-containing moiety like
zoledronate represent the next generation of bisphosphonates [22—-24]. In addition to
binding with hydroxyapatite structure of the bone, their interaction with the HMG CoA
reductase pathway results in inhibition of farnesyl diphosphate synthase (FPPS) culmi-
nating in apoptosis of osteoclasts, hence exhibiting a biochemical target [8]. Among
them, zoledronic acid has shown the highest FPPS inhibition and best affinity to hydroxyl
apatite making it the bisphosphonate of choice for labeling with diagnostic and therapeu-
tic radionuclide [24]. The bifunctional chelate DOTA has facilitated labeling of these
bisphosphonates with Me (lll), Gallium-68 and Lutetium-177 [17] for diagnosis and treat-
ment of skeletal metastatic disease, respectively, thus achieving a chemical goal of new
theranostic development [17]. Pre-clinical in vitro and in vivo studies with [®®Ga]Ga-
DOTAZOL have shown high hydroxyapatite binding, good target to background ratio with
fast renal clearance and overall skeletal uptake comparable to other ®®Ga-labeled DOTA
a-H and a-OH bisphosphonates as well as [*®F]Na-F [16, 17]. Moreover, in vivo biodis-
tribution in a single patient with prostatic carcinoma showed intense uptake in skeletal
metastatic lesions with lower activity in background and other normal organs in compar-
ison with complimentary [®®Ga]Ga-PSMA image [16]. Recently, pre-clinical animal stud-
ies with alpha emitter [?°Ac]Ac-DOTAZOL [25] have shown biokinetics similar to
[8Ga]Ga-DOTAZOL and proposed its translational use with strategies to reduce ne-
phrotoxicity, thus increasing the importance of theranostic use of [®3Ga]Ga-DOTAZOL.
Literature-based comparison of [#8Ga]Ga-DOTAZOL [17] with [®8Ga]Ga-NO2APBP [20]
revealed slightly less hydroxyapatite binding (92.7 + 1.3% versus 93.8 £ 4.4%) and low
bone uptake at 60 min p.i. (standard uptake value (SUV) of 5.27 + 0.62 versus 6.19 +
1.27). The in vivo biodistribution of [®3Ga]Ga-DOTAZOL in male Wistar rats showed
faster kidney clearance with peak uptake in less than 5 min followed by clearance in
comparison to [®3Ga]Ga-NO2APBP that showed continuous uptake till 50 min followed
by clearance through urinary bladder [20]. However, SUV for kidneys at 60 min p.i was
found to be higher for [®8Ga]Ga-DOTAZOL (0.53 * 0.04) as compared to [*8Ga]Ga-
NO2APBP (0.26 + 0.09). Evaluation of [®¥Ga]Ga-NO2APBP in female breast carcinoma
patients already proved its excellent ability to detect lesions along with favorable radia-
tion dosimetry with very low kidney absorbed dose [26]. However, [®®Ga]Ga-DOTAZOL
has not been evaluated clinically so far. [®8Ga]Ga-DOTAZOL with benefit of low cost,
onsite generator production of gallium-68 [27], having biodistribution and skeletal uptake
comparable with [*”’Lu]Lu-DOTAZOL [17, 25] and [?*®Ac]Ac-DOTAZOL [25] suggests it

to be better than [*®F]Na-F as potential theranostic tracer allowing for patient-individual
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dosimetry. In this study, we evaluated human biodistribution and radiation dosimetry with
[(®Ga]Ga-DOTAZOL.

MATERIALS AND METHODS

It is stated that [68Ga]Ga-DOTAZOL was applied to the patients within an individual
treatment attempt according to German drug regulations. The data were evaluated af-
terwards retrospectively. All procedures were followed in accordance with ethical stand-
ards of our institutional review board and therefore been performed in accordance with
the ethical standards laid down in the 1964 Declaration of Helsinki and all subsequent

revisions. All patients gave their informed consent prior to their inclusion in the study.
Patient population:

Between April 2016 to March 2018, 5 patients (M: F; 4: 1) with metastatic skeletal dis-
ease not responding to other treatment modalities were included in this study [Table 1].
The patients were injected intravenously (i.v.) with mean + SD dose of 168.25 + 20.27
MBq (4.55 mCi) of [®8Ga]Ga-DOTAZOL. Skeletal metastatic disease in patients was sec-
ondary to breast, bronchial and metastatic castration resistant prostate carcinoma. All of
these patients had shown painful progression while being treated with conventional treat-

ment modalities.
Preparation of [®3Ga]Ga-DOTAZO-

Gallium-68 was obtained from a 1.85 GBq (50 mCi) 68Ge/68Ga generator (iThemba
Labs; South Africa). Radiolabeling was performed according to the method described by
Meckel et al. [17]. Development of silica TLC plates was conducted in acetylacetone/ac-
etone (1:1) for iTLC plates. A radiochemical yield of =2 98% and radiochemical purity of =

97% were obtained.
[(8Ga]Ga-DOTAZCt PET/CT imaging protocol:

For qualitative and dosimetric analysis, a Siemens Biograph 2 PET/CT scanner with a
58.5 cm axial field of view and a 16.2 cm longitudinal field of view was used for acquiring
PET/CT images. The scanner has a spatial resolution of about 6 mm in axial and trans-
versal direction (at a radius of 10 mm). All patients underwent a low dose CT scan
(120kV, 40mAs) of abdomen for attenuation correction and patient positioning with kid-
neys in field of view, followed by dynamic imaging of abdomen for 30 minutes in list mode
started simultaneously with i.v injection of [®®Ga]Ga-DOTAZOL. Later static skull to mid-
thigh PET/CT images were acquired at 45 min and 2.5 h post injection (p.i), each pre-

ceded by low dose CT examination for patient positioning and attenuation correction.
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Images were reconstructed using an iterative reconstruction algorithm (OSEM with 8 it-
erations, 16 subsets), application of Gaussian filter of 4mm and were corrected for scat-
ter. The dynamic images were reconstructed into 6 images of 300s.

Qualitative analysis:

All dynamic and static images were visually analyzed to see physiological and patholog-
ical tracer distribution. Organs with increased tracer uptake were identified as source

organs for further dosimetric analysis.
Quantitative dosimetric analysis:

Table 1: Characteristics of study population

PT1 PT2 PT3 PT4 PT5 mean SD

Age 83 83 66 64 64 72 10.07
Weight 76 76 85 82 82 80 4.02
Hemato-
crit 0.4 0.41 0.34 0.39 0.37 0.38 0.03
Dose 152 150 181 190 190 172.60 20.07

Bron- Bron-

chial car- chial car-

Tumor CRPC CRPC Breast cinoma cinoma

CH* + CH* +
Previ- AHY AHY/ car- car-
ous CT# CH*/ boplatin/  boplatin/

thera- [FLultu [*"LulLu  CH* +lo- XGEVA, XGEVA,
pies re- -PSMA- -PSMA- callradi- Nivolum Nivolum
ceived 617 617 ation ab ab

*Antihormonal; # Chemotherapy

For dosimetric analysis kidneys, liver, spleen, urinary bladder, lumbar (L1-L3) vertebrae,
salivary glands and whole body were selected as source organs. MEDISO interview fu-
sion software (MEDISO Medical Imaging Systems, Budapest, Hungary) was used to
draw a volume of interest (VOI) encompassing the entire source organs on CT image for
calculating organ volume and to determine mean counts/ml (kBg/ml) from a co-registered
PET image. Total source organ activity (MBq) was calculated by multiplying source organ

CT volume with corresponding mean counts/ml and dividing it with 1000. The percent of
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injected activity in source organs was calculated to generate time activity curves and
calculating residence time (MBg-h/MBq) using OLINDA/EXM version 2.0 (Hermes Med-
ical Solutions, Stockholm, Sweden). Mono-exponential curve was fit on whole body and
salivary glands. Biexponential curve was applied for the remaining source organs. As-
suming homogenous distribution of tracer in the remainder of the body, the percentage
of injected dose in the image was scaled proportional to percentage weight of body in
the image by using Eq. (1) [28]. The percentage of body weight in image was calculated
using Eqg. (2) [28].

Activity in static (skull-midthigh)image (t) X 100

% whole body activity(t) = Equation 1

Scaled injected activity in image

CT volume of whole bodyimagexmean CT densityx100

% Body weight(image) = Equation 2

Patient weight

For the remainder of body activity A x [1 — exp—At] function was fit for cumulative urinary
excretion using the method explained by Stabin [29]. For skeletal activity, the mean
counts/ml in lumbar vertebrae were multiplied by 5000 (total weight of skeleton in an
adult) [30].

To determine bone marrow dosimetry, 1-2 ml venous blood samples were collected at
eight time points (5, 10, 15, 20, 25, 30, 45 min and 2.5 h) post-injection. Urine samples
were also collected in pre-weighed containers after 45 min and 2.5 h p.i. Radioactivity in
1 ml blood and urine samples was measured along with known standard activity using
1480 WIZARD™ 3n Gamma counter. The indirect blood-based method using patient
hematocritbased red marrow to blood ratio and bone marrow mass was used to deter-
mine bone marrow self-dose [31-34]. For urinary bladder contents residence time, a
trapezoidal method was used while taking into account urinary bladder activity in images
at 45 min, and 2.5 h along with activity in urinary samples. OLINDA/EXM version 2.0
(Hermes Medical Solutions, Stockholm, Sweden) software was used to calculate mean
organ absorbed doses and effective doses after adjusting for the weight of patient organs
by multiplying the reference adult male/female whole body weight with factor obtained
by dividing patient weight with reference adult (male/female) weight, respectively. The
mean of residence times, organ absorbed doses (mSv/MBq) and mean effective doses
(mSv/MBq) were calculated. The total effective dose in mSv received after injection of
150 MBq of [®®Ga]Ga-DOTAZOL was calculated by multiplying the mean effective dose
(mSv/MBq) with 150 MBqg.

RESULTS

Qualitative [(8Ga]Ga-DOTAZ°t distribution and kinetics analysis:
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Visual analysis of PET/CT images revealed intense tracer uptake in kidneys, skeleton
and urinary bladder. Faint uptake in liver, spleen and salivary glands was also seen.
Rapid tracer kinetics was seen through kidneys as shown in Fig. 1 with early uptake in
renal parenchyma as early as 2.5 min followed by clearance with minimal activity in the
collecting system at 45 min p.i.. and minimal to no residual activity at 2.5 h p.i.. Uptake
in bone increased over time. Good bone to soft tissue and metastatic lesion to normal
bone uptake was visualized at 45 min p.i.. which increased at 2.5 p.i. as seen in Fig. 2.
For dosimetric analysis, source organs identified on qualitative analysis included kid-
neys, urinary bladder, lumbar vertebrae (L1-L3) as representative of skeletal system,

liver, spleen, salivary glands and whole body.

Comparison of mean SUV-based skeletal to soft tissue ratio was found to be 7.36 and
12.96 at 45 min p.i. that increased to 15.034 and 28.82 at 2.5 h p.i. for two representative

lesions as shown in Fig. 2 in comparison to 4.81 and 3.30 on previous [®Ga]Ga-PSMA-

617 in a patient with mCRPC. Lesion to normal bone ratio for these lesions was found to
be 7.53 and 12.95 at 45 min and 6.79 and 13.01 at 2.5 h p.i. on PET/CT images of
[(8Ga]Ga-DOTAZOL in comparison to 7.5 and 5.14, respectively, on the [68Ga]Ga-
PSMA-617 image. The number of lesions was also higher on [®®Ga]Ga-DOTAZOL as
compared to [8Ga]Ga-PSMA-617 in the mCRPC patient.

Figure 1: [8Ga]Ga-DOTAZ°" kinetics through kidneys in dynamic (150 s, 450 s, 750 s,
1050 s, 1350 s, 1650 s) and static images (45 min and 2.5 h).

Figure 2 Uptake in two metastatic lesions on a. [®®Ga]Ga-PSMA-617, b. [*®Ga]Ga-
DOTAZOL at 45 min p.i.. and c. [®®*Ga]Ga-DOTAZOL at 2.5 h p.i.. showing higher and
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progressive uptake with [®8Ga]Ga-DOTAZOL as a result of enhanced lesion to normal
bone uptake.
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Figure 3: Comparison of PET/CT images of a. [®®Ga]Ga-DOTAZOL with b. [*®F]FDG in

patient with skeletal metastases secondary to bronchial carcinoma.
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Figure 4: Comparison of [*™Tc]Tc-MDP with [$3Ga]Ga-DOTAZC" in patient of skeletal

metastases secondary to breast carcinoma.
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Figure 5: Tracer kinetics of [®®Ga]Ga-DOTA?C" in source organs with decay correction
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Figure 6: Change in % activity of [®8Ga]Ga-DOTAZ°! in whole skeleton (with decay cor-

rection) and rest of source organs(without decay correction).

Visual comparison of [®8Ga]Ga-DOTAZOL with [*F]FDG in bronchial carcinoma patients

and [*®*"Tc]Tc-MDP bone scan in the female patient as shown in Figs. 3 and 4, respec-

tively, also revealed that uptake in lesions and the apparent number of lesions were also
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higher. SUV max in lesion was also higher on [®®Ga]Ga-DOTAZOL (15.24 g/ml) as com-
pared to [*®F]FDG PET/CT images (5.95 g/ml) in bronchial carcinoma patients.

Dosimetric analysis for normal organs:

Plotting of percentage injected activity in source organs with respect to time as shown in
Figs. 5 and 6 further supported the results of visual analysis. The highest tracer localiza-
tion was seen in the skeletal system followed by liver, kidneys, spleen and salivary
glands. An initial rapid increase uptake was seen in the skeleton for almost half an hour
p.i. followed by a slow rise. Simultaneous rapid tracer uptake and fast washout in the
other source organs and blood pool was found. Rapid tracer kinetics with early peak
physiological uptake as early as 2.5 min p.i. was seen in kidneys, followed by fast clear-
ance with minimal to almost no activity at 2.5 h p.i.. Almost 11% of the injected activity
remained in whole body at 2.5 h showing 89% renal excretion.

Table 2 shows the residence times (MBg-h/MBq) for source organs in individual patients
as well as the mean * SD of residence times. High residence time was seen in the re-
mainder of the body followed by urinary bladder, cortical and trabecular bone, liver, red
marrow, kidneys, spleen and salivary glands. Table 3 shows mean £ SD and ranges of
organ absorbed doses as well as effective dose according to ICRP103. The results very
clearly demonstrate that the urinary bladder receives the highest dose of 0.368 mSv/
MBg (range 0.203—-0.609 mSv/MBQ) and is the organ at risk as kidneys were found to be
the only route of its excretion. Osteogenic cells received dose of 0.040 mSv/MB(q fol-
lowed by kidneys (0.031 mSv/MBqQ), red marrow (0.027 mSv/MBq), spleen (0.018
mSv/MBQ), liver (0.013 mSv/MBq) and salivary glands (0.011 mSv/MBQ).

Table 2: Comparison of residence time (MBqg-h/ MBq) in source organs with [®®Ga]Ga-
DOTAZ" and [*8F]NaF

[(*Ga]Ga-DOTA" [*FINaF ['*F]NaF
this study [32] [33]
Organs PT1 PT 2 PT3 PT4 PT5 mean +£SD mean
S. glands 0.004 0.002 0.001 0.001 0.001 0.002 0.001
Kidney 0.024 0.024 0.020 0.018 0.016 0.021 0.003 0.010
Spleen 0.005 0.004 0.008 0.004 0.006 0.005 0.001 0.002
Liver 0.057 0.034 0.052 0.028 0.032 0.040 0.012 0.017

Red marrow 0.034 0.038 0.053 0.039 0.058 0.042 0.009 0.130
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Trabecular

Bone 0.148 0.117 0.116 0.225 0.150 0.127 0.041 0.207 0.830
Cortical bone 0.148 0.117 0.116 0.225 0.150 0.127 0.041 0.901 0.550
Urinary Blad-
der 0.172 0.191 0.160 0.534 0.496 0.174 0.177 0.190 0.290
Remainder of
body 0.392 0.468 0.213 0.251 0.377 0.358 0.095 0.330
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Figure 7: Comparison of Organ Absorbed Doses between [®Ga]Ga-DOTA?°" and

[®F]NaF [30, 35].

DISCUSSION

In the current study, [®Ga]Ga-DOTAZOL was evaluated in bronchial carcinoma patients

in addition to MCRPC and breast carcinoma patients. [®¥Ga]Ga-DOTAZOL showed fast

kinetics with increased tracer elimination through kidneys resulting in whole body activity

to decrease to almost 11% by 2.5 h p.i. In the skeletal target organ, there is an initial

rapid uptake till 30 min followed by a further gradual rise. The maximum tracer accumu-

lation was seen in the skeletal system with 18% of injected activity (IA) in one of the

bronchial carcinoma patients with a high burden of skeletal metastases.
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An initial uptake in liver, spleen and salivary glands was also seen followed by a sharp
decline. Soft tissue and blood activity decreases with time and results in enhanced bone
uptake and an increased metastatic lesion to bone ratio as can be seen in Fig. 2 which
is consistent with the results of other ®®Ga-bisphosphonate agents and [*®F]NaF [17, 27].

PET/CT images of [®8Ga]Ga-DOTAZOL could be compared to previous [*®Ga]Ga-PSMA-
617 and [®F]JFDG PET/CT images in the male patients and a [**™Tc]Tc-MDP bone scan
enrolled in this study. Here, the uptake of [®8Ga]Ga-DOTAZOL was 2.56 times higher
than that of [**F]FDG in a bronchial carcinoma patient. A greater number of apparent
lesions was also found with [®®Ga]Ga-DOTAZOL as compared to [®8Ga]Ga-PSMA-617
(Fig. 2), [*®F]FDG in bronchial carcinoma (Fig. 3) and [**"Tc]Tc-MDP in breast carcinoma

patients (Fig. 4).

Compared with [®Ga]Ga-PSMA-617, the qualitative analysis of [*8Ga]Ga-DOTAZOL
showed better uptake in skeleton with higher skeleton to soft tissue and metastatic le-
sions to normal bone ratio as seen in Fig. 2. This finding is consistent with the in vivo

biodistribution analysis of [®®Ga]Ga-DOTAZOL in one patient with prostate cancer [16].

Dosimetric analysis showed comparable residence times for the rest remainder of the
body to that of [*F]NaF which was 0.358 h in the current study and 0.33 reported in ICRP
106 report. Urinary bladder residence time (0.174 h) was found to be less than that of
[*®F]NaF (0.19 and 0.29 h); however, the residence time for kidneys was found to be
higher (0.022 h) as compared to [*®F]NaF (0.01 h). This could be explained by the fact
that [#8Ga]Ga-DOTAZOL shows 89% renal excretion over a period of 2.5 h as compared
to 15% and 50% in the case of [*®F]NaF [30, 35]. The residence time of [®¥Ga]Ga-DOTA-
ZOL in trabecular and cortical bone was found to be 0.127 with 50% weightage given to
both. The residence time in bone components as well as bone marrow was lower as
compared to [*®F]NaF. This might be a result of the lower half-life of 68Ga as compared
to fluor-18 as well as the difference in osteogenic tumor load in patients evaluated by
Kurdziel et al. [35] and the current study. Residence times for liver and spleen were
higher than those of [*®F]NaF. The uptake of free/unbound %Ga can be responsible for

prolonged residence times in these organs.

Table 4. Comparison of organ absorbed doses of [(8Ga]Ga-NO2APB [27] with
[®8Ga]Ga-DOTA% "

Study [(*Ga]Ga-NO2APEP [¢*Ga]Ga-DOTA?oL

Organs Organ Absorbed Doses(mSv/MBQ)
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Kidneys 0.00760 0.0314

Red marrow 0.02030 0.0272
Urinary bladder 0.00011 0.3680
Skeleton 0.05800 0.0400
Whole body 0.00583 0.0072
Mean effective dose 0.00860 0.0174

[(8Ga]Ga-DOTAZOL like other bone-seeking agents was found to be characterized by
delivery of the highest radiation absorbed dose to urinary bladder, followed by osteogenic
cells, red marrow and kidneys. This finding is comparable with dosimetric analysis of
[*®F]NaF [30, 35]. Kidney being its physiological route of excretion results in the highest
dose seen in urinary bladder. The doses delivered to urinary bladder and kidneys were
higher and the radiation absorbed doses to osteogenic tissue and red marrow were lower
as compared to [*®F]NaF as shown in Fig. 7 [30, 35]. Mean effective dose and total ef-
fective dose were found to be 0.017 mSv/MBq and 2.61 mSv with [#8Ga]Ga-DOTAZOL
comparable to 0.017 mSv/MBq and 1.88-3.15 mSv with [8F]NaF respectively [35].

Comparison of dosimetric analysis of [¢3Ga]Ga-DOTAZOL with [#8Ga]Ga-NO2APBP [26]
revealed high absorbed doses delivered to kidneys and urinary bladder, almost compa-
rable absorbed doses to bone marrow and osteogenic cells, high total body absorbed
dose and high effective dose equivalent as shown in Table 4 which illustrates the supe-
riority of [®¥Ga]Ga-NO2APBP [26]. The difference in kidney and urinary bladder absorbed
doses could be due to differences in the collection of data points till 4 h for [®®Ga]Ga-
NOTAPBP in comparison to 2.5 h in the current study. A further lack of detailed biodis-
tribution analysis is also a limitation for comparing the results of the two studies. It was
observed that the dosimetric results of [®®Ga]Ga-NO2APBP from breast carcinoma pa-
tients (M:F; 1:4) were not comparable to the results for the one female breast carcinoma

patient (Pt 3) in the current study.

The resultant high urinary bladder and kidney absorbed doses from [#¥Ga]Ga-DOTAZOL
are consistent with those of other bone-seeking agents. These doses can very easily be
reduced by proper hydration and rapid diuresis. As compared to various 68Ga-labeled
octreotide [36] and PSMA agents [37, 38], [*®*Ga]Ga-DOTAZOL delivered lower kidney

and higher urinary bladder absorbed doses along with lower mean effective doses. Be-
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sides having high radiation exposure to kidneys and urinary bladder, [®®*Ga]Ga-DOTA-
ZOL has advantages of its theranostic potential when labeled with lutetium-177 for ther-

apy.
Conclusion

The results of this small patient study showed that [®®Ga]Ga-DOTAZOL is an excellent
tracer with high and selective uptake in bone lesions. [®®Ga]Ga-DOTAZOL results in 2.4
times higher organ absorbed dose to urinary bladder and kidneys, while similar mean
effective dose in comparison to that of [*®F]NaF which was found to be 0.017 mSv/MBg.
Compared with [®®Ga]Ga-PSMA-617, the bisphosphonate [*®Ga]Ga-DOTAZOL showed
a similar pharmacological pattern as well as higher metastatic to normal bone ratio and

higher skeleton to soft tissue uptake in prostate carcinoma.

The possibility of treatment of bone metastases with [1"/Lu]Lu-DOTAZOL gives it a clear
advantage over other bone-seeking diagnostic agents such as [*®F]Na-F and [**™Tc]Tc-
MDP. These initial results are encouraging and support the use of [#8Ga]Ga-DOTAZOL
as an imaging theranostic agent. However, prospective patient studies are required to
explore its further potential for the treatment of bone metastases in different tumor enti-

ties.
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Abstract:

Background: Pre-clinical biodistribution and dosimetric analysis of [*/’Lu]Lu-DOTAZOL
suggests the bisphosphonate zoledronate as a promising new radiopharmaceutical for
therapy of bone metastases. We evaluated biodistribution and normal organ absorbed
doses resulting from therapeutic doses of [*’Lu]Lu-DOTAZOL in patients with metastatic

skeletal disease.

Method: Four patients with metastatic skeletal disease (age range: 64 - 83 years) sec-
ondary to metastatic castration resistant prostate carcinoma or bronchial carcinoma were
treated with a mean dose of 5968+64 MBq (161.3 mCi) of [*/’Lu]Lu-DOTAZOL. Biodis-
tribution was assessed with serial planar whole body scintigraphy at 20 min, 3, 24 and
167 h post injection (p.i.) and blood samples at 20 min, 3, 8, 24 and 167 h p.i.. Percent
of injected activity in blood, kidneys, urinary bladder, skeleton and whole body were de-
termined. Bone marrow self-dose was determined by an indirect blood based method.
Urinary bladder wall residence time was calculated using Cloutier’s dynamic urinary blad-
der model with a 4 h voiding interval. OLINDA/EXM version 2.0 (Hermes Medical Solu-
tions, Stockholm, Sweden) software was used to determine residence times in source

organs by applying biexponential curve fitting and to calculate organ absorbed dose.
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Results: Qualitative biodistribution analysis revealed early and high uptake of [*"’Lu]Lu-
DOTAZOL in the kidneys with fast clearance showing minimal activity by 24 h p.i.. Activity
in the skeleton increased gradually over time. Mean residence times were found to be
highest in the skeleton followed by the kidneys. Highest mean organ absorbed dose was
3.33 mSv/MBq for osteogenic cells followed by kidneys (0.490 mSv/MBq), red marrow
(0.461 mSv/MBq) and urinary bladder wall (0.322 mSv/MBq). The biodistribution and
normal organ absorbed doses of [Y’Lu]Lu-DOTAZOL are consistent with preclinical

data.

Conclusion: [*"’Lu]Lu-DOTA?°" shows maximum absorbed doses in bone and low kid-
ney doses, making it a promising agent for radionuclide therapy of bone metastasis.
Further studies are warranted to evaluate the efficacy and safety of radionuclide therapy
with [*"’Lu]Lu-DOTAZ°t in the clinical setting.

Key words: [*"’Lu]Lu-DOTAZ?°"; organ absorbed doses; bone seeking therapeutic radi-

onuclides,; prostate carcinoma; bronchial carcinoma.
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INTRODUCTION:

Occurrence of painful bone metastases is a frequent complication of solid tumors
that reduces the quality of life in many patients [1]. Radionuclide therapy for bone pain
palliation in patients with progressive skeletal metastatic disease has been established
in the clinical routine already decades ago [2, 3]. Several radiopharmaceuticals are or
have been in use such as [*?P]NayP, [*°Sr]SrCl,, [***Sm]Sm-EDTMP and [**°Re]Re-
HEDP, [*1'™Sn]SnCl; and [*?®Ra]RaCl:[1, 2, 4]. The therapeutic effect requires accumu-
lation of these radiopharmaceuticals at osteoblastic sites of metastases and deposition
of energy by B~ or a particle. These radiopharmaceuticals are used either as monother-
apy or in combination with systemic chemotherapy and bisphosphonates [4]. The choice
of the radiopharmaceutical is dependent on its inherent properties such as physical half-
life, energy and particle range, as well as ease of availability, efficacy and side effects

[5].

Yet, the quest for a stable and effective bone seeking therapeutic radiopharma-
ceutical is still an ongoing process. Lutetium-177 with a half-life of 6.73 days, a low range
of its B~ particles with maximum energy (Egmax = 497 keV), gamma emissions at energies
of 112 keV (6.4%) and 208 keV (11%), and the possibility of cost effective large scale
production with high specific activity and radionuclide purity has gained high acceptance
as a therapeutic radionuclide [6]. Owing to deposition of its B~ energy in the lesions and
their close environment, it is best suited for small to medium sized tumor lesions when
labeled with a suitable carrier [7]. [*""Lu]Lu-DOTA-TOC, [*"7Lu]Lu-DOTA-TATE [8, 9] and
[}"Lu]Lu-PSMA-617 [10, 11] have been proven effective for treatment of neuroendocrine
tumors and metastatic castration resistant prostate carcinoma (mMCRPC), respectively.
Moreover, they allow for a good theranostic combination with their gallium-68 labeled

imaging counter parts using positron emission tomography (PET) [12].

Bisphosphonates with antiresorptive properties [13] have also been labeled with
lutetium-177. Among these are [*"’Lu]Lu-DOTMP [14, 15], [*""Lu]Lu-EDTMP [16-21] and
[}"Lu]Lu-BPAMD [22-25]. Phase | and Il studies with [*"’Lu]Lu-EDTMP for pain palliation
in patients with bone metastases secondary to breast and prostate carcinoma have de-
livered encouraging results [16—21]. Radiation dosimetry analysis has also shown its
safety with low dose delivery to the kidneys in patients with breast carcinoma and
MCRPC in comparison to other bone pain palliating agents in use [5, 7, 26]. However,
the lower kinetic stability of [*’’Lu]Lu-EDTMP requires a high ligand concentration which

is a drawback [2]. Also, [®8Ga]Ga-EDTMP showed lower skeletal accumulation compared
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to its [1"’Lu]Lu-EDTMP analogue and could not be paired as a theranostic agent. In con-
trast, DOTA-conjugated theranostic bisphosphonates, such as [*’Lu]Lu-BPAMD and
[®®Ga]Ga-BPAMD, have shown excellent results and represent good theranostic pairs
[23].

Zoledronate, a nitrogen containing hydroxy bisphosphonate, has recently been
conjugated with DOTA (DOTAZ°Y), and labeled with gallium-68 for imaging and with lu-
tetium-177 for therapy as new theranostic pair for targeting bone metastases [27].
Zoledronate is known to have improved antiresorptive effects owing to its higher hydrox-
yapatite binding and internalization by osteoclasts with subsequent increased apoptosis.
The mode of action is accompanied by inhibition of farnesyl pyrophosphate enzyme of
melavonate pathway that results in inhibition of osteoclastic activity [13]. Data from ani-
mal studies comparing the biodistribution and dosimetric analysis extrapolated for hu-
mans between [*’Lu]Lu-EDTMP and [*"Lu]Lu-DOTAZ°" indicate a higher skeletal ab-
sorbed dose of 12.7 + 1.018 for trabecular bone surface and 9.524 + 0.803 for cortical
bone surface with [*”’Lu]Lu-DOTAZ° as compared to 10.019 * 0.714 for cortical bone
surface and 7.839 + 0.655 for trabecular bone surface with [*"’Lu]Lu-EDTMP. Hence,
presented [/’Lu]Lu-DOTAZ°" to be a better agent for radionuclide therapy of bone me-
tastases [28]. Recently, [®®Ga]Ga-NODAGAZ°" and [Y7Lu]Lu-DOTAZ°t have been re-
ported as the most effective new bisphosphonate based theranostic radiopharmaceuti-
cals [2, 3, 27-30]. Our current study aims at first in human biodistribution and dosimetric

analysis of [*"Lu]Lu-DOTAZ%° in mCRPC and metastazied bronchial carcinoma patients.
PATIENTS AND METHODS
Patient Selection:

In this retrospective study we analyzed four patients with metastatic skeletal dis-
ease secondary to mCRPC or bronchial carcinnoma, that were treated between July
2016 and September 2017 with [*’Lu]Lu-DOTAZ°L, All treatments were performed in the
context of an individual treatment attempt as no other treatment options were left for
these patients. Written informed consent was obtained from all patients. The local ethical
committee waived the ethical statement due to the retrospective character of the study.
All procedures were followed in accordance with ethical standards of institutional review
board and therefore been performed in accordance with the ethical standards laid down

in the 1964 Declaration of Helsinki and all subsequent revisions.

After confirming sufficient uptake in the bone metastases with [#8Ga]Ga-DOTA#"

PET/CT shown in figure 1e, patients were hospitalized in our treatment unit. All patients
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had normal kidney function confirmed by renal function tests and renal scintigraphy. Pa-
tients were administered a mean activity of 5968 MBq (161.3 mCi) (5873 — 6000 MBQ)
of [*"’Lu]Lu-DOTAZ%°" intravenously. Table 1 shows patient details along with a history of

previous treatments.
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Fig. 1 Planar scintigraphy (anterior and posterior views) after therapeutic application of
[*"’Lu]Lu-DOTAZ°t ata 20 min, b 3 h, ¢ 24 h, d 168 h, and e PET/CT after application of
[8Ga]Ga-DOTAZ°" in a patient with bone metastases secondary to bronchial carcinoma

(patient no. 3)

Preparation of [*"’Lu]Lu-DOTAZ°":

DOTAZOL was radiolabeled in 0.8 ml ascorbic buffer (210 mg Na-L-ascorbat +
42 mg gentisic acid in 1 ml 0.05 N HCI) with non-carrier-added lutetium-177, both ob-
tained from ITG Isotope Technologies Garching GmbH, Garching, Germany. Manual
synthesis was carried out on a thermoshaker at a temperature of 95°C for 30 min. For
guality control, an aliguot was retained from the final formulation. Quality control was
performed with silica-gel coated aluminium TLC-plates (silica 60 F254.5x4.5 cm, Merck,
Darmstadt, Germany). Analysis was performed with a single trace radioTLC-scanner
(PET-miniGITA, Elysia-Raytest, Straubenhardt, Germany) and an evaluation software
(GinaStar TLC, Elysia-Raytest, Straubenhardt, Germany). Development of silica TLC-
plates was conducted in 0.1 M citrate buffer (pH 4) mobile phase, wherer [*"/Lu]Lu-
DOTA-ZOL is found at R/F: 0-0.1 and DOTA at R/F: 0.5. Second, developted in 1 M
Acetylaceton/Aceton mixture (1:1) as mobile phase, where [*’Lu]Lu-DOTA-ZOL is found
at 0-0.1 and unlabelled lutetium-177 at 0.8-1. At last a phosphate-buffer with MeOH 19:1
as mobile phase, where lutetium-177 colloide is found at 0-0.2 and [*"’Lu]Lu-DOTA-ZOL
at 0.8-1. RadioHPLC was used to determine the radiochemical purity, especially the con-
tent of radiolysis products as well as unlabelled Gallium-68. RadioHPLC was performed

using Agilent 1260 Infinity 1l reverse phase HPLC system (Agilent Technologies, Santa
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Clara, California) equipped with GABI y-HPLC flow detector (Elysia-raytest, Strauben-
hardt, Germany) and a PC interface running Gina Star software (Elysia-raytest,
Straubenhardt, Germany). A Nucleodur 100-3 C18 ec 250/4 column (Macherey-Nagel
GmbH & Co. KG, Diren, Germany) was used. The gradient elution system utilized mo-
bile phase A (Puffer) and mobile phase B (MeOH) at a flow rate of 0.5 mL/min isocratic
with 90% phase A and 10% phase B. Radioactivity was measured with a dose calibrator
(ISOMED 2010, MED Nuklear-Medizintechnik Dresden GmbH, Dresden, Germany). A
radiochemical yield of 295% and a radiochemical purity 298% was obtained. A compar-
ison of the chemical structures of [*"/Lu]Lu-DOTAZOL and [Y’Lu]Lu-EDTMP can be
found in figure 2.

Table 1 Subject details of patients receiving radionuclide therapy with
[*"Lu]Lu-DOT-ZOL

Previous therapies denusumab  leuprorelin

PT1 PT2 PT3 PT4 MEAN +SD

83 66 64 64 69.25 9.22
BSA 1.922 1.976 1.979 1.979 1.964 0.028
Hemoglobin (g/dl) 14.3 9.6 13.1 12.6 12.4 2
Thrombocytes (G/I) 187 394 226 189 249 98.32
Leucocytes (G/I) 5.47 9.77 5.37 3.35 5.99 2.7
Hematocrit 0.4 0.4 0.4 0.37 0.39 0.02
Dose (MBQq) 6000 6000 5873 6000 5968.25 63.5
Tumor Bronchial carci-  Bronchial carci-

mCRPC mCRPC noma noma
Local Irradia-

Degarelix/  tion/docetaxel ] ]
Carboplatin/de-  Carboplatin/deno-

) ] nosumab, sumab,
received [*7LulLu-  acetate, abi- _ )
nivolumab nivolumab
PSMA-617  raterone/de-
nosumab
Extent of metasta-
Extensive Extensive Extensive Extensive
ECOG status 0 0 0 0

Imaging protocol:

Serial whole body planar scintigraphy (anterior and posterior views) was per-
formed with dual head Symbia SPECT/CT system (Symbia T, Siemens Healthineers,
Erlangen, Germany) at 20 min, 3, 24 and 167 h post injection (p.i). Acquisition was done
in supine position at a speed of 10 cm/min using LEHR collimators with 20% energy
window centered at a photopeak of 208 keV. Images were processed using an iterative

ordered subset maximization algorithm provided by the manufacturer into a matrix of
113



256*1024. The first data set obtained at 20 min (prior to voiding of the bladder) was
considered as reference with 100% of administered activity. A standard source of known
activity was placed between the legs in all images at the time of acquisition. For conver-
sion of counts/min to activity, the gamma camera was precalibrated using a known ac-

tivity of [1"Lu]Lu-DOTAZ°" and imaging it at the same speed and distance of 10 cm/min.
Blood sampling:

1-2 ml blood samples were drawn at 20 min, 3, 8, 24 and 167 h p.i.. Due to high
counts that may lead to errors in measurement, 0.2 ml blood samples were prepared
and measured along with 0.2 ml sample from known standard activity of [*"’Lu]Lu-DOTA-
20t ysing a 1480 WIZARD™ 3n Gamma counter. The calibration factor determined from
the standard activity measurement was used to determine the activity in blood samples

at the respective data points.
Data analysis:

The images were qualitatively analysed to assess biodistribution of [*"’Lu]Lu-
DOTAZ?C in the whole body and organs. All organs with uptake equal to or more than
that of the kidneys were considered as source organs that included kidneys and urinary
bladder. Adductor muscle was measured as soft tissue reference. Whole body ROI's
were drawn. A rectangular ROl was drawn near the head region above the shoulder for
background measurement and an elliptical ROl was used for measurement of the stand-
ard source placed between the legs. Same sized ROI's were replicated on serial images
(kidneys ROi’s up to the 24-h data set and all remaining. ROI’s in all subsequent image

data sets).

Background corrected counts in right and left kidney, soft tissue, urinary bladder
and whole body were determined on anterior and posterior images. The geometric mean
counts/min in all source organs at all data time points was determined. Using EANM
dosimetry committee guidelines [31], whole body activity at subsequent time points (T)
was determined by multiplying the injected activity with the normalized geometric mean

whole body counts at the respective time points as given in equation 1,

\/Anterior countsyt. Posterior countsr

(20)

AWB,T =

0 - -
\/ Anterior counts;. Posterior counts;

where t = 20 min, T= subsequent time points and Ao = initial injected activity. Likewise,
activity in the urinary bladder was also determined by multiplying the injected activity with

the normalized geometric mean counts in urinary bladder.
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For calculation of activity in the right and left kidneys at all data points, a conju-
gate view method with a simple geometrically based subtraction technique given in

’IAIP /i
= 5 21
A= | S (21)

where | = anterior count rate , I = posterior count count rate, fj represents source organ

egation no 2 [32] was used,

self-attenuation correction which was calculated from the source region linear attenua-
tion coefficient y; and source thickness tj using equation no 3 [32]. Factor uet represents
the transmission factor across the patient thickness t in the area of the ROI with a linear
attenuation coefficient y. calculated using equation no 4 [32]. From [*8Ga]Ga-DOTAZ°!-
PET/CT of respective patient, CT based measurements of source organ thickness as
well as whole body thickness and thickness anterior and posterior to source organs at
same level were used. C is the calibration factor determined for gamma camera with a
known standard source and was same in all the studies. For measurements of yjand ui
(linear attenuation coefficients for whole thickness), we applied a CT based Hounsfield

units method described by Kabasakal et al for [*’Lu]Lu-PSMA-617 dosimetric analysis

[33].
()

fi= m (22)

2

n n
1 1 Lilp f;
e = (z)zl“"“’ o +(z).zl(“" “wd = [ 23)
1= =

A simple geometric based background subtraction technique using equation no 5 [32]

was used,
1

- (- ()6l (2 -

where lap; is the count rate through the patient from a soft tissue area of same size as

that of the organ ROL. I, Ip, tjand t are the same a s previously defined.

Percent injected activity in the whole body, urinary bladder and kidneys at all time
points was determined. To calculate percent injected activity in skeleton, from percent
whole body activity, percent blood, urinary bladder and kidneys activities were sub-

tracted.
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Dosimetric analysis:

Percent injected activity in the whole body, kidneys and skeletal system at all
data time points was used to determine residence times (MBg-h/MBq) by fitting bi expo-
nential kinetic analysis using OLINDA/EXM version 2.0 (Hermes Medical Solutions,
Stockholm, Sweden) software in these organs. The residence times for the skeletal sys-
tem were assumed to be distributed equally between trabecular and cortical bone. An
indirect blood-based method using patient based red marrow-to-blood ratio (RMBLR)

and bone marrow mass was used to determine bone marrow self-dose [34, 35].

Urinary excretion fraction at all time points was determined by applying the func-
tion A¢*(1-e™T). With a logarithmic function fit on the urinary excretion curve, effective
excretion half-life was obtained. Using the total urinary excretion fraction, effective ex-
cretion half-life and 4 h voiding interval as input in Cloutier's dynamic urinary bladder
model, residence time for urinary bladder contents was obtained. By subtracting resi-
dence times for kidneys, bone marrow and skeletal system from whole body residence

time, the remainder of body residence time was calculated.

Residence time for kidneys, cortical and trabecular bone, urinary bladder con-
tents, red marrow self-dose and remainder of body were used as an input in
OLINDA/EXM version 2.0 (Hermes Medical Solutions, Stockholm, Sweden) software for
calculation of organ absorbed doses and effective doses after adjusting the weight of
patient organs by multiplying the reference adult male weight with factor obtained by
dividing patient weight with the reference adult male weight. The mean of residence

times and organ absorbed doses (mSv/MBQ) were calculated.
RESULTS
Qualitative analysis:

Figures 1 and 2 show the biodistribution of [*"/Lu]Lu-DOTAZ?" in one patient with
bronchial carcinoma and one patient with mCRPC, respectively. In the initial 20 min p.i..
image data set, highest uptake was seen in the urinary bladder followed by kidneys and
soft tissue with minimal uptake in skeletal system. The kidneys showed a rapid decrease
in activity at 3 h with minimum to no uptake after 24 h p.i.. The Intense uptake was seen
in the skeletal system from 3 h onwards. Blood and soft tissue clearance and lesion to
normal bone contrast increased in later images up to 168 h. The mean + SD 24 h whole

body retention was found to be 31.25 + 6.5.
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In this small patient study, we observed fast uptake and clearance kinetics of
kidneys in patients with bronchial carcinoma as compared to mCRPC patient, which re-
sulted in better skeletal to soft tissue contrast as early as 3 h p.i.. in the bronchial carci-

noma patient as compared to 24 h p.i.. in mCRPC patient.
Quantitative analysis:

Mean residence times (MBg-h/MBq) (Table 2) was found to be highest in trabec-
ular and cortical bone (31.9 h) followed by remainder of the body (11.7 h), kidneys (1.84
h), urinary bladder (1.52 h) and bone marrow (0.03 h). In patient no 1, residence times

for the skeletal system and the kidney were lower as compared to the other patients.
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Fig. 2 Comparison of chemical structures of [*"’Lu]Lu-DOTAZOL and [*’Lu]Lu-EDTMP.

Mean organ absorbed doses (Table 3) were found highest (3.33 + 0.35
mSv/MBQ) for osteogenic cells, followed by kidneys (0.49 + 0.16 mSv/MBQ), red marrow
(0.461 + 0.064 mSv/MBq) and urinary bladder wall (0.322 + 0.022 mSv/MBq). Kidney
and osteogenic cell absorbed doses were lowest in patient no 1. The mean total body
dose was 0.092 + 0.033 mSv/MBg.
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Fig. 3 Planar scintigraphy (anterior and posterior views) after therapeutic application of
[*"’Lu]Lu-DOTAZ®" at a 20min, b 3h, ¢ 24h, and d 168h in a patient with bone metasta-

ses secondary to prostate cancer (patient no. 1).

Table 2 Residence times (MBg-h/MBq) of [*"’Lu]Lu-DOTAZOL in comparison with
[*7Lu]Lu-EDTMP [5]

[177Lu]Lu-DOTAZOL [177Lu]Lu-
Organs PT1 PT2 PT3 PT4 MEAN +SD  EDTMP [5]
Kidneys 0.96 2.01 2.43 1.96 1.84 0.63
Trabecular bone 27.45 34.95 33.45 31.85 31.93 3.24 48.62
Cortical bone 27.45 34.95 33.45 31.85 31.93 3.24 48.62
Red marrow 0.01 0.03 0.04 0.03 0.03 0.01 0.07
Urinary bladder con-
1.59 1.48 1.51 1.5 1.52 0.05 7.23
tents
Remainder of body 0.23 44.06 0.93 1.4 11.65 21.61 27.37
Whole body 56.1 116 70.3 67.1 77.38 26.46 131.91
Blood 0.19 0.34 0.35 0.46 0.34 0.11 0.98
DISCUSSION

Zoledronate presents as an ideal candidate for labeling with the therapeutic radi-
onuclide lutetium-177 for radionuclide therapy of bone metastases, as it shows high os-
teoclast and hydroxyl apatite binding [27] and no in vivo biotransformation [3]. Preclinical
small animal studies using [*"’Lu]Lu-DOTAZ°" and [®®Ga]Ga-DOTAZ°" showed compara-
ble results, suggesting the two tracers as new theranostic pair for bone-targeted radio-

nuclide therapy [27].
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Extrapolation of dosimetric analysis of [*"’Lu]Lu-DOTAZ°" and [*"’Lu]Lu-EDTMP
from rats to humans revealed high kidney and trabecular bone absorbed doses as well
as high trabecular bone to other organs absorbed dose ratios for [*"’Lu]Lu-DOTAZ°" [28].
The higher thermodynamic and kinetic stability, leading to high bone uptake with low soft
tissue accumulation, suggests [/’Lu]Lu-DOTAZ°" to be a better therapeutic bisphospho-
nate compared to [*/’Lu]Lu-EDTMP [2].

The current study is the first ever human biodistribution and dosimetric anlaysis
for [1"Lu]Lu-DOTAZ?°" in mCRPC and bronchial carcinoma patients. We noticed that bi-
odistribution of [*""Lu]Lu-DOTA?°* in humans (figures 1 & 2) is consistent with preclinical
biodistribution studies in male Wistar rats [27, 28]. We found highest accumulation in the
skeleton with fast kidney uptake and clearance. As the kidneys are the sole route of its
excretion, the urinary bladder showed high uptake as well. Blood and soft tissue showed
rapid clearance which resulted in good skeleton to soft tissue contrast. A rapid and bi-
phasic blood clearance curve was found (Figure 3) comparable to [*"/Lu]Lu-EDTMP [5].

No uptake was seen in any other organ.

Table 3 Organ absorbed doses (mSv/MBq) of [*"Lu]Lu-DOTAZ°t

Organs PT1 PT2 PT3 PT4 Mean +SD
Adrenals 0.010 0.069 0.016 0.015 0.027 0.028
Brain 0.007 0.061 0.009 0.009 0.021 0.027
Esophagus 0.004 0.060 0.006 0.006 0.019 0.027
Eyes 0.007 0.061 0.009 0.009 0.021 0.027
Gall bladder wall 0.003 0.060 0.005 0.005 0.018 0.028
Left colon 0.005 0.062 0.007 0.007 0.020 0.028
Small intestine 0.004 0.061 0.006 0.006 0.019 0.028
Stomach wall 0.003 0.058 0.004 0.004 0.017 0.027
Right colon 0.003 0.060 0.005 0.005 0.018 0.028
Rectum 0.006 0.062 0.007 0.007 0.021 0.028
Heart wall 0.003 0.059 0.005 0.005 0.018 0.027
Kidneys 0.263 0555 0.632 0511 0490 0.160
Liver 0.003 0.059 0.005 0.005 0.018 0.027
Lungs 0.004 0.059 0.005 0.006 0.019 0.027
Pancreas 0.004 0.061 0.006 0.006 0.019 0.028
Prostate 0.005 0.060 0.006 0.006 0.019 0.027

Salivary glands 0.004 0.060 0.006 0.006 0.019 0.027
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Red marrow 0.402 0551 0456 0.434 0461 0.064
Osteogenic cells 2940 3.770 3.330 3.170 3.300 0.350

Spleen 0.004 0.060 0.006 0.006 0.019 0.027
Testes 0.003 0.057 0.004 0.004 0.017 0.027
Thymus 0.003 0.058 0.004 0.005 0.017 0.027
Thyroid 0.004 0.060 0.006 0.006 0.019 0.027
Urinary bladder

0.333 0.364 0.316 0.316 0.332 0.023
wall
Total body 0.069 0.142 0.081 0.077 0.092 0.034

Prominent uptake in the skeletal system in bronchial carcinoma patients was vis-
ualized at 3 h p.i. image in contrast to 24 h p.i. in mMCRPC patients. The finding of best
bone-to-soft tissue contrast at 24 h p.i. in MCRPC patients is consistent with similar ob-
servations with [*”’Lu]Lu-EDTMP distribution in mCRPC patients [5, 7, 26]. To establish
whether the early uptake in bronchial carcinoma patients is a patient dependent or tumor
dependent finding and can be of any significance in relation to tumor lesion doses needs

further large scale and tumor lesion dosimetry studies.

The source organs identified for dosimetric analysis included the kidneys, bone
marrow, urinary bladder, skeletal system and the whole body. A biphasic kinetic behavior
of [*"Lu]Lu-DOTAZ°t was observed in all source organs and the whole body. Hence,
biexponential curve fitting was used for residence time calculations. Residence time was
highest in the skeleton similar to [*"’Lu]Lu-EDTMP (table 2) [5]. Residence time for all
source organs except the kidneys were lower in comparison to [*’Lu]Lu-EDTMP (Table
2) [5]. The low number of patients and the different methodology used for determination
of residence time in our current study might be causes for this difference. However, the
ratio of skeletal-to-whole body residence time was higher for [*’Lu]Lu-DOTAZ°" com-
pared to [*’Lu]Lu-EDTMP [5].

We found lower mean organ absorbed doses for osteogenic cells (3.33 = 0.35
mSv/MB(q) compared to 5.41 and 5.26 mSv/MBq reported for [Y"/Lu]Lu-EDTMP [5, 26],
(figure 4) as well as 4.04 mSv/MBq for [***Sm]Sm-EDTMP [26]. The difference might be
due to humerus [5] or femoral [26] activity extrapolation for skeletal activity and residence
time calculations for [*"’Lu]Lu-EDTMP as compared to calculation of skeletal activity by
deduction of percent kidney, blood and bladder activity from percent whole body activity

in current study.

120



In our study we found a higher mean organ absorbed dose for the kidneys (0.49
mSv/MBq) as compared to [*/’Lu]Lu-EDTMP (0.04 and 0.06 mSv/MBq) [5, 26]. In con-
trast to the use of the conjugate view method for kidney residence time calculation in our
current study, Bal et al. [5] neglected kidney self-dose in absorbed dose determination
and Sharma et al. [26] used a different methodology for calculation of percent injected
doses in kidneys which resulted in lower kidney dose for [*"’Lu]Lu-EDTMP. Hence, the
kidney absorbed doses reported for [*/’Lu]Lu-EDTMP cannot be compared with the re-
sults of [*""Lu]Lu-DOTAZ?®in our current study. The mean organ absorbed dose to the
urinary bladder wall (0.332 mSv/MBQ) was found to be lower in our study as compared
to [1""Lu]Lu-EDTMP (1.53 mSv/MBq) [5, 26]. This difference could be due to use of Clout-
tier's method with cumulative urinary calculation from whole body retention and 4 h void-
ing intervals in our current study as compared to collection of urine samples for residence
time calculation in the [*”’Lu]Lu-EDTMP studies.
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Fig. 4 Blood clearance curve in patient no. 4 with bronchial carcinoma

[*""Lu]Lu-DOTAZC" resulted in a lower bone marrow absorbed dose compared to
[}"Lu]Lu-EDTMP [5, 7, 26], which in theory allows administration of higher therapeutic
activities of [*""Lu]Lu-DOTAZC", Based on a maximum permissible radiation absorbed
dose to the bone marrow of 2Gy, the maximum tolerated dose for [*"’Lu]Lu-DOTAZ°" is
estimated to be 3630-4980 MBg as compared to 2000-3250 MBq for [*"’Lu]Lu-EDTMP
[5]. As a result, radiation absorbed dose of 11 to 16 Gy will be delivered to osteogenic
cells by [*"’Lu]Lu-DOTAZ?°t which is comparable to 10.1 to 17.6 Gy for [}""Lu]Lu-EDTMP.
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Using these thresholds, the kidney absorbed dose remains well below the maximum

permissible dose limit of 23 Gy.

(=3
J
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(28]
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[33]
41 B [7'Lu]Lu-DOTA®
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Marrow cells Bladder
wall
Organs

Fig. 5 Comparison of organ absorbed doses of [177Lu]Lu-DOTAZOL with [177Lu]Lu-
EDTMP [5, 26], [177Lu]Lu-PSMA-617 [33, 36].

As absorbed dose to kidneys is one of the important factors in radionuclide ther-
apy using Lutetium-177 labeled radiopharmaceuticals, we found that [*"’Lu]Lu-DOTAZ°"
delivers a lower (by a factor of 1.2 to 1.88) kidney dose (Figure 3) in comparison to

[Y77Lu]Lu-PSMA-617 [33, 36].
CONCLUSION:

[Y""Lu]Lu-DOTAZC" is a promising new therapeutic radiopharmaceutical for radi-
onuclide therapy of bone metastases due to excellent skeletal uptake, a lower low bone
marrow dose than [Y"/Lu]Lu-EDTMP and a very low kidney dose. Labeling with gallium-
68 delivers [®®Ga]Ga-DOTAZ°L, which represents an ideal theranostic counterpart for
PET/CT imaging. Further studies are warranted to evaluate the efficacy and safety of

radionuclide therapy with [*’Lu]Lu-DOTAZ°" in the clinical setting.
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Das Prostata-spezifisches Membran-Antigen (PSMA) ist ein Transmembranmolekil im

Prostatagewebe und wird bei Prostatakrebs stark iberexprimiert. Aufgrund der geringen

Expression von PSMA in gesundem Gewebe, mit Ausnahme von Speichel- und Tréanen-

driisen, ist eine hochdosierte Radioligandentherapie (RLT) moglich. Der aktuell am hau-

figsten genutzten Tracer ist [*8Ga]Ga-PSMA-11. Fir die Therapie von kastrationsresis-

tenten Prostatakarzinomen wird [*’Lu]Lu-PSMA-617 therapeutisch eingesetzt. Um eine

vorab Einschatzung mittels Dosimetrie zu machen, kann [*Sc]Sc-PSMA-617 oder

[*®FJFPSMA-1007 eingesetzt werden.
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Abstract

Background There is a sparse data regarding the feasibility of radioligand therapy (RLT)
with [*’Lu]Lu-PSMA-617 as a retreatment. We aimed to assess the outcome and safety
of re-challenge RLT in patients with progressive prostatic cancer who previously bene-
fited from this therapy.

Materials and methods Assessed were patients who received re-challenge therapy at
our department from January 2015 to March 2018. Non-haematological and haemato-
logical adverse events were evaluated from laboratory data and clinical reports and were
graded according to the Common Terminology Criteria for Adverse Events (CTCAE v.
5.0). Time to prostate-specific-antigen (PSA) progression and overall survival of the
study patients were calculated from the date of the first re-challenge cycle. The response
data was determined using [*®Ga]Ga-PSMA-PET/CT and measurements of the tumor
marker PSA.

Results Included in this retrospective study were 30 patients, who were initially treated
with a median of 3 cycles (range 1-5) RLT and were eventually retreated after a median
of 6 months (range 2 — 26). Each patient received a median of 3 (range 1-6) re-challenge
cycles. None of the patients experienced a disabling or life-threatening adverse event
(CTC-4). Grade 3 toxicity occurred in 8 patients (27%). Serious adverse events included
leucopenia (n=2), neutropenia (n=1), anemia (n=4), thrombopenia (n=4) and elevated
renal parameters (n=1). According to PSA-measurements 71% of patients showed a
benefit (response / stable) from the first three re-challenge cycles. The median overall
survival was 12 months. The survival correlated strongly with the PSA-change after the
first cycle re-challenge RLT (p —value was 0.015). Patients with PSA-decrease survived

in median 19 months and patients with PSA-increase only 8 months.

Conclusion Re-challenge PSMA therapy is with an acceptable safety profile. The ma-
jority of the re-treated patients benefited from the re-challenge therapy. Patients who
showed biochemical response could achieve longer survival compared to patients who

did not respond.

Keywords: Recurrence; PSMA; Y"Lu; prostate cancer, CRPC, radioligand therapy
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Background

The prostate-specific membrane antigen (PSMA) is highly expressed especially in an-
drogen independent prostate cancer (PCA), which makes it promising target for the treat-
ment of patients with castrate-resistant PCA [1-6].

The novel ligand PSMA-617 labelled with the beta emitter Lutetium-177 binds specifically
PSMA and is being used for the PSMA radioligand therapy (PSMA-RLT). The internali-
zation of the radioligand enables the accumulation of the radioactivity in the tumour tis-
sue and the irradiation from the inside [7-10].

In the last years PSMA-RLT is gaining rapidly interest for the treatment of patients with
castration-resistant PCA (CRPC) worldwide [11-13]. Unfortunately, prospective data
from randomized phase Il prospective trials is lacking, therefore PSMA-RLT remains a
last-line option in advanced PCA [14, 15]. This means, that the patients are already cas-
tration resistant, metastatic and in most of the cases symptomatic before they start this
treatment. But even in this late stage of disease results from several studies implicate
that PSMA-RLT is effective and safe in patients with prostate cancer (PCA) [11, 16-24].
Grade 3/4 haematologic toxicities occur in 3 — 11 % of patients. Till now there are no
reports of severe non-haematologic toxicities [16, 17, 19-22, 25-27]. The estimated pro-
gression-free survival in treated patients ranges in the literature between 4.5 — 13.7
months and the overall survival between 7.5 - 15 months, respectively. This data is very
encouraging having in mind the fact that most PCA patients undergo various therapies
before they receive the PSMA-radioligand therapy [19-21, 24, 28, 29]. However, in this
late stadium of disease, the treatment opportunities for patients, who relapse after RLT

are very limited.

Re-administration of RLT in patients who previously benefited from the therapy and ex-
perienced no relevant toxicity seems a promising option in these patients. The main fo-
cus of this article was to investigate the survival, response and adverse events in pa-

tients, who underwent re-challenge radioligand therapy.
Materials and methods
Patients

Included in the analyses were patients with initial disease control after a baseline treat-
ment with PSMA-RLT, who eventually progressed and received, re-challenge PSMA-
RLT. The presence of PSMA-positive metastases should have been confirmed in the the
[(®Ga]Ga-PSMA-11 PET/CT. Patient’s data were retrieved from clinical records. Baseline

patients” characteristics such as tumour spread and prior therapies are summarized in
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Table 1. The protocol of this retrospective study was in accordance with the requirements
of the local ethic committee, the Declaration of Helsinki or comparable ethical standards.
All patients agreed with the scientific analysis of their data and gave a written informed
consent prior to the therapy.

Treatment

ABX GmbH (Radeberg, Germany) provided the PSMA-617-ligand and IDB (Holland,
Bearle-Nassau, Netherlands) the nuclide Lutetium. The radiolabeling proceeded locally.
PSMA-RLT was injected intravenously as a slow bolus injection. The administered ac-
tivity was adapted to the tumour load, renal parameters and bone marrow reserve. The
median injected activity was 6.1 GBq per cycle (range 3.8 — 6.7 GBq), followed by 1000
ml infusion of 0.9% NaCl solution. To avoid xerostomia patients had to cool the salivary
glands with cool packages, beginning 30 minutes before administration of the radiophar-
maceutical. The distribution and tumor-uptake of the radionuclide was recorded using

planar whole body scans and SPECT/CT 24 hours after administration.
Toxicity assessment

Clinical data and laboratory profiles incl. renal function parameters and haematological
results were recorded for each patient. Blood tests were performed before and after each
cycle PSMA-RLT and repeated every 2 weeks for a period of two months after the treat-
ment, and at each follow-up visit. All patients underwent a baseline [®*™Tc]Tc-MAG3-
renography before starting PSMA-RLT. Additionally, patients with a creatinine-increase
or history of renal impairment underwent a [**"Tc]Tc-MAG3-renography before each cy-
cle, including quantitative measurements of the tubular extraction rate. Clinical reports
included information about patients’ subjective health complains, amount of analgesic
drugs administered, weight loss and ECOG status. Adverse events were graded accord-

ing to the Common Terminology Criteria for Adverse Events (CTCAE v5.0) [30].
Response assessment

Response was demonstrated morphologically by [¢®Ga]Ga-PSMA-11 PET/CT and bio-
chemically by PSA-measurements. The imaging response has been classified according
to adapted PERSIST criteria as complete response (CR), partial response (PR), stable
disease (SD) and progressive disease (PD). Additionally, we defined a mixed response
(MixR) as partial response of the known metastases and at same time occurrence of
new lesions. However, for the MixR the overall tumour load should be stable or less in
comparison to the pre-therapeutic imaging. The biochemical response was classified as

PR if there was 25% decrease of the PSA-level and as PD if PSA increased more than
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25%. PSA.-changes of 25% or less were regarded as SD. Time to prostate-specific-
antigen (PSA) progression was calculated from the date of the first re-challenge cycle.

Table 1 Patients characteristics

Characteristic N (%)

Mean (range) 71.5 (51 -88)

0 17 (57)

2 2 (3)

Mean (range) 8(6-9)

Mean (range) 208 (2.6 — 2009)

Bone metastases 29 (97)
< 6 metastases 3 (10)
6-20 metastases 7 (23)
> 20 metastases 15 (50)
diffuse metastases/superscan 4 (13)

Liver metastases 3 (10)

Prior and ongoing therapies

Enzalutamide Hx of: 12 (40); ongoing: 7 (23)
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Chemotherapy Hx of: 22 (73)

Ra-223 Hx of: 9 (30)
Prior cycles of RLT

Median (range) 3(1-5)
*Index:
- Hx = history

- RANKL = receptor activator of nuclear factor
kappa-B ligand

- RLT =radioligand therapy

Statistical analysis

Patient’s data were summarized in a database. Frequency analyses, descriptive statis-
tics, and statistical comparison were carried out using SPSS software (IBM SPSS Sta-
tistics 24.0, New York). Chi-square test has been performed for comparing responses
and the log-rank for comparing survival. Significance level was set at p < 0.05. We also
used Excel (Microsoft Office 2010) for water-flow analyses of the PSA-changes. Overall
survival has been estimated with the Kaplan-Meier method (censored data) and calcu-

lated from the date of the initiation of the re-challenge treatment.
Results
Patients and treatment

At our Department of Nuclear Medicine in Bonn we have screened 216 patients, who
received PSMA-RLT in the period from November 2014 to March 2018. Of them thirty
individuals were included in the analyses. Table 1 represents the patients” characteris-
tics. In summary, it can be stated that the patient population consisted of mainly elderly
males with extensive disease, but in a good general condition. Nearly 73% of the patients
underwent prior chemotherapy, about half of the patients had concomitant anti-hormonal

therapy such as abiraterone or enzalutamide.

Patients were initially treated with a median of 3 cycles (range 1 to 5 cycles) PSMA-RLT
and were eventually retreated with another 3 cycles (range 1 to 6 cycles). The period
between last cycle of the baseline therapy and first re-challenge cycle varied between 2
to 26 months, in median 6 months. Overview of the treatment with [*/’Lu]Lu-PSMA-617

is shown in Figure 1.
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The median cumulative administered activity was 17.9 GBq at baseline therapy and 37.4
GBq after the re-challenge treatment. The median activity of the re-challenge treatment
was 19.6 GBg and the administered activity pro cycle was 6.1 GBq. If there was response
or stable disease after the 1st cycle rechallenge RLT according to PSA-values or Gal-
lium-PSMA-PET/CT, the patients continued the re-treatment (1 to 2 additional cycles)
and then were followed up until another progress.

Safety results

The assessed toxicity according to CTC is visualised on Figure 2. Encouragingly, there
were no cases of life-threatening (CTC grade 4) adverse events after the re-treatment.
However, compared to baseline data of this patients” cohort (3% CTC grade 3 anemia),
there were more grade 3 adverse events. In total 23% of patients experienced serious
impairment of the bone marrow function such as thrombopenia (10%), anemia (10%),
leucopenia (6%), neutropenia (3%). One patient developed serious renal impairment
during the treatment, but it might be disease related because of the rapid progression of

the retroperitoneal lymph node metastases.

Seventy percent of patients developed irreversible toxicity (90% low-grade, 10% grade
3). In 13% of cases no irreversible toxicity has been observed, 17% of patients had un-
known outcome regarding the course of the laboratory parameters after occurrence of

the adverse event.

Table 2 Relevant toxicities after re-treatment with PSMA-RLT according to the CTCAE

o Grade 3 (%) Grade 4
Toxicity (%)
No toxicity 22 (73.3) 30 (100)
Anemia 3(9.9 0 (0.0)
Leucopenia 2 (6.6) 0 (0.0)
Thrombopenia 4 (13.3) 0 (0.0)
Neutropenia 1(3.3) 0 (0.0)
Elevated renal parameters 1(3.3) 0 (0.0)
Irreversible toxicitya 2 (6.6)a 0 (0.0)

a [rreversible toxicity was observed in 70% of patients (19 patients lowgrade, 2 patients

grade 3: irreversible impairment of the renal function and permanent severe anemia)
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Table 3 Response rate according to PSA-measurements or [*®Ga]Ga-PSMA-PET/CT af-
ter the 15 to 4™ cycle of re-treatment with PSMA-RLT

Response PSA [ Ga]Ga-PSMA-PET/CT
No of cycle 1 2 3 4 1 2 3 4
CRin % 0 0 0 0 0 0 0 0
PR in % 53.6 59.1 500 556 429 375 - 40
MixR in % - - - - 286 375 80 -
SD in % 214 227 214 - 143 - - -
PDin % 25,0 182 286 444 143 25 20 60
*Index:

The biochemical response was classified as follows:
- complete response: PSA 0.00 ng/dI
- partial response (PR) if PSA decrease > 25%
- progressive disease (PD) if PSA increase > 25%

- stable disease (SD) if PSA-changes < 25%

[8Ga]Ga-PSMA-PET/CT classified according to adapted PERSIST criteria:
- complete response (CR)
- partial response (PR)
- stable disease (SD)
- progressive disease (PD)

- mixed response (MixR) as partial response of the known metastases and at
same time occurrence of new lesions; the overall tumour load should be at least

stable
Response and survival

The patients were followed up for a median of three months (range 1 — 15 months). Three

patients had a follow-up of only one month. Two of these patients came from abroad and
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were lost to follow-up after initial email-contact one month after the last treatment. An-
other patient died one month after the last therapy.

Table 2 shows an overview of the response data after the 1st, 2nd, 3rd and 4th cycle of
re-treatment according to PSA-level measurements and [®Ga]Ga-PSMA-PET/CT, re-
spectively. Interestingly, in the PET/CT we had often MixR with new metastases detected
although the PSA-level was stable or even decreased. The incidence of MixR was rising
after each re-cycle.

The waterfall plots on Figure 3 represent the PSA-change after the 1st to 3rd cycle. Alt-
hough patients previously benefited from the therapy, we had also patients who were
rapidly progressive and did not respond to the re-treatment. Thus, the majority of patients
benefited from additional cycles radioligand therapy. PSA-decrease > 25% from 1. to 3.
rechallenge cycle was seen in 50-59% of the patients, more than 50% PSA-decline in
40-44%, respectively. Less than one third of patients had a significant PSA-increase (>

25%) after each of the first three re-challenge cycles.

The median time to PSA progression, calculated from the date of the first re-challenge
cycle, was 2.8 months (range 1 — 11 months). Most of the patients progressed after the
second cycle re-challenge PSMA-RLT (N=9). About one half of these patients showed
PSA-increase directly after the treatment and the other half of the patients had initially
stable PSA-levels.

The median OS was 25 months after beginning the baseline PSMA-RLT and 12 months
after begin of the re-treatment. There was strong correlation between PSA-change after
the 1% cycle re-challenge PSMA-RLT and overall survival. Patients with PSA-decrease
after the 1% cycle re-challenge RLT survived in median 19 months, which was signifi-
cantly longer than patients with PSA-increase: only 8 months, respectively. Patients, who
had stable PSA-levels (+ /- 25%) had 12 months of median OS. The estimated p—value
was 0.015. In contrast, the imaging response in the [®®Ga]Ga-PSMA-11 PET/CT did not

significantly correlate with the survival.
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Fig. 1 Waterfall plots. PSA-change after the 1st to 3rd cycle. PSA-decrease > 25% from

1. to 3. PSA-decline of at least 50% was seen in 40-44% of patients. Less than one third

of patients had a significant PSA-increase (> 25%) after each of the first three re-chal-

lenge cycles.

Figure 2 shows the median survival in the group of patients who received rechallenge

PSMA-RLT, compared to the initial screened population. The difference in the overall
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survival was significant: 25 months after rechallenge PSMA-RLT vs. 9 months in the
patients who received only baseline PSMA-RLT.

0 - L rechallenge
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Fig. 2 Survival analysis (Kaplan-Meier Curves) calculated from the 1. cycle PSMA-RLT.
From the 216 screened patients, 30 received rechallenge PSMA-RLT. The difference in
the median overall survival was significant: 25 months after rechallenge PSMA-RLT vs.
9 months in the remaining patients, who received only a baseline PSMA-RLT (logrank p
< 0.001).

Discussion

PSMA-radioligand therapy is a novel therapy-option primarily in patients with CRPC.
Currently, a phase Il randomised trial is recruiting (VISION-trial) to compare the effect
of PSMA-617-RLT with best supportive care in patients with advanced progressive can-
cer. However, the estimated study completion date is first in May 2021 and till then
PSMA-RLT will be expectedly supposed as a last-time treatment option (ClinicalTri-
als.gov Identifier: NCT03511664).
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Several retrospective data implicate that PSMA-RLT is effective and safe in patients with
prostate cancer (PCA) [11, 16—24]. This data is very encouraging but also very hetero-
geneous. For example, progression-free survival in treated patients ranges in the litera-
ture between 4.5 — 13.7 months and the overall survival between 7.5 - 15 months, re-
spectively [19-21, 24, 28, 29]. Recently, a phase Il study from Melbourne confirmed the
favourable safety profile of PSMA-RLT. The estimated PFS was 7 months, the median
overall survival was 13.5 months [31].

A current problem is the therapeutic approach when the patients eventually progress
after RLT. Most of these patients had prior chemotherapy and novel anti-hormone ther-
apies such as abiterone and enzulatamide and still relapsed. Therefore, in this late stage
of disease, it is difficult to find treatment opportunities for patients, who relapse after RLT.
Data about retreatments with RLT from a larger group of patients seems to be important
in this patients” population with limited treatment options. In this analyses we focused on

the outcome of 30 patients, who underwent re-challenge radioligand therapy.

Similar to other studies about PSMA-RLT we did not observe life-threatening (CTC grade
4) adverse events after the re-treatment. However, compared to the literature (3- 11%)
and the baseline data of our patients” cohort (3% CTC grade 3 anemia), there were more
grade 3 heamatotoxicity: 23% of patients [16, 17, 19-22, 25-27]. One patient developed
renal impairment during the treatment, but it might be disease related because of the
rapid progression of the retroperitoneal lymph node metastases and not necessarily drug

related.

[8Ga]Ga-PSMA-PET/CT performed after the first four cycles rechallenge RLT showed
increasing incidence of MixR with new metastases detected although the PSA-level was
stable or even decreased. According to RECIST criteria, the occurrence of new metas-
tases is regarded as progressive disease [32]. However, because of lacking alternative
therapies, we continued the therapy if the PSA-level was at least stable and if the overall
tumour mass did not significantly increase under the re-challenge PSMA-RLT. At the end
of the analyses we discovered that only PSA-changes after the 1% cycle rechallenge RLT
correlated significantly with the overall survival. Thus, the response in the [®Ga]Ga-
PSMA-PET/CT was not prognostic for the survival in this patients”cohort. A recent anal-
ysis from Cologne demonstrated that therapy effects of PSMA-RLT shown in the
[(®Ga]Ga-PSMA-PET/CT ( SUV, affected bone volume and lymph node diameters), were
mostly independent of PSA response [33]. These findings might also explain the discord-
ance between PSA-changes and findings in the [®8Ga]Ga-PSMA-PET/CT in our study.
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Thus, further studies are needed to evaluate the utility of [®®*Ga]Ga-PSMA-PET/CT for
the treatment management of patients undergoing PSMA-RLT.

The progression-free-survival was defined as the median time to PSA progression and
calculated from the date of the first re-challenge cycle. The PFS in our patients was 2.8
months (range 1 — 11 months), which was shorted than PFS-data reported from other
studies after primary RLT: 4.5 — 13.7 months [19-21, 28, 29, 31]. The reason might be
the increased aggressiveness of disease in these multiple relapsed patients. However,
the additional survival estimated with the rechallenge PSMA-RLT was similar to the sur-
vival after baseline-treatment: 12 months. This means that the patients achieved much
longer median OS than in previous studies reported: 25 months from beginning of the
baseline RLT vs. 7.5 — 15 months, respectively [19-21, 28, 29, 31].

Although this is a single centre study, we could include 30 patients who received a total
of 181 cycles PSMA-RLT, of these 85 cycles as rechallenge treatment. Possible limita-
tions of the study, is that all the data was collected retrospectively and there might be
bias such as a preselection of eminently eligible patients. Moreover, we had two patients
lost to follow-up. These patients came from abroad and after initial email-contact one
month after the last treatment they were lost to follow-up. Concluding, there is emerging
need of prospective studies to confirm the efficacy of PSMA-RLT as a rechallenge treat-

ment.
Conclusion

In summary, the findings of this study suggest that re-challenge [*"’Lu]Lu-PSMA-617
should be considered as therapeutic option for patients who previously responded to
RLT. Thus, there were more serious adverse events as expected, but they might be
disease related and not necessarily drug related. Patients who showed biochemical re-
sponse (PSA-decrease) could achieve longer survival compared to patients who did not

respond. The difference between both groups was 11 months and statistically significant.

Re-treatment with RLT appears to be safe and effective, resulting in benefit for most of
the patients. Given these encouraging results, further studies of salvage therapies with

[}"Lu]Lu-PSMA-617 should be designed in the prospective setting.
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ABSTRACT:

Aim: In vivo pharmacokinetic analysis of [**Sc]Sc-PSMA-617 was used to determine the
normal organ absorbed doses that may result from therapy with ['"’Lu]Lu-PSMA-617 and
to predict the maximum permissible activity of ['""’Lu]Lu-PSMA-617 for patients with met-

astatic castration resistant prostate cancer (NCRPC).
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Methods: Pharmacokinetics of [**Sc]Sc-PSMA-617 was evaluated in five mCRPC pa-
tients using dynamic PET/CT, followed by three static PET/CT acquisitions and blood
sample collection over 19.5 h as well as urine sample collection at two time points. Total
activity measured in source organs by PET imaging, as well as counts/ml measured in
in blood and urine samples were decay corrected back to the time of injection using the
half-life of scandium-44. Afterwards, forward decay correction using the half-life of lute-
tium-177 was performed, extrapolating the pharmacokinetics of [*Sc]Sc-PSMA-617 to
that of ['""Lu]Lu-PSMA-617. Source organ residence times and organ absorbed doses
for ['""Lu]Lu-PSMA-617 were calculated using OLINDA/EXM software, bone marrow
self-dose was determined using the indirect blood based method and urinary bladder
contents residence time was estimated by trapezoidal approximation. The maximum per-
missible activity of ["’Lu]Lu-PSMA-617 was calculated for each patient considering
EBRT toxicity limits for radiation absorbed doses to kidneys, bone marrow, salivary

glands and whole body.

Results: The predicted mean organ absorbed doses were highest in the kidneys (0.44
mSv/MBQ), followed by the salivary glands (0.23 mSv/MBq). The maximum permissible
activity was highly variable among patients; limited by whole body absorbed dose (1

patient), bone marrow dose (1 patient) and kidney dose (3 patients).

Conclusions: [*Sc]Sc-PSMA-617 PET/CT imaging is feasible and allows theoretical
extrapolation of the pharmacokinetics of [**Sc]Sc-PSMA-617 to that of ["""Lu]Lu-PSMA-
617, with the intent of predicting normal organ absorbed doses and maximum permissi-
ble activity in patients scheduled for therapy with ["’Lu]Lu-PSMA-617. Further validation
studies are required, correlating the extrapolated organ absorbed doses from [*Sc]Sc-
PSMA-617 PET/CT imaging with post-therapeutic dosimetric measurements after
[""Lu]Lu-PSMA-617 therapy.

Key words:

[}"Lu]Lu-PSMA-617 therapy; [**Sc]Sc-PSMA-617; dosimetric analysis; normal organ ab-

sorbed doses; maximum permissible activity.
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INTRODUCTION:

Prostate carcinoma is the second most common cancer among men [1, 2]. The prognosis
of prostate carcinoma is good atan early stage. With development of refractoriness to hor-
mone replacement therapy in advanced stages, 5-year survival in these patients decreases
to 31% [1, 2]. Expression of prostate-specific membrane antigen (PSMA) is up-regulated in
metastatic castration-resistant prostate car- cinoma (mMCRPC) cells [3, 4]. During the past 2
decades, various studies have evaluated a number of small ligands targeting the extracellu-
lar domain of PSMA [4]. With the introduction of the small ligand, PSMA-617 by BeneSovéa
et al [5], a highly potent radiopharmaceutical showing a high tumor-to-background ratio has
become available for theranostic application. It is now widely used, radiolabeled with 8Ga
for PET imaging and with *“Lu for therapy of mCRPC. ’Lu with a half-life of 6.7 days
(161.52 hours) and predominant - particle emission (mean range, 1 mm) is considered

more efficient and safer therapeutic radionuclide compared with *°Y or 3| [4].

Since 2015, several studies have shown a good therapeutic efficacy and a favorable
safety profile of [*"’Lu]Lu-PSMA-617 therapy in mCRPC patients [1, 2, 4-8]. However,
physiologic expression of PSMA in the small intestine, proximal renal tubules, and sali-
vary glands was found responsible for toxicity and adverse effects [1, 9, 10]. Occasional
cases of reversible or transient xerostomia or grade 2 hematologic toxicity have been
reported, yet the incidence of grade 3 or 4 renal, hematologic, and salivary gland toxicity
has been found to be low [10, 11].

Kidneys, salivary and lacrimal glands have also been reported to be organs at risk by
dosimetric analysis with low pretherapeutic and high posttherapeutic dose of [*"’Lu]Lu-
PSMA-617 using pla- nar + SPECT imaging [9, 12-16]. [®8Ga]Ga-PSMA-617 PET imag-
ing has been evaluated as a basis for dosimetric evaluation, which re- vealed similar
kinetics but resulted in lower doses compared with [Y/Lu]Lu-PSMA-617 [17]. However,
both [*""Lu]Lu-PSMA-617 and [®®Ga]Ga-PSMA-617 PET imaging have drawbacks and

inherent limitations for predicting pretherapeutic or intratherapeutic radiation dosimetry.

An overall success of [}/Lu]Lu-PSMA-617 therapy with clinically detectable decline in
serum prostate-specific antigen has been observed in approximately 70% of mCRPC
patients [6, 18]. Evaluation of response patterns after multiple cycles of [Y"’Lu]Lu-PSMA-
617 therapy has shown further improvement of response after the first cycle and also
induction of response in initial nonresponders at end of the third cycle, hence propagating
the use of further therapy cycles in initial nonresponders [6]. It is widely assumed that

dose escalation may be used in nonresponders, which is at the moment based only on
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individual experiences at the respective centers. Employment of pretherapeutic dosimet-
ric analysis, although highly desirable for dose escalation, has practical limitations.
Pretherapeutic dosimetric analysis with [*®*Ga]Ga-PSMA-617 is of limited use because of
its short half-life of only 1.18 hours, compared with the half-life of 6.7 days of its thera-
peutic counterpart [*"’Lu]Lu-PSMA-617. Further- more, a recent preclinical comparison
of [®*Ga]Ga-PSMA-617 with [*/’Lu]Lu-PSMA-617 has also highlighted that in vivo binding
and distribution also differ because of the coordination chemistry of the two radionuclides
[19].

In some countries, pretherapeutic dosimetry using low-dose [*’Lu]Lu-PSMA-617 planar
+ SPECT imaging requires hospitali- zation of the patient because of radiation protection
laws. Also, im- aging at multiple time points, as well as blood and urine sampling, leads
to increased radiation exposure of the hospital staff. In addition, it is challenging to de-
termine lacrimal gland doses. Last but not least, the results from a low-dose [*"Lu]Lu-
PSMA-617 study may differ from the biokinetics of higher therapeutic doses of [*"’Lu]Lu-
PSMA-617, owing to the presence of more unlabeled compound in the therapeutic radi-

opharmaceutical product [8, 12, 13].

Recent studies of PSMA-617 radiolabeled with positron emitter “Sc (half-life of 3.927
hours) have shown similar in vitro binding characteristics and in vivo biodistribution prop-
erties compared with [*"Lu]Lu-PSMA-617. It is therefore envisioned as a better prether-
apeutic dosimetric evaluation agent [19]. In this study, pretherapeutic [**Sc]Sc-PSMA-
617 PET/CT dosimetry has been used to estimate the organ doses of [*"’Lu]Lu-PSMA-
617 therapy by mathematical extrapolation of pharmacokinetics of [**Sc]Sc- PSMA-617
to that of [1""Lu]Lu-PSMA-617 in mCRPC patients.

MATERIALS AND METHODS:

All procedures were in accordance with the ethical standards of the institutional review

board, and all patients gave written informed consent before PET/CT imaging.
Patient population:

A total of five mCRPC patients with a mean age of 69 years were retrospectively ana-
lyzed. 40-62 MBq of [**Sc]Sc-PSMA 617 were injected intravenously (table 1). All pa-
tients gave written informed consent before PET/CT imaging. All procedures were in

accordance with the ethical standards of the institutional review board.
Preparation of [**Sc]Sc-PSMA-617:

Radiolabeling of GMP-grade PSMA-617 obtained from ABX (Radeberg, Germany) with
scandium-44 eluted from a prototype 185 MBq (5 mCi) *Ti/**Sc-generator (Mainz) was
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performed as previously described [20]. Radiolabeling yields of >90% with a radiochem-
ical purity of >99% were achieved.

[**Sc]Sc-PSMA-617 PET/CT imaging protocol:

A Siemens Biograph 2 PET/CT scanner with a 58.5 cm axial and a 16.2 cm longitudinal
field of view (FOV) and a spatial resolution of about 6 mm in axial and transversal direc-
tion (at a radius of 10 mm) was used for PET/CT imaging. A 30 minute dynamic PET
scan (list-mode) of the abdomen (kidneys in FOV) was acquired, followed by a low-dose
CT scan. Three whole body (skull to mid-thigh) static scans were acquired at 45 min, 2
h and 19.5 h p.i., each in combination with a preceding low-dose CT for patient position-
ing and attenuation correction. For qualitative and quantitative analysis, dynamic images
were reconstructed from list-mode data (6 frames of 300 s) using an iterative reconstruc-
tion algorithm (OSEMwith 8 iterations, 16 subsets) and application of Gaussian filter of

4 mm and were corrected for scatter.
Qualitative analysis

All dynamic and static images were visually analyzed with regard to physiological and
pathological tracer distribution as shown in figure 1. Organs with increased tracer uptake

were identified as source organs for further dosimetric analysis.
Quantitative dosimetric analysis:

Interview fusion software (MEDISO Medical Imaging Systems, Budapest, Hungary) was
used to draw volumes of interest on the CT scan to assess the volume of source organs
and to measure the mean activity (kBg/mL) from corresponding coregistered PET im-
ages (6 dynamic and 3 static images). Source organs identified for dosi- metric analysis
included kidneys, liver, spleen, urinary bladder, small intestine, salivary glands, and
whole body. Total source organ activity was calculated by multiplication of the volume of
the source organ with corresponding mean activity (kBg/mL) and converted to MBg/mL.
Total activity of [**Sc]Sc-PSMA-617 in source organs was extrapolated to a theoretical
[}"Lu]Lu-PSMA-617 activity at all imaging time points by applying Equation 1.

0.693xt(h) —0.693xt(h) o5
ACtivityy, correctea = A(t) X e 3927h X e 16152h (25)

The physical decay component of scandium-44 was removed by reverse decay correc-
tion to the time of injection, leaving only the biological decay component of PSMA-617.
By applying forward decay correction with the physical half-life of lutetium-177 (161.52
hours), theoretical [*"’Lu]Lu-PSMA-617 kinetics were extrapolated for all imaging time

points. In case of whole-body activity calculation, above method was applied until the 2-

150



hour time point. Then physical decay correction for lutetium-177 was carried forward
from the 2-hour time point. The reason for this was to remove an error of increment in

activity at the last 19.5-hour time point for the whole-body activity calculation.

Percent source organ activity was calculated for all source or- gans by dividing total
source organ activity by injected activity and multiplying it with 100. However, for %
whole-body activity calcu- lation, instead of whole injected activity, scaled injected activ-
ity with respect to proportion of body weight imaged was used as given in equation no 3.
As homogenous tracer distribution in remainder of the body (legs and arms not included
in the PET/CT FOV) was assumed the % injected dose at time of injection in image was
scaled proportional to % weight of the body in image calculated by using equation no 2.

TABLE 1. Characteristics of Study Population

Age,y Weight, kg Hematocrit Injected Activity, MBq Injected Activity, MBg/kg
1 70 78 0.33 50.00 0.64
2 72 80 0.30 62.23 0.78
3 67 70 0.39 39.61 0.57
4 70 80 0.30 50.00 0.63
5 67 104 0.29 48.95 0.47
Mean 69 82.4 0.32 50.16 0.62
+SD 2.2 12.76 0.04 8.04 0.11

FIGURE 1. Distribution of [**Sc]Sc-PSMA-617 at 45 minutes and 2 and 19.5 hours

postinjection (from left to right).
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% Body weight (image)
_ CT volume of whole body image x mean CT density X 100 (26)

Patient weight

% Whole body activity (t)
_ Activityinstatic (skull-midthigh)image (t) x 100 (27)
B Scaled injected activity in image

Percent source organ activity was used to generate time-activity curves and to calculate
residence time using OLINDA/EXM soft- ware (Hermes Medical Solutions, Stockholm,
Sweden). Biexponential curve fitting for all source organs and monoexponential curve
for the whole body were applied. For determination of residence time of the remainder
of the body, the residence times of all source organs except urinary bladder were sub-

tracted from whole-body residence time as explained by Stabin [21].

To determine bone marrow doses, 1-2 ml venous blood samples were collected at nine
time points (5, 10, 15, 20, 25, 30, 45 min, 2 and 19.5 h p.i.). Urine samples were collected
in pre-weighed containers after 45 min and 2 h static PET/CT imaging. Radioactivity in
1 ml blood and urine samples was measured along with a known standard activity using
a 1480 WIZARD™ 3n Gamma counter. Activity data of blood and urine samples were
treated in the same way as described for source organs to extrapolate the theoretical
activity of [*"Lu]Lu-PSMA-617. The indirect blood-based method considering patient
hematocrit and patient adjusted bone marrow mass [22—-25] was used to calculate the
self-dose to the bone marrow. To calculate the residence time of urinary bladder con-
tents, the trapezoidal method was used while taking into account urinary bladder activity

in the PET datasets at 45 min, 2 and 19.5 h along with activity in urine samples.

Mean organ absorbed doses were calculated using OLINDA/EXM software. Patient
weight was adjusted by multiplying the reference adult male body weight with the fraction

determined by dividing the patient weight with the reference adult weight.

Mean residence times, organ absorbed doses (mSv/IMBqQ) and effective doses
(mSv/MBQq) were calculated. Considering toxicity limits derived from external beam radi-
otherapy (EBRT) for kidneys, salivary glands, bone marrow, liver, urinary bladder and
whole body, the maximum permissible activity and the maximum number of therapy cy-

cles of [*’Lu]Lu-PSMA-617 (6 GBq per cycle) that can be administered were determined.
RESULTS:

Extrapolated individual and mean residence times (MBg-h/MBq) of [*"'Lu]Lu-PSMA-617

are shown in table 2. Highest residence times were observed in the liver, followed by the
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kidneys, small intestine, bone marrow, urinary bladder, salivary glands and spleen. Res-
idence times of the remainder of body were highly variable and were highest in a patient
with high kidney and bone marrow residence times.

Extrapolated individual and mean organ absorbed doses of [*’Lu]Lu-PSMA-617 are
given in table 3. The kidneys showed the highest organ absorbed doses (mean 0.44
mSv/MBQ), followed by the salivary glands (0.23 mSv/MBQq), liver (0.22 mSv/MBq), small
intestine (0.14 mSv/MBq) and spleen and urinary bladder wall with 0.12 mSv/MBq each.
Mean bone marrow absorbed dose was found to be 0.05 mSv/MBqg and mean whole
body dose was 0.08 mSv/MBq.

TABLE 2. Individual and Mean Residence Times (MBg-h/MBQ)

Organs PT1 PT2 PT3 PT4 PT5 Mean +SD
Kidneys 1.07 1.25 1.17 196 2.09 1.51 0.48
Liver 348 2.85 3.31 6.18 6.46 4.46 1.72
Spleen 0.28 0.19 0.09 0.15 0.20 0.18 0.07
Small intestine 0.83 0.45 0.71 1.05 0.09 0.63 0.37
Bone marrow 0.08 0.66 0.06 0.12 1.67 0.52 0.69

Urinary bladder contents0.23 0.25 0.18 0.90 0.08 0.33 0.32

Table 3. Individualand Mean Organ Absorbed Doses (mSv/MBQ)
Patient (PT) PT1 PT2 PT3 PT4 PT5 Mean *SD

Organs

Adrenals 0.04 0.06 0.04 0.07 0.06 0.05 0.01
Brain 0.08 0.05 0.03 0.05 0.05 0.05 0.02
Esophagus 0.10 0.05 0.03 0.05 0.05 0.06 0.02
Eyes 0.08 0.05 0.03 0.05 0.05 0.05 0.02
Gallbladder wall 0.13 0.06 0.04 0.06 0.06 0.07 0.03
Left colon 0.13 0.05 0.03 0.06 0.06 0.07 0.04
Small intestine 0.20 0.11 0.12 0.19 0.07 0.14 0.06
Stomach wall 0.12 0.05 0.03 0.06 0.05 0.06 0.03
Right colon 0.10 0.05 0.03 0.06 0.06 0.06 0.03
Rectum 0.08 0.05 0.03 0.06 0.05 0.06 0.02
Heart wall 0.09 0.05 0.03 0.06 0.06 0.06 0.02
Kidneys 0.54 0.33 0.34 0.52 0.47 0.44 0.10
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Liver 0.24
Lungs 0.09
Pancreas 0.13
Prostate 0.08
Salivary glands 0.11
Red marrow 0.07
Osteogenic cells 0.06
Spleen 0.26
Testes 0.08
Thymus 0.08
Thyroid 0.08
Urinary bladder wall 0.13
Total body 0.17

0.14
0.05
0.05
0.05
0.55
0.06
0.04
0.11
0.05
0.05
0.05
0.10
0.06

0.17
0.03
0.03
0.03
0.25
0.03
0.02
0.06
0.03
0.03
0.03
0.07
0.04

0.29
0.05
0.06
0.06
0.18
0.04
0.03
0.09
0.05
0.05
0.05
0.24
0.06

0.26
0.05
0.06
0.05
0.07
0.04
0.03
0.10
0.05
0.05
0.05
0.07
0.06

0.22
0.06
0.07
0.06
0.23
0.05
0.04
0.12
0.05
0.05
0.05
0.12
0.08

0.06
0.02
0.04
0.02
0.19
0.02
0.02
0.08
0.02
0.02
0.02
0.07
0.05

Absorbed doses (Gy) delivered by one cycle (6 GBq) of [*/’Lu]Lu-PSMA-617 were esti-
mated, the results are listed in table 4. One cycle of [*""Lu]Lu-PSMA-617 resulted in a
theoretical mean absorbed dose of 2.65 Gy (range: 2-3.26 Gy) for the kidneys, followed
by the salivary glands, liver, small intestine, spleen, urinary bladder, total body and red
marrow. The organ receiving the highest dose were the kidneys, with an exception in

patient number 2, where the highest absorbed dose was calculated for the salivary

glands.

Table 4. Organ Absorbed Doses (in Gy) Received From 1 Cycle of 6 GBg Administra-

tion of [*’Lu]Lu-PSMA-617

Patient (PT) PT1L PT2 PT3 PT4 PT5 Mean Organs
Small intestine 1.21 0.65 0.71 1.11 0.39 0.84
Kidneys 3.26 2 2.04 3.13 2.81 2.65
Liver 1.42 0.82 1.02 1.75 1.54 1.31
Salivary glands 0.64 3.3 1.47 1.1 0.39 1.38
Red marrow 0.41 0.37 0.16 0.26 0.21 0.28
Osteogenic cells 0.35 0.24 0.11 0.19 0.17 0.21
Spleen 1.58 0.64 0.36 0.53 0.59 0.74
Urinary bladder wall 0.76 0.62 0.41 1.44 0.42 0.73
Total body 1.02 0.35 0.22 0.38 0.36 0.47
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Table 5. Predicted Maximum Permissible Activity (GBQ) in Individual Patients Considering
Toxicity LimitsforOrgans With EBRT

Patient (PT) PT1 PT2 PT3 PT4 PT5 Mean Organs
Small intestine 198.02 366.97 336.13 216.22 611.62 285
Kidneys 42.36 68.86 67.65 44.06 49.15 52.11
Liver 126.58 220.59 176.47 103.09 117.19 137.61
Salivary glands 235.85 45.45 102.04 136.61 379.64 108.71
Red marrow 29.07 3252 7407 46.95 56.66 42.52
Urinary bladder wall 472.44 576.92 874.64 250 865.8 492.69
Total body 1176 346 542 3155 33.22 25.75

Maximum permissible activity and maximum number of cycles (6 GBg/cycle) of [*"’Lu]Lu-
PSMA-617 that can be administered in each patient with respect to dose limits derived
from EBRT, that is, kidneys (23 Gy), bone marrow (2 Gy), whole body (2 Gy), salivary
glands (25 Gy), liver (30 Gy), small intestine (40 Gy), and urinary bladder (60 Gy) are
given in Tables 5 and 6, respectively. In patients 1 and 2, maximum permissible activity
was determined by the red marrow—absorbed dose, and in patients 3, 4, and 5, the kid-
ney- absorbed dose was the limiting factor. In case of patient 1, also renal dose was
high, resulting in a high cumulative dose to the whole body, further limiting the maximum
permissible activity. Toxicity limits for the salivary glands, small intestine, and urinary

bladder were found to exert no influence in this context.

Comparison of extrapolated organ-absorbed doses (Gy/GBq) from our current study with
pretherapeutic low-dose and posttherapeutic high-dose [*’Lu]Lu-PSMA-617 therapy ra-
diation dosimetry anal- ysis from the literature (Table 7) showed comparably lower doses
to the kidneys and salivary glands but higher doses to the red marrow and total body in

our study. The rest of organ-absorbed doses were comparable.
DISCUSION:

Scandium-44 with a half-life of 3.927 hours enables imaging for up to 18 to 20 hours
postinjection, which is one of its most important ad vantages over 68Ga-labeled com-
pounds (half-life of 1.18 hours) for dosimetry uses. Therefore, [**Sc]Sc-pSMA-617 is bet-
ter suited for the evaluation of the biological half-life in vivo, which is an important factor
for organ dose calculation, as small errors in the assessment of the biological half-life
may result in significant deviations in the result of estimated organ dose. Further knowing

that preclinical in vitro and in vivo studies have shown better correlation of [*Sc]Sc-
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PSMA-617 with [*""Lu]Lu-PSMA-617 as compared with ®®Ga-labeled PSMA ligands, we
hypothesized that dosimetric analysis from 19.5-hour imaging data of [**Sc]Sc-PSMA-
617 could be used to more accurately estimate the potential organ doses delivered by
[Y""Lu]Lu-PSMA-617 in individual patients [19]. Recent dosimetric analysis with [*Sc]Sc-
PSMA-617 has further strengthened the fact that it can reliably interpret the pharmaco-
dynamics of PSMA [26]. The mean + SD of extrapolated residence time for [*"’Lu] Lu-
PSMA-617 for the remainder of the body in our study was 46.58 + 16.04 hours (range,
22.4-64.12 hours), which is in line with the results of the study of Kabasakal et al [12]
(mean £ SD, 37.9 + 14.6 hours; range, 24.6-62.0 hours). We also observed that patient
1, who had renal insufficiency as well as extensive bone metastasis, exhibited the long-

est residence time, which is consistent with the observations of Kabasakal et al [12]
References.

Table 6. Predicted Maximum Number of Cycles (6 GBg/Cycle) to Be Administered in
Individual Patients Considering Toxicity Limits for Organs With EBRT

Patient (PT) PT1 PT2 PT3 PT4 PT5 Mean Organs
Small intestine 33 61.16 56.02 36.04 101.94 47.5
Kidneys 7.06 11.48 11.27 7.34 8.19 8.68
Liver 21.1 36.76 29.41 17.18 19.53 22.94
Salivary glands 39.31 758 17.01 22.77 63.32 18.12
Red marrow 484 542 1235 7.82 944 7.09
Urinary bladder wall 78.74 96.15 145.77 41.67 144.3 82.12
Total body 196 5.77 9.03 526 554 4.29

Table 7. Comparison of Organ Absorbed Doses (Gy/GBq) of Current Study With Pre— and
Post—[*"’Lu]Lu-PSMA-617 Therapy Dosimetric Studies®!4-16

From
) Pre Low-Dose [*""Lu]Lu-
Post High-Dose [*"’Lu]Lu-PSMA-617 Therapy [**sc]Sc-
PSMA-617 Therapy

PSMA-617
Study Name Delker Kratochwil Fendler Kulkarni Okamoto Kabasakal et Current
et al[13] etal [15] etall9] etal[14] etal[l16] al[12] Study

Organs

Small intes-

tine 0.14
Kidneys 0.6 0.75 0.5/0.6 0.8 0.69 0.88 0.44
Liver 0.11 0.1 0.1 0.11 0.28 0.22
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Salivary

glands 141 1.48 1 13 0.58 117 0.23
Red marrow 0.012 0.03 0.002 0.03 0.034 0.05
Osteogenic

cells 0.04
Spleen 0.1 0.19 0.1 0.12
Urinary blad-

der wall 0.2 0.12
Total body 0.04 0.05 0.061 0.08
Dose admin-

istered, GBq 3.6 5.76 7 0.185 6

The extrapolated mean organ-absorbed doses for [*/’Lu] Lu-PSMA-617 in our study are
comparable with other pretherapeutic and posttherapeutic dosimetry results obtained
with [*""Lu] Lu-PSMA-617 as shown in Table 7 [9, 12—-16]. However, we observed a lower
mean absorbed dose in the kidneys, compared with previous studies. This might be ex-
plained by the analysis of 3-dimensional (3D) PET/CT activity distribution in the kidneys,
as compared with 2D planar gamma camera-based distribution measurement, which has
inherent potential of overestimation of kidney dose owing to activity contribution from
overlapping organs. On the other hand, we observed higher mean organ-absorbed
doses in whole body as com- pared with previous studies. This difference is mainly
caused by the high residence time in the remainder of the body in patient 1. The mean
organ-absorbed doses in the remaining organs are comparable to the values observed

by previous studies.

Pretherapeutic dosimetry aims at improving and tailoring dose delivery to tumor lesions
while maintaining safety and avoiding toxicity to normal organs. With previous knowledge
from the literature, we mainly considered the kidneys, bone marrow, and salivary gland
toxicity as organs at risk of the potential development of adverse effects. Organ-ab-
sorbed doses that could result from ad- ministration of6 GBq [*’Lu]Lu-PSMA-617 (1 cy-
cle) in all patients were calculated as shown in Table 4. The kidneys received the highest
organ dose in most patients except in patient 2, who had the highest dose delivered to

the salivary glands.

Calculation of the maximum permissible activity and number of cycles (6 GBg/cycle) with
[}"Lu]Lu-PSMA-617 to reach EBRT- based organ-absorbed dose limits, as shown in
Table 5 and 6, revealed varying results among patients. In patient 1, bone marrow toxicity
limits were reached earlier than the kidney toxicity limits; however, the whole-body tox-
icity limit was reached at even lower activity, which might require strict monitoring and

possibly dose reduction in this patient when performing [}’Lu]Lu-PSMA-617 therapy.
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This finding is consistent with the compromised renal function and high skeletal tumor
burden in this patient, which together result in a high dose to the total body.

In patient 2, bone marrow toxicity limits constrained the maximum permissible activity and
the maximum number of cycles that can be administered, which is consistent with the ob-
servation already discussed in the literature that high skeletal tumor burden can result in
high bone marrow—absorbed doses, which might lead to grade 1 to 2 hematologic toxicity
from [*"Lu]Lu-PSMA-617, especially when bone marrow function is already compromised
owing to prior extensive treatment with chemotherapy/radiotherapy [18]. In the remaining
3 patients, kidney toxicity thresholds appeared to be the dose-limiting factor. Overall, except
for patient 1, administration of up to 5 cycles of 6 GBq seems to be feasible without reach-

ing toxicity limits.

Although the kidneys were an organ at risk with high organ- absorbed doses, we found
that in order to reach EBRT-derived dose limit of 23 Gy a mean cumulative activity of 52
GBq can be administered. It is apparently higher than values found in literature for [*77Lul]
Lu-PSMA-617, which were calculated to be 30 GBq by Kabasakal et al [12], a difference
that can be explained owing to 2D versus 3D dosimetry inherent limitations. Moreover,
Delker et al [13] used 3D SPECT of abdomen for dosimetric analysis of [*"’Lu]Lu-PSMA-
617 and reported a mean absorbed dose of 0.6 GY/GBq for kidneys, which may allow
up to 38 GBq to be administered safely. Use of monoexponential nonlinear least squares
fit to time-activity curve and a linear interpolation from time of injection in contrast to
biexponential curve fitting and availability of dynamic data from time of injection in our
current study might be the cause of this disparity between Delker et al [13] and our cur-
rent study. Moreover, it is also believed that toxicity limit for kidneys with [1""Lu]Lu-PSMA-
617 therapy should be increased [18]. Considering 25 Gy as dose limit for reversible
toxicity to salivary glands, it was seen that even in patient 2 with highest salivary glands—
absorbed dose it was not a limiting factor for permissible activity calculation in that pa-
tient. The finding is supported with evidence of 4% to 25% occurrence of transient re-
versible xerostomia and dry mouth with [*"’Lu]Lu-PSMA-617 therapy in various studies
[18].

Our current study shows that the conversion from pretherapeutic pharmacokinetic data
obtained by [**Sc]Sc-PSMA-617 PET/CT to potential normal organ-absorbed doses for
[}"Lu]Lu-PSMA- 617 therapy is feasible. However, further studies are warranted to vali-
date extrapolated organ doses from pretherapeutic [**Sc]Sc- PSMA-617 PET/CT with

posttherapeutic [*”’Lu]Lu-PSMA-617 dosimetry data and to correlate dosimetry results
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with clinical toxic- ity and adverse effects. Furthermore, the prediction of absorbed doses
in tumour lesions by [*Sc]Sc-PSMA-617 PET/CT remains to be investigated.

Conclusion:

Prediction and calculation of organ absorbed doses in patients scheduled for [*"’Lu]Lu-
PSMA-617 therapy seems to be feasible by pre-therapeutic [**Sc]Sc-PSMA-617
PET/CT. It might prove to be helpful in the pre-therapeutic assessment of organs at risk,
which seem to be are variable among patients, and eventually aid in tailoring personal-
ized PSMA-targeted radionuclide therapy regimens. However, correlation of clinical tox-
icity data with pre-therapeutic [**Sc]Sc-PSMA-617 PET/CT based dosimetry results re-

mains to be investigated in larger-scale studies before final conclusions can be drawn.
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Abstract

Aim: [**Sc]Sc-PSMA-617 with 3.9 h half-life, in vitro and in vivo characteristics similar to
[}"Lu]u-PSMA-617 and possibility of delayed imaging after 24 hour or later implies it to

be advantageous than [®® Ga]Ga-PSMA-617 for pretherapeutic dosimetric assessment
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for [*"Lu]Lu-PSMA-617 in mCRPC patients. In this study we investigated biodistribution
and radiation exposure to normal organs with [*Sc]Sc-PSMA-617 in mCRPC patients.

Methods: Five mCRPC patients (mean age 69 yr) enrolled for [*""Lu]Lu-PSMA-617 ther-
apy were injected with 40 - 62 MBq [*Sc]Sc-PSMA-617 i.v., Siemens Biograph 2
PET/CT system was used to acquire dynamic PET data (30 min) in list mode over the
abdomen followed by the collection of static PET/CT images (skull to mid-thigh) at 45
min, 2 and about 20 h p.i. Time dependent changes in % activity in source organs (kid-
neys, bladder, salivary glands, small intestine, liver, spleen and whole body) were deter-
mined. Bone marrow and urinary bladder contents residence time were also calculated.
Source organs residence time, organ absorbed doses and effective doses were deter-
mined using OLINDA/EXM software.

Results: Physiological tracer uptake was seen in kidneys, liver, spleen, small intestine,
urinary bladder, salivary glands and in metastases. Kidneys with highest radiation ab-
sorbed dose of 3.19E-01 mSv/MBq were the critical organs, followed by urinary bladder
wall (2.24E-01 mSv/MBQqO, spleen (1.85E-01), salivary glands (1.11E-01) and liver
(1.07E-01)mSv/MBq. Red marrow dose was found to be 3.31E-02 mSv/MBq. The mean
effective dose of 3.89E-02 mSv/MBq and effective dose of 1.95 mSv was estimated from
50 MBq (treatment planning dose) of [*Sc]Sc-PSMA-617.

Conclusion: [*Sc]Sc-PSMA-617 is found to be safe radiopharmaceutical that can be

employed for pre [*""Lu]Lu-PSMA-617 therapeutic dosimetric assessment.
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INTRODUCTION

Metastatic castration resistant prostate carcinoma (mMCRPC) presents a challenging task
in treatment of prostatic carcinoma patients [1-4]. Overall survival in mCRPC patients is
reported to be less than 19 months [5]. With introduction of prostate specific membrane
antigen (PSMA) directed imaging and therapeutic ligands paradigm shift in management
of mMCRPC has been achieved [6]. Several radionuclide labeled PSMA targeting agents
against the external and internal domain of PSMA were developed. Enhanced target
binding along with shorter circulation time was achieved using small sized ligands di-
rected against external domain of PSMA [7]. Among the small ligands tested were sev-
eral urea based compounds, the glutamate phosphoramidates and the 2-(phosphinyl-
methyl) pentanedioic acids [8, 9]. For diagnostic imaging and treatment follow up of
MCRPC patients, these PSMA ligands were labeled with SPECT tracers such as
[MYNn]In-PSMA [10], [*™Tc]Tc-MIP-1404 [11], [*®*"Tc]Tc-MIP-1405 [11], [*21]I-MIP-1072
[12, 13] and [*2%1]I-MIP-1095 [6, 12] and PET tracers like [®8Ga]Ga-PSMA-HBED-CC/ I&T,
11, 617 [6, 14-19], [**1]I-MIP-1095 [13, 20], [*®F]F-DCFBC [4] and [*®F]F-DCFPyL [21,
22]. Therapeutic success was achieved with B~ emitting [*"’Lu]Lu-PSMA-617 [23-25],
[M7Lu]Lu-PSMA-I&T [26-28], [*°Y]Y-PSMA [4] and [*1]I-MIP-1095 [20, 29].

Therapeutic success in terms of objective response with decline in PSA levels to
[Y""Lu]Lu-PSMA-617 therapy in 70% of mCRPC patients has been described [24, 30]. In
another review >50% reduction of serum PSA level in 30%-70% of mMCRPC patients
along with 10%-32% non- responders to [Y’Lu]Lu-PSMA-617 therapy have been re-
ported [31]. To date no substantial reasoning for lack of response in this fraction of
MCRPC patients is provided. However, it is proposed that high dose delivery to tumor
lesions while maintaining safety and avoiding toxicity could be a potential solution in en-
hancing response in resistant population, thus emphasizing role of personalized dosim-

etry in these patients [31].

At present, for treatment with [Y"’Lu]Lu-PSMA-617 initial administered doses are based
on previous experience with PRRT, and escalated according to ongoing individual expe-

rience of respective clinicians at various centers.

Emerging concepts of theranostic and personalized medicine in oncology seeks the use
of highly sensitive and specific diagnostic PET probes that may later be labeled with
therapeutic radionuclide [7]. It is assumed that diagnostic PET agent distribution will pre-
dict therapy dose and better therapeutic outcome reliably [7]. Several matching pairs of
imaging/therapeutic radionuclides have been proposed that are considered reliable

markers of bio kinetics and dose determination. Among them high emphasis is being
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placed on generator produced PET radiopharmaceuticals such as gallium-68 and scan-
dium-44 for imaging agents partnered with lutetium-177 based therapies and in future
with scandium-47 based therapies [32].

Several urea based compounds using DOTA and DOTAGA as chelators were efficiently
labeled with imaging and therapeutic radionuclides and are seen as steps towards per-
sonalized therapy planning in mCRPC patients. PSMA-617 is one of the urea based
PSMA ligands that has shown high tumor binding, high internalization as well as good
labeling with both imaging and therapeutic radionuclides. At the moment PSMA-617 la-
beled with gallium-68 for imaging and lutetium-177 for therapy is being used in several
centers across Germany [15, 33]. Owing to the high advocacy for patient specific dosim-
etry in improving safety and efficacy of [*"/Lu]Lu-PSMA-617 therapy, [®®Ga]Ga-PSMA-
617 PET/CT imaging and low dose [*"’Lu]Lu-PSMA-617 SPECT and static imaging have
been used for dosimetric analysis [31]. For pre therapeutic dosimetry [®*Ga]Ga-PSMA-
617 (t12=1.1 h) as imaging counterpart for [*"’Lu]Lu-PSMA-617 (t1.=6.7days) therapy
was found deficient due to its limitation to image beyond 4 h and lower organ absorbed
dose calculations. Low dose [*"’Lu]Lu-PSMA-617 SPECT and planar gamma camera
studies has inherent limitations of prolonged hospital stay, multiple time point imaging
and data collection which overestimates kidney dose and is deficient to determine lacri-
mal gland doses. Moreover, it is believed that organ absorbed doses determined by low
dose dosimetry are unreliable owing to the fact that high therapeutic doses of [*"’Lu]Lu-
PSMA-617 may follow altered pharmacokinetics resulting in different organ absorbed
doses [5]. Hence, longer lived PET labeled PSMA compounds are seen as an alternative

for pretherapeutic dosimetry and better dose planning in mMCRPC patients.

Recent labeling of DOTATOC with cyclotron produced scandium-44 with half-life of 3.9
h having better energy and sensitivity, provided prolonged imaging up till 23.5 h [33, 34].
[*4Sc]Sc-DOTATOC was found to be safe and superior in detection of metastasis which
were not apparent in previous [#¥Ga]Ga-DOTATOC imaging or concurrent ultrasound or
magnetic resonance images in patients of neuroendocrine tumors. The same coordina-
tion chemistry shared by scandium-44 with lutetium-177 is considered the basis for sim-
ilar in vivo/in vitro distribution and characteristics. A recent comparison of [*Sc]Sc-
PSMA-617 with [®®Ga]Ga-PSMA-617, [*/’Lu]Lu-PSMA-617 and {*8Ga]Ga-PSMA-11 has
also revealed that it shares similar in vivo kinetics and in vitro characteristics as [*"’Lu]Lu-
PSMA-617 while gallium-68 labeled agents did show different kinetics and thus proposes
[**Sc]Sc-PSMA-617, a better candidate for pre [Y"/Lu]Lu-PSMA-617 therapy dosimetric

assessment in mCRPC patients [35]. In addition to cyclotron production scandium-44
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can be produced from a #Ti/**Sc generator, though in lesser activities as compared to
cyclotron. Long half-life(t12) of scandium-44 gives added advantages of its possible
transport to distant places from site of production [34], feasible delayed imaging with
[**Sc]ScPSMA-617 and sentinel node imaging prior to surgery for primary prostate car-
cinoma . However presence of high energy gamma rays (>909 KeV) is considered a
drawback.

Considering all potential benefits specially the pre therapeutic dosimetric analysis for
[Y""Lu]Lu-PSMA-617 this study aims to determine bio distribution and normal organ ab-
sorbed doses for [*Sc]Sc-PSMA-617 in mCRPC patients and to explore its use as sur-
rogate marker for pre [Y"’Lu]Lu-PSMA-617 therapy dosimetric evaluation.

Materials and Methods:

All procedures followed were in accordance with the ethical standards of institutional

review board and all patients gave written informed consent.
Patient Population:

Between April 2016 to June 2017 five male patients with progressive mCRPC and mean
age of 69+2.2 years were enrolled for [**Sc]Sc-PSMA 617 imaging [Table 1]. The injected
doses of [*Sc]Sc-PSMA-617 ranged from 40-62 MBq (mean * SD: 50.16 + 8.04). All
patients except patient no 4, had recieved cycles of [*"/Lu]Lu-PSMA-617 in addition to

conventional therapies.
Preparation of [**Sc]Sc-PSMA-617:

3 ml of scandium-44 obtained after post processing according to literature of eluted **Sc
from prototype 185 MBq (5 mCi) #Ti/**Sc generator (Mainz) was used to label GMP-
grade PSMA-617 obtained from ABX (Radeberg, Germany). Quality control for radio-
chemical yield & purity was checked using TLC with 0.1M sodium citrate; ITLC with1:1
v/iv 1 M ammonium acetate/methanol and HPLC with Nucleodur 100-3 C18 ec 125/4;
Macherey-Nagel GmbH & Co. KG, Germany. A radiochemical yield of 98% and radio-

chemical purity of 99% was obtained [36].
[**Sc]Sc-PSMA-617 PET/CT Imaging Protocol:

Siemens Biograph 2 PET/CT scanner with a 58.5 cm axial field of view and a 16.2 cm
longitudinal field of view was used for acquiring [**Sc]Sc-PSMA-617 PET/CT imaging
over a period of 2 days. The scanner has a spatial resolution of about 6 mm in axial and
transversal direction (at a radius of 10 mm). All patients underwent a low dose CT scan

of abdomen for attenuation correction and patient positioning with kidneys in field of view,
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followed by dynamic imaging of abdomen for 30 minutes in list mode started simultane-
ously with i.v injection of [**Sc]Sc-PSMA-617. Later static skull to mid-thigh PET/CT im-
ages were acquired at 45 min, 2 and 19.5 h post injection (p.i), each preceded by low
dose CT examination for patient positioning and attenuation correction. For qualitative
and quantitative analysis dynamic images were reconstructed into 6 images of 300s each
using iterative reconstruction OSEM.

Qualitative: Analysis

All dynamic and static images were visually analyzed to see physiological and patholog-
ical tracer distribution as shown in figure 1 &2. Organs with increased tracer uptake were

identified as source organs for further dosimetric analysis.

Table 1: Subject details, injected radioactivity of [** Sc]Sc-PSMA and therapies received

Age weight Injected

Injected Ac-  Activity PSA Therapies
PT No (years) (Kg) Het*  tivity(MBQ) MBq/Kg (ng/ml) received

Radio/

chemo
and anti

Lu-177 Hormone

70 78 0,33 50,00 0,64 453,00 PSMA (3), therapy

Lu-177 anti hor-
72 80 0,30 62,23 0,78 26,00 PSMA (1), mone

Radio/
Anti  hor-
monal and

bisphos-

Lu-177 phonate

67 70 0,39 39,61 0,57 7,20 PSMA (2), therapy

Radiother-
70 80 0,30 50,00 0,63 139,00 apy
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radio/hor-
Lu-177 monal/

5 67 104 0,29 48,95 0,47 3000,00 PSMA (1) chemo
Mean 69 82,4 0,32 50,16 0,62
SD 2,2 12,76 0,04 8,04 0,11

*Hematocrit

d e f
Figure 1: Physiological tracer distribution at (a) 150s, (b) 450s, (c)750s, (d) 1050s, (e)
1350s and (f) 1650s

Quantitative Dosimetric Analysis:

For dosimetric analysis kidneys, liver, spleen, urinary bladder, small intestine, salivary
glands and whole body were selected as source organs. MEDISO interview fusion soft-
ware (MEDISO Medical Imaging Systems, Budapest, Hungary)was used to draw volume
of interest (VOI) encompassing each source organ on CT image for calculating source
organ volume and to determine mean counts per ml (KBg/ml) from PET image as shown
in figure 2. Total source organ activity was calculated by multiplying each source organ
volume with corresponding mean counts/ml. Total source organ activity was converted
into MBg/ml. OLINDA/EXM software (Hermes, Germany) requires % source organ ac-
tivities with respect to time for curve fitting and residence time calculation. Hence, %
source organ activity for each source organ was calculated by dividing total source organ

activity by injected activity and multiplying it with 100.
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Assuming homogenous distribution of tracer in remainder of body, % of injected dose in
image was scaled proportional to % weight of body in image for % whole body activity
calculation.

CT volume of whole bodyimage X mean CT density X 100
Patient weight

% Body weight(image) =

Percent source organ activity were used to generate time activity curves and residence
time calculations using OLINDA/EXM software (Hermes, Germany). Mono exponential
curve fitting for whole body and bi exponential curve fitting for rest of source organs was
applied. For remainder of body residence time, residence time of all source organs ex-
cept urinary bladder contents was subtracted from whole body residence times [37].

Indirect blood based method with patient based RMBLR and red marrow mass was used
to calculate bone marrow self-dose [38—41]. 1-2ml venous blood samples were collected
at varying time pointsi.e., (5, 10. 15, 20, 25, 30, 45) min, 2 and 18 h post injection (Insert
references). To calculate residence time for urinary bladder contents, trapezoidal method
was used taking into account urinary bladder activity in images at 45 min, 2 and 18 h
along with activity in urinary samples. Urine samples were collected in pre weighed con-
tainers after 45 min and 2 h static PET/CT imaging. Radioactivity in 1ml blood and urine

samples was measured along with known standard activity using 1480 WIZARD™ 3n

Gamma counter.

Figure 2: VOIl drawn in (a) CT image at 45 min, (b) PET/CT images at 2 h and (c) at 18h.

OLINDA/EXM software (Hermes, Germany) was used to calculate mean organ absorbed
doses and effective doses (ICRP103 factors) by adjusting for patient’s body weight. It
was done by multiplying the reference adult male body weight with fraction determined

from dividing the patient weight with reference adult weight. The mean of residence
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times, organ absorbed doses (mSv/MBqQ) and effective doses (mSv/MBq) were calcu-
lated. The total effective dose in mSv received after injection of 62 MBq (highest dose
injected) and 50 MBq (usual dose injected) of [**Sc] Sc-PSMA-617 was calculated by
multiplying the mean effective dose (mSv/MBq) with 62 and 50 MBq respectively.
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Figure 3: Time dependent changes of % injected activity in source organs.
RESULTS:
Qualitative [**Sc]Sc-PSMA-617 Distribution and Kinetics:

The whole body PET/CT images at 45 m, 2 & 18 h revealed normal physiological uptake
of [**Sc]Sc-PSMA-617 in kidneys, liver, spleen, salivary glands, small intestine and uri-
nary bladder. Very faint uptake was also noticed in lacrimal glands with faint to absent
uptake in nasal or oral mucosa. Rapid tracer kinetics were seen with peak uptake
achieved in organs within an hour as shown in figure 3. Rapid blood clearance and ex-
cretion from kidneys created better tumor to soft tissue contrast. Liver exhibited the high-
est percent activity followed by kidneys, spleen, salivary glands and small intestine.
Rapid fall in activity in liver and other source organs was observed. The decrement in
kidneys, small intestine and salivary glands was gradual with exception of increase in
activity at 2 h in salivary glands and small intestine in only one patient. Pathological up-

take was also observed in metastatic bone and soft tissue.

Dosimetry for Normal Organs:
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Estimated residence times(MBq-hr/MBq) were found to be prolonged in liver followed by
kidneys, urinary bladder, bone marrow and rest of organs as shown in table 2. Table 3
shows the individual patient, mean + SD organ of absorbed doses and effective doses
as calculated by OLINDA/EXM software. The results showed that kidneys received the
highest mean absorbed dose of 3.19 E-01 mSv/MBq (range: 1.78 E-01 to 4.88 E-01
mSv/MBq) making it the critical organ followed by urinary bladder wall, spleen, salivary
glands, liver and small intestine. Highest dose to kidneys were associated with the fact
that they are the main route of excretion for PSMA-617. Bone marrow dose was found
to be low and presented as organs with low toxicity risk while considering therapeutic

application.
DISCUSSION:

PSMA-617 directed against is a modified version of PSMA-11 directed binding to the
external domain of PSMA. Comparative bio distribution studies with PSMA-11 has re-
vealed supremacy of PSMA-617 due to high target binding and subsequent efficient in-
ternalization with in prostate carcinoma cells [42]. It has been labeled with gallium-68,
lutetium-177, indium-111 and yttrium-90. [®®Ga]Ga-PSMA-617 has been in use in many
nuclear medicine centres as a counterpart to pre and post [*’Lu]Lu-PSMA-617 therapy
for disease monitoring [42, 43]. Recently PSMA-617 has been labeled with long lived
PET agents like scandium-44 using DOTA as a linking chelator. Preclinical (in vitro, in
vivo) and clinical studies with scandium-44 labeled peptides and PSMA ligand for neu-
roendocrine tumors [44] and prostate carcinoma [35] respectively have proposed scan-
dium-44 a better surrogate marker for lutetium-177 based therapies and probable better

candidate for pretherapeutic dosimetric analysis.

Table 2: Comparison of Individual and mean residence times (MBq-h/MBq) for [**Sc]Sc
&[%®Ga]Ga-PSMA-617

[*Ga]Ga-PSMA-617
[“Sc]Sc-PSMA-617 [42]

PT No PT1 PT2 PT3 PT4 PT5 mean =*S.D

Organs
Salivary glands 0.02 0.01 0.01 0.03 0.07 0.03 0.027
Kidneys 0.22 0.36 0.12 0.34 0.15 0.24 +0.109 0.132

Liver 0.25 0.78 0.07 029 0.37 0.35 =+0.263 0.093
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Spleen 0.08 0.09 0.02 0.05 0.09 0.07 0.031 0.009

Small Intestine  0.02 0.04 0.02 0.07 0.08 0.05 +0.029

Bone marrow 0.06 0.10 0.05 0.09 0.17 0.09 z0.047

Urinary bladder

contents 0.08 0.14 0.12 0,53 0.05 0.18 0.195 0.07

Remainder of

body 293 111 145 1.8 1.76 1.82 0.684 1.25

Table 3: Individual and mean organ absorbed doses with [*Sc]Sc-PSMA-617
(mSv/MBQq)
ORGAN ABSORBED DOSES (mSv/MBq)
PT1 PT 2 PT3 PT4 PT5 Mean +SD

Organs
Adrenals 7.91E-02 1.12E-01 4.21E-02 9.19E-02 5.58E-02 7.62E-02 £2.79E-02
Brain 2.67E-02 1.10E-02 1.51E-02 1.80E-02 1.53E-02 1.72E-02 +5.86E-03
Esophagus 3.48E-02 2.67E-02 1.85E-02 2.66E-02 2.17E-02 2.57E-02 +6.17E-03
Eyes 2.65E-02 1.10E-02 1.50E-02 1.78E-02 1.46E-02 1.70E-02 +5.84E-03
Gall bladder wall 5.06E-02 7.29E-02 2.42E-02 4.70E-02 3.97E-02 4.69E-02 +1.77E-02
Left colon 4.16E-02 3.02E-02 2.34E-02 3.74E-02 2.68E-02 3.19E-02 +7.51E-03
Small intestine 5.06E-02 4.69E-02 3.20E-02 7.87E-02 6.69E-02 5.50E-02 +1.81E-02
Stomach wall 4.03E-02 3.09E-02 2.09E-02 3.11E-02 2.53E-02 2.97E-02 +7.29E-03
Right colon 4.05E-02 3.31E-02 2.52E-02 3.56E-02 2.58E-02 3.20E-02 +6.54E-03
Rectum 3.84E-02 2.33E-02 2.55E-02 4.79E-02 2.19E-02 3.14E-02 +1.13E-02
Heart Wall 3.70E-02 2.90E-02 1.96E-02 2.81E-02 2.31E-02 2.74E-02 *6.61E-03
Kidneys 2.93E-01 4.88E-01 1.80E-01 4.56E-01 1.78E-01 3.19E-01 +1.48E-01
Liver 8.52E-02 2.29E-01 2.95E-02 9.67E-02 9.47E-02 1.07E-01 £7.35E-02
Lungs 3.28E-02 2.43E-02 1.76E-02 2.45E-02 2.01E-02 2.39E-02 £5.78E-03
Pancreas 4.31E-02 3.71E-02 2.30E-02 3.68E-02 2.90E-02 3.38E-02 +7.84E-03
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Prostate 3.97E-02 2.60E-02 2.77E-02 5.71E-02 2.14E-02 3.44E-02 +1.44E-02
Salivary glands 9.67E-02 3.54E-02 5.23E-02 1.16E-01 2.53E-01 1.11E-01 +8.60E-02
Red Marrow 3.64E-02 3.27E-02 2.47E-02 3.72E-02 3.43E-02 3.31E-02 +5.00E-03
Osteogenic cells 3.04E-02 2.30E-02 1.93E-02 2.78E-02 2.58E-02 2.53E-02 +4.30E-03
Spleen 2.35E-01 2.48E-01 6.38E-02 1.63E-01 2.16E-01 1.85E-01 +7.52E-02
Testes 2.99E-02 1.38E-02 1.82E-02 2.66E-02 1.52E-02 2.07E-02 +7.13E-03
Thymus 3.19E-02 1.79E-02 1.76E-02 2.23E-02 1.79E-02 2.15E-02 +6.12E-03
Thyroid 3.10E-02 1.47E-02 1.73E-02 2.11E-02 1.71E-02 2.02E-02 +6.44E-03
Urinary Bladder wall 1.21E-01 1.72E-01 1.55E-01 6.05E-01 6.84E-02 2.24E-01 +2.16E-01
Total Body 3.36E-02 2.25E-02 1.92E-02 2.84E-01 2.03E-02 7.59E-02 #1.16E-01
Mean effective Dose 0.0389 mSv/MBq

Effective dose from 50 MBq 1.94 mSv

Effective dose from 62 MBq 2.41 mSv

In this study we found the physiological uptake of [**Sc]Sc-PSMA-617 in liver, kidneys,
salivary glands, spleen, small intestine, urinary bladder consistent with low level uptake
in normal organs of PSMA described in literature [15, 42]. Pathological uptake was seen
in both skeletal and soft metastatic tissue. Kidneys were the major route of excretion with
rapid peak uptake seen at 45 min and fast clearance showing minimal activity at 18 h
concurrent with early uptake and fast clearance characteristic of PSMA-617. Probable
toxicity of salivary glands proposed by A Afshar- Oromieh et al due to late trapping of
[8Ga]Ga-PSMA-617 in salivary glands [42] was not observed in this study. Increase in
activity in 2 h image was observed in only one of the patients which later decreased to
minimal activity at 18 h while rest of the patients showed peak uptake at 45 min followed
by gradual decrease. The low probability of salivary gland toxicity depicted by kinetics of
[*4Sc]Sc-PSMA-617 is consistent with dosimetry results of [#Ga]Ga-PSMA-617 [42]. Oc-
currence of transient xerostomia or mild reversible xerostomia with [*’Lu]Lu-PSMA-617
as well as other lutetium-177 labeled PSMA therapies [33, 45—-47] also supports that
salivary glands toxicity should be of less concern in these patients. Lacrimal glands
showed faint uptake with no enhanced accumulation in later images, therefore we con-
sidered its activity with in remainder of body activity. Faint to negligible uptake in nasal

mucosa was seen with [**Sc]Sc-PSMA-617. The rapid initial uptake in liver and spleen
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followed by fast clearance as result of blood pool effect and its clearance from these
organs is consistent with literature [42].

Quantitative analysis revealed high total activity and prolonged residence time in liver
followed by kidneys, spleen and other organs consistent with results of [*3Ga]Ga-PSMA-
617. Residence time of source organs with [*Sc]Sc-PSMA-617 were found to be higher
than [®®Ga]Ga-PSMA-617 [42]. Long half-life of 3.927 h and ability to follow bio kinetics
up to 19.5 h or more with [*Sc]Sc-PSMA-617 account for the higher residence times as
compared to [®Ga]Ga-PSMA-617. The organ absorbed doses were highest in kidneys
followed by urinary bladder wall, spleen, salivary glands, liver and small intestine. Kid-
neys with mean dose of 3.19E-01 mSv/MBq (range:1.78E-01-4.88E-01 mSv/MBq) were
the organs at risk as is with the rest of small ligands based PSMA agents [42, 48]. Urinary
bladder wall with mean dose of 2.24E-01 mSv/MBq was the second highest organ to
receive dose owing to the kidneys being its physiological route of excretion. Salivary
glands received a dose of 1.11E-01mSv/MBq which was higher than [*8Ga]Ga-PSMA-
I&T but was not reported with [®¥Ga]Ga-PSMA-617 besides showing a rise in mean SUV
at later time points [42]. Bone marrow dose was found to be low consistent with previous
dosimetric studies with gallium-68 labeled agents. Mean organ absorbed dose for bone
marrow was found to be 3.31 E-02 mSv/MBq and ranged from 2.47 E-02 to 3.72 E-02.
Low marrow dose suggests low risk of marrow toxicity with PSMA based therapies. How-
ever, the marrow toxicity can vary with burden of bone and marrow metastases in the
patient as was found to be highest in patient no 1 with high tumor burden. Further, our
results are concurrent with that of [®®Ga]Ga-PSMA-617 ,[®Ga]Ga-PSMA-11 and
[8Ga]Ga-PSMA-HBED-CC with reference to high to low dose received by organs as
shown in figure 4. However absorbed doses were found to be higher for [**Sc]Sc-PSMA-
617 than [*8Ga]Ga-PSMA-617, [%8Ga]Ga-PSMA-11, [¢®Ga]Ga-PSMA-I&T as shown in fig-
ure 4 but less than [*2*[]I-PSMA [48].

174



@ [**Sc]Sc-PSMA-617

3.50E-01
M [**Ga]Ga-PSMA-617
3.00E-01
M [%8Ga]Ga-PSMA-
2.50E-01 HBED-CC

B [**Ga]Ga-PSMA-I&T

2.00E-01

1.50E-01

1.00E-01

Organ absorbed doses(mSv/MBq)

5.00E-02

0.00E+00

Organs receiving dose

Figure 4: Comparison of Organ Absorbed Doses and effective dose (mSv/MBQ) between
[*4Sc]Sc-PSMA-617 and other [8Ga]Ga-PSMA agents [42, 48].

Comparison of organ absorbed doses of [*Sc]Sc-PSMA-617 with pre and post thera-
peutic dosimetric results of [*’Lu]Lu-PSMA-617 given in table 4 [49-51] and comparison
of doses with other gallium labeled PSMA agents also show that it is able to predict
doses better than [*®Ga]Ga-PSMA-617. However interpatient dosimetric comparison
studies of [**Sc]Sc-PSMA-617 with [Y"’Lu]Lu-PSMA-617 are warranted.

The mean effective dose of 3.98E-02 was found to be higher than [®®Ga]Ga-PSMA-617,
[8Ga]Ga-PSMA-11, [8Ga]Ga-PSMA-I&T but less than [*24]I-PSMA [48]. The total effec-
tive dose with usual dose administered (50MBq) of [**Sc]Sc-PSMA-617 was found to be
1.95mSv which was low as compared to rest of gallium-68 labeled PSMA agents as well
[*241]I-PSMA. Hence [*Sc]Sc-PSMA-617 having possibility of delayed imaging, higher
organ absorbed doses and effective doses less than other PSMA labeled imaging agents
and a similar bio distribution to already known %Ga-PSMA ligands could be a better and
safe agent for prediction of therapeutic dosimetry for [*’’Lu]Lu-PSMA-617. The biodistri-
bution and dosimetric analysis in this study has proved that early uptake kinetics reach-
ing peak followed by clearance of PSMA-617 from source organs up to 19.5 h can easily

be interpreted. A comparison of [*Sc]Sc-PSMA-617 kinetics with kinetics of [*"’Lu]Lu-
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PSMA-617 shown by Delker et al [51] as well as in vivo kinetics of [*"’Lu]Lu-PSMA-617
in pre-clinical small animal studies followed for 24 h [52] has shown comparable bio dis-
tribution with peak uptake as early as 1 h followed by gradual clearance till 24 h. Hence,
suggesting sound reasons for use of this agent in personalized therapy planning. Further
studies for interpreting normal organ absorbed doses for [Y/’Lu]Lu-PSMA-617 consider-
ing bio kinetic data of [**Sc]Sc-PSMA-617 need to be carried out.

Table 4. Comparison of organ absorbed doses of [**Sc]Sc-PSMA-617 with [*/’Lu]Lu-
PSMA-617in mSv/MBg and [*®Ga]Ga-PSMA-617 [42, 49-51]

Pre["’Lu]L

[*Sc]Sc-
[*Ga]Ga-  u-PSMA- Post[""Lu]Lu
617
apy
Afshar- Kabasa-
Study Current _ Delker A Okamoto S et.al
Oromieh A kal L et.al
name study et.al [51] [50]
et. Al [42] [49]
Kidneys 0.32 0.21 0.88 0.6 0.72
Spleen 0.19 0.029 0.1
Liver 0.11 0.029 0.28 0.1 0.12
Total Body 0.08 .013 0.061 0.06
Red Mar-
0.03 .01 0.034 0.012
row
parotid
1.17 0.55
gland
subman-
. 0.64
dibular
lacrimal
3.8
gland
Salivary
0.11 1.41
glands

Dosimetric analysis in this study supports that probable organ absorbed doses for ther-
apeutic dose of [*’Lu]Lu-PSMA-617 can be determined while using this simple, better

and optimized dosimetric study protocol for [**Sc]Sc-PSMA-617. The protocol does not
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require hospitalization of the patient, can be completed within 24 hours and most im-
portant of all can be incorporated in daily clinical routine. It is important to mention that
individual pretherapeutic dosimetric analysis with [**Sc]Sc-PSMA-617 is not necessary
for all patients, but for patients not responding to standard doses or having a high cumu-
lative dose or having reduced renal function in the lab.

CONCUSION:

[**Sc]Sc-PSMA-617 with similar in vivo and in vitro characteristics to [*"’Lu]Lu-PSMA-
617 and low radiation as compared to other known imaging agents for mCRPC seems
to be a promising new agent for pre therapeutic dosimetric analysis for [*’Lu]Lu-PSMA-
617 and therefore for a more individualized tumor therapy. However further studies are

warranted, especially to show the benefit for the individual patients.
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Abstract

Purpose: Tumor heterogeneity in PET/CT assessed by textural parameters is gaining
importance as prospective and predictive feature for multiple clinical applications. Espe-
cially in theranostics, PET and SPECT images are often performed in the same patient.
Therefore, the aim of this study was to compare, if tumor heterogeneity assessed in
PET/CT and SPECT/CT imaging is correlating to each other and results found for tumor
heterogeneity assessed in PET may be translated to SPECT imaging. This was evalu-
ated in phantom and patient data.

Subjects and Methods: A self-built heterogeneity phantom as well as 37 patients with
metastasized prostate cancer were analyzed. All patients underwent a peptide receptor
radionuclide therapy (PRRT, one to four cycles) and received a 68Ga-PSMA PET/CT
before and 177Lu-PSMA SPECT/CT directly after each therapy cycle. Both PET/CT and
SPECT/CT images were processed with Interview™ Fusion software (Mediso Medical
Imaging Systems). The biggest lesions of each patient were selected and manually de-
lineated in both nuclear medicine images. Consequently 36 textural features, including
deviation, entropy and different emphases were calculated. In addition, conventional pa-
rameters as mean and maximum SUV, and tumor volume were tested as well. Phantom
studies were compared directly, and patient data were compared using Bland-Altman
Plots.
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Results: Overall, 188 metastases in 37 patients were analyzed. In Bland-Altman Plots it
was shown that for the majority of the 40 parameters there is no direct comparability
between PET/CT and SPECT/CT values. Using the 95% confidence interval, the best
parameters could be identified. Long zone low grey level emphasis had a high accord-
ance, 94.7% of the data were contained in 95% confidence interval. For the short zone
low grey level emphasis, it was 32.8%, 32.3% for the volume, 34.9% for TLRD, 23.8%
for maximum and 21.7% for the mean SUV. Variables such as entropy which are fre-
qguently used in tumor heterogeneity have low accordance values. Only 12.2% of the
entropy data are contained in the 95% confidence interval. Intensity variation and zone
length non-uniformity only have results of 4.2%. Different results were found for the phan-
tom, in which differences in heterogeneity parameters were down to 0.8 % for the best
parameter (Zone percentage), also low values were found for Contrast (1.4 %) and En-
tropy (3.5 %).

Conclusion: This study shows, that in contrast to data obtained by phantom data, in real
patients’ tumor heterogeneity in PET/CT and SPECT/ CT seems not to be correlating.
Therefore, further studies looking in to the clinical value of tumor heterogeneity obtained
in SPECT/CT images must be performed in the future to show the values of this modality.
Keywords: Prostate cancer; PSMA-PET/CT; PSMA-SPECT/CT; PRRT; Textural param-

eters

Introduction

and prognostic information for the individual patient [1]. For different tumor entities it was
shown that tumor

Therefore, tumor heterogeneity may be an important step towards heterogeneity is an
important factor that can provide predictive

personalized oncologic therapy. As biopsy is not always possible tumor heterogeneity
will be evaluated by imaging more often. Even in case a biopsy is performed, one tissue
sample can be too less for a complete histopathologic workup, especially assessing het-
erogeneity [1,2]. Medical imaging methods can be helpful as non-invasive tools to specify
tumor heterogeneity. Several texture analyses in computed tomography (CT) have
shown good results by quantifying the homogeneity using the structure irregularity: Dav-
nall et al. [3] have published several examples of how medical imaging can be used for
tumor heterogeneity. Using CT imaging, Ganehan et al. found patient’s survival can be
predicted by tumor heterogeneity in non-small-cell lung cancer [4]. Differentiating be-
tween tumor and non-tumor tissue is also possible as Lopes et al. have shown [5]. In

their study fractal features in magnet resonance (MR) images of prostate cancer patients
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for assessing tissue heterogeneity have been used to distinguish malignant from benign
tissue in the prostate [5].

Positron emission tomography (PET) as functional imaging modality seems to have
some benefits for assessment of tumor heterogeneity, especially when applied as hybrid
technology as PET/CT. Using PET/CT, not only information about morphology can be
obtained but also about visualized functionality as metabolism or receptor density for
example. By this it is even easier to get information about prognosis and therapy effects.
Tixier et al. described that tumor heterogeneity defined by textural analysis can be a
predictive parameter for radiation chemotherapy response [6]. They used intra tumoral
tracer uptake in [18F]- fluorodeoxyglucose (FDG) PET images of 41 patients with esoph-
ageal cancer for their study [6]. In another study tumor heterogeneity assessed in FDG-
PET/CT was found to be a strong predictive and prognostic parameter for therapy re-
sponse and overall survival in patients with colorectal carcinoma [7]. Recently, other ra-
dio pharmaceuticals than FDG were found to play an important role in tumor heteroge-
neity assessed in PET/CT. [18F]-fluoroethyl-L-tyrosine PET to found to differentiate be-
tween real progress and pseudo progression in glioblastoma after radio chemotherapy
[8]. In a large multicenter evaluation intra tumoral somatostatine receptor heterogeneity
was evaluated as prognostic factor for survival after radiopeptid receptor therapy in pa-
tients with neuroendocrine tumors [9].

However, to the best of our knowledge, up to now, there is no study investigating the use
of single photon emission tomography (SPECT) for assessment of tumor heterogeneity.
Especially in patients undergoing radio peptide receptor therapy (PRRT) as in the study
by Werner et al. [9] mentioned before patients obtain posttreatment imaging using
SPECT technology. As post therapeutic imaging is performed after each cycle of PRRT
imaging data would be available faster and at more time points than PET studies in these
patients and would therefore be preferable for treatment monitoring if it shows the same
predictive and prognostic values. Prostate cancer will strike a large portion of the popu-
lation as 11.6 % of men will get this diagnose at some point in their life. 9.6% of the newly
detected cancers are prostate cancers. The 5-Year relative survival was lifted from
66.0% in 1975 up to 99.3% in 2009 [10]. This big change in survival times can be traced
back to the improving screening as well as new treatments options established over the
last years. But still there are 26,730 estimated deaths in the US population for 2017 [10].
A recently upcoming treatment in patients with advanced, hormone refractory prostate
cancer is radiotherapy with ligands to prostate specific membrane antigen (PSMA) la-

belled with luthetium-177 [11]. Therefore, the aim of this study was to compare tumor
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heterogeneity assessed with textural parameters in PET and SPECT images of patients
undergoing treatment and prior PET diagnosis with PSMA ligands.

Materials and Methods

Phantom Study

To simulate a heterogene structure in the phantom, a method first published by Forgacs
and colleagues [12] was adapted. Basis for the phantom measurements was a torso
phantom according to NEMA NU- 2012 standard with size of 24.1 cm x 30.5 cm x 24.1
cm and a volume of 9.7 liters. Seven 2 ml syringes filled with three different activity con-
centrations were put together as shown in Figure 1. The syringes were then placed in
the torso phantom including background activity (with ratios of 1 to 20, 1 to 15, and 1 to
10 compared to the activity concentration in the syringes). Two settings of these hetero-
geneity phantoms were used: First it was filled with Gallium-68 in watery solution to sim-
ulate the PET/ CT data and the other one was filled with Lutetium-177 in watery solution
for the SPECT/CT data. Detailed activity concentrations put in the phantom can be found
in Table 1.

Figure 1: Seven 2 ml syringes were put together as shown
on the left-hand side to obtain a heterogenic structure as
shown on the right-hand side schematically (three different
activity concentrations were used to fill the syringes).

Table 1: Activity concentrations that were placed in the syringes and the background for
the two different phantom settings. The different activity concentrations have been cho-

sen according to the realistic concentrations to be expected in patient studies.

Y7 u-Phan-
®8Ga-Phantom
tom
Background 5 kBg/ml 20 kBg/ml
Synringe
100 kBg/ml 400 kBg/mi
Group 1
Synringe
75 kBg/ml 300 kBg/mi
Group 2
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Syringe
50 kBg/ml 200 kBg/ml
Groupe 3

Patient Population and Treatment

Thirty-seven patients with metastasized prostate cancer were included in this analysis
between February 2015 and April 2016. After the decision of the local tumor conference
all patients underwent a [177Lu]-PSMA peptide receptor mediated radionuclide therapy
(PRRT). According to consensus recommendation of the Deutsche Gesellschaft fir
Nuklearmedizin there was a PET/ CT acquired before the first cycle. Every 8 weeks the
patients underwent PRRT. Each time a 68Ga-PSMA PET/CT was done before and a
177LU-PSMA SPECT/CT directly after the cycle. Between PET/CT and SPECT/CT was
about one week. The patient’s median age was 71 years (range 43-82 years), the median
Gleason Score was 8 (range 6-10). The number of PRRT cycles differed from one to
four (1: n37, 2: n24, 3: n6, 4: nl). This variety in cycles depended on the tolerance and
the survival of the patients. During each cycle the median administered activity of 177Lu-
PSMA was 6,2 GBq (range 4.1-7.1 GBq). The PSA minimum was 5, the maximum 1030
(median: 178). Due to the retrospective character the ethics statement is waived in our
institution by the institutional ethics committee. The patient gave written and informed

consents for the treatment and the scientific use of the data.

Gallium-68-DKFZ-PSMA-11 PET/CT Imaging

The PET/CT imaging was-done usinga Biograph 2 PET/CT system (Siemens Medical
Solutions, Erlangen, Germany). About 40 to 80 minutes after intravenous injection of in
-house produced 68GA-HBED-CC PSMA (105 to 200 MBq, mean 134 MBq) a lowdose
CT (16mAs, 130 kV) from the base of skull to mid thighs was acquired. The PET scan
was acquired over the same area with 3 or 4 minutes per bed position depending on the
body weight of the patient. CT data was reconstructed in 512 to 512 matrices with 5 mm
slice thickness. PET data was reconstructed in 128 to 128 matrices with 5mm slices
thickness. An attenuation-weighted ordered subsets expectation maximization algorithm
was utilized for attenuation and scatter corrections as implemented by the manufacturer
using 4 iterations and 16 subsets with a 5 mm post reconstruction Gaussian filter. Same
imaging and reconstruction parameters have been used for the acquisition of the phan-

tom data as well.
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Lu-177-Imaging

SPECT/CTimaging was performed using a Symbia T2 hybrid SPECT/CT tomograph
(Siemens Medical Solutions, Erlangen, Germany). One table position needed 10 minutes
using an energy window centered plus/minus 15 % around 208 keV. The window center
was acquired as SPECT/CT after a planar whole-body image has been done. CT data
was reconstructed in 512 to 512 matrices with 5mm slice thickness. SPECT data was
reconstructed in 128 to 128 matrices, also with a slice thickness of 5 mm. For SPECT
reconstruction the iterative algorithm implemented by the manufacturer was used includ-
ing attenuation correction based on the CT data using 4 iterations and 16 subsets and
as 5 mm post reconstruction Gaussian filter. Due to staff arrangement the PET/CT and
the SPECT/CT have been done from different operators. Same imaging and reconstruc-

tion parameters have been used for the acquisition of the phantom data as well.

Data Analysis and Statistical Analysis

Both PET/CT and SPECT/CT images were processed with Interview TM Fusion software
(Mediso Medical Imaging Systems Ltd., Hungary). In the phantom data as well as in the
patient data lesions were delineated manually, if more than 3 lesions were present, the
three biggest lesions were chosen. Delineation was performed on the emission image
for both the PET/CT and the SPECT/CT. Consequently, in the delineated volume 36
textural features, including deviation, entropy and different emphases were calculated
by the software. The conventional parameters as tumor mean, maximum standardized
uptake value (SUV max), tumor volume and total lesion glycolysis (TLG) which is the
product of tumor volume and mean uptake, were tested as well. Through this, a compar-
ison between the two imaging methods was made. Chicklore et al. have described the
textural parameters in detail [13].

For the phantom data the direct comparison of the values was performed presenting
absolute and relative differences. In contrast to this, in patient data Bland-Altman Plots
were applied which show the comparison between the same parameters in PET/CT and
SPECT/CT. In these Bland- Altman Plots the 95% confidence intervals were calculated.
Through this approach it could be determined whether there was a direct comparability
between PET/CT and SPECT/CT. All statistical analysis was done using IBM SPSS Sta-
tistics 24.

Results:

Phantom

Using the heterogeneity values for PET/CT and SPECT/CT in the different parameters

the absolute and relative difference were calculated. Low differences can be shown for
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entropy (3.5%), contrast (1.4%) and zone percentage (0.8%). Correlation, size variation
and gray level non -uniformity shows values over 18% (18.2%, 18.9% and 18.9%). The
most significant results are presented in Table 2. The remaining 20 parameters not men-
tioned in the table showed differences >20%. A higher heterogeneity was found in PET
compared to SPECT.

Patient Population

Long Zone Low Grey Level Emphasis
.

Figure 2: Pie chart of patient data, green marks the 95%
confidence interval.

In PET/CT and SPECT/CT images around the first cycle 104 metastases from 37 pa-
tients were marked. The mean volume of these metastases was 27.7 ml (range 1.3 to
265.3 ml). In the following cycles the same metastases were identified and delineated if
still verifiable. In the second cycle only 65 metastases could be identified, 17 in the third
and just 3 in the last one because only one patient of the included patients underwent
four treatment cycles. So overall 188 lesions could be detected in four cycles. Using the
Bland-Altman Plots and the 95% confidence intervals, it was determined that some pa-
rameters had a high consensus (Figures 2 & 3). Long zone low grey level emphasis was
the parameter with the highest accordance. 94.7% of the data were contained in the 95%
confidence interval. Other parameters with good results were the TLG (34.9%), short
zone low grey level emphasis (32.8%) and the volume (32.3%). The conventional pa-

rameters as mean and max had lower results. Mean with 21.7% and max with 23.8% in
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Table 2: Phantom results.

Parameter PET SPECT Abs. Difference Rel. Difference
Entropy 6.94 6.70 0.24 3.5%
Homogeneity 0.262 0.225 0.037 14.2%
Correlation 0.773  0.632 0.141 18.2%
Contrast 72.3 73.3 1.0 1.4%
Size Variation 0.0312 0.0371 0.0059 18.9%
Short Zone Emphasis 0.775 0.870 0.095 12.3%
Gray-Level Non-Uniformity 0.0312 0.0371 0.0059 18.9%
Zone Percentage 0.239  0.237 0.002 0.8%
Short Run Emphasis 0.596 0.694 0.098 16.4%

Table 3: Patient results.

Textural feature % included in the 95% confidence level
Intensity Variation 4.2
Zone Length Non Uniformity 4.2
Short Zone Emphasis 6.9
Complexity 7.4
Long Run High Grey Level Emphasis 8.5
Zone Percentage 9.0
Run Percentage 9.5
Long Zone Emphasis 10.6
Long Run Emphasis 10.6
Homogeneity 11.1
Contrast 111
Short Run Emphasis 11.1
Long Zone High Grey Level Emphasis 11.6
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Minimum 12.2

Entropy 12.2

Correlation 12.2

Short Zone High Grey Level Emphasis 13.2
Run Length Non Uniformity 13.2
Gray Level Non Uniformity 13.8

Sum 14.3

the 95% confidence level. The entropy frequently used in tumor heterogeneity only
achieved a low level (12.2%). The lowest results in this study have the zone length non-
uniformity and the intensity variation both with only 4.2%. The results of these measure-

ments are presented in Figure 2 and Tables 2 & 3.

Figure 3: Bland-Altman Plots of patient data for Entropy
(top) and Low Gray Level Zone Emphasis (bottom).

High Grey Level Run Emphasis 14.3
Size Variation 14.8

Busyness 14.8

Gray Level Non Uniformity 14.8
Short Run High Grey Level Emphasis 14.8
High Grey Level Zone Emphasis 15.3
Maximal Diameter 17.5
Coarseness 18.0

Kurtosis 19.0
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Short Run Low Grey Level Emphasis 19.6
Mean SUV 21.7

Deviation 22.2

Low Grey Level Run Emphasis 22.8
Maximum 23.8

Long Run Low Grey Level Emphasis 25.9
Low Grey Level Zone Emphasis 28.0
Volume 32.3

Short Zone Low Grey Level Emphasis 32.8
TLG 34.9

Long Zone Low Grey Level Emphasis 94.7

Discussion

In this study, we analyzed whether tumor heterogeneity in PET/CT and SPECT/CT im-
aging using PSMA-ligands is comparable. The data obtained by phantom studies
showed a high correlation (p<0.01) in some parameters like entropy and contrast. As
these parameters have shown prognostic and predictive value in previous studies [3-8],
this could be an advantage for individual treatment decisions in the course of therapy
after each treatment cycle as SPECT images can be done using the therapeutic activity
without additional absorbed dose and cost for the patient. Therefore, this could be used
as a prognostic factor equivalent to heterogeneity assessed in PET images. Several
other studies (1;4-9) proved that benefit. However, the results of our study with a cohort
consisting of 37 patients were different. Big discrepancies between the individual param-
eters have been found. Even within one category of parameters a large discrepancy was
detected in 95% confidence intervals. The long zone low grey level emphasis had 94.7%
of the data in contained in the 95% confidence interval, while the short zone low grey
level emphasis contained only 32.8%.

This study has some limitations which the reason for may be this discrepancies in the
patient cohort. The metastases were delineated manually. It is not clear how big the
influence of the interobserver variability to the heterogeneity is. But with this high ranges

in 95% confidence levels we assume that little mistakes in marking the lesions would not
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have changed the results perceptible. Furthermore, the discrepancy between two pa-
rameters from the same imaging modality can also not be clarified by mistakes in man-
ually marking the lesions because each parameter is the result of the same measure-
ment. Delineating the lesions both on PET/CT and SPECT/CT images separately, small
deviations in the parameters can be produced but these small deviations can not be
responsible for non-correlation tumor heterogeneity in our patients. PET/CT images were
acquired approximately one week before SPECT/CT images. In the week between the
patients received their PRRT. Potential changes in the tumor due to the additional week
time and the treatment itself may be the reason for these differences and should be
investigated further. The operators for the PET/CT and the SPECT/CT were not the
same. Both operators are well instructed with the equipment, so we think this point does
not have a big influence on the quality of the pictures.

Our study was performed with a limited number of 37 patients. The significance of the
results of such a small group of patients must be considered. Tixier et al. conducted a
study [14] with only 16 patients and their results were that textural parameters are repro-
ducible. That should be an incentive to perform other studies with higher patient number
to verify how significant the results are. Before our analyses with real patient data we
received data obtained by phantoms which had great results with small relative differ-
ences as 0.8 % for zone percentage, 1.4 % for contrast and 3.5 % for entropy. It is
striking, that parameters such as entropy which have been shown in other studies as the
most important textural parameters [6] have such low 95% confidence intervals in our
study as entropy with just 12.2%. Variables like this are frequently used in tumor heter-
ogeneity and now have low accordance values in PET/CT and SPECT/CT. Normally they
are used in only one imaging method. For the PET/CT we used 68Ga-PSMA and for the
SPECT/ CT 177Lu-PSMA. Both are ligands to prostate specific membrane antigen, but
both have different pharmacological properties [15]. So, we can assume that one of the
two methods is more accurate than the other in marking every tumor cell of the prostate
cancer.

Also, it must be mentioned, that PET data is normally acquired between 40 to 80 minutes
after injection of the tracer while SPECT data was acquired about 24 hours after the
treatment was performed. Not only the PSMA differs in PET/CT and SPECT/CT but also
the spatial resolution. The volume of the tumor metastases that were marked and ana-

lyzed in this study may vary because of these two differences in PET/CT and SPECT/CT.
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Conclusion

Tumor heterogeneity in PET/CT and SPECT/CT in patients is not correlating in contrast
to the data obtained by phantoms. While some parameters, such as the long zone low
grey level emphasis have high correlations (94.7%) other parameters as intensity varia-
tion have very low results (4.2%). The gap between short zone low grey level emphasis
with 32.8% and the long zone low grey level emphasis with 94.7% is remarkable.There-
fore, results obtained for textural as prognostic and predictive markers in PET/CT can
not be simply transferred to SPECT/CT data. The importance and necessity of studies
correlating heterogeneity assessed in SPECT/ CT data with clinical findings is still given.
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6. Weitere Projekte
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Abbildung 23: Schematische Darstellung der Tracer DATA-TOC und DOTA-TOC.

Somatostatin-Rezeptoren (SSTR) gehéren zur Gruppe von G-Protein-gekoppelten Re-
zeptoren, die in Neuronen und endokrinen Zellen vorkommen und eine hohe Dichte im
Gehirn, in peripheren Neuronen, in der endokrinen Pankreas und im Gastrointestinaltrakt
aufweisen. Die meisten Neuroendokrinen Tumore (NET) lUberexprimieren SSTRs, die
als Targets fir die Bildgebung und Radionuklidbehandlung verwendet werden kénnen.
NET sind eine heterogene Gruppe verschiedener Neoplasmen, die in den Zellen neuro-
endokrinen Ursprungs in vielen verschiedenen Organen entstehen, am haufigsten je-
doch im Gastrointestinaltrakt und in der Lunge. Da die metabolische Stabilitat von natir-
lichem Somatostatin sehr gering ist, wurden synthetische Analoga mit wesentlich hdhe-
rer Stabilitéat entwickelt wozu unter anderem DOTA-TOC und DATA-TOC zahlen.
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Abstract

A critical factor for clinical practice is the production of ®Ga-radiopharmaceuticals man-
ufactured manually or through an automated procedure. ®8Ga-radiopharmaceuticals are
often prepared manually, although this method can lead to an increased operator’s ra-
diation dose and potential variability within production.

The present work compares %Ga-radiolabeling (PSMA-11; DOTA-TOC) utilizing a cas-
sette module (GAIA; Elysia-Raytest; Germany) with a manual setup for routine clinical
production with regard to process reliability and reproducibility.

A total 837 routine production batches from 2015-2017 were retrospectively analysed.
PSMA-11 and DOTA-TOC were radiolabeled with gallium-68 manually as well as on a

cassette module system. Quality control, as well as statistical analysis were performed.

There were significant differences between these production processes in terms of radi-
oactivity yield (AY) and radiochemical yield (RCY), as well as process duration. For, e.g.,
[(8Ga]Ga-PSMA-11 the average difference between manual and automated process is
6.7 min (process duration), 17.5 % (AY) and 10.2 % (RCY).

The automated process is superior to manual method in all categories and presents sig-
nificant improvements of %Ga-radiolabeling for routine clinical production in terms of re-
liability and reproducibility with the additional advantage of reduced operator’s radiation

exposure.

Keywords: Gallium-68; Clinical routine; DOTA-TOC; PSMA-11; Automation; Cassette

module
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Introduction

In recent years, the application of ®®Ga-radiopharmaceuticals has increased for positron
emission tomography (PET) imaging in research as well as in clinical practice. Gallium-
68 is available from a ®Ge/®®*Ga-generator due to its convenient nuclear properties. Its
radiolabeling potential with cyclic conjugates and its short half-life (T, =67.71 min) qual-
ifies it for PET imaging with probes of short biological half-life [1].

The rise of gallium-68 started with the development of somatostatin analogue edotreotide
(DOTA-TOC), which targets tumours overexpressing somatostatin receptors [2]. Rapid
accumulation in neoplastic tissue and fast clearance from healthy organs enables the
delivery of a high dose of radiation on the target site and thus preserves the surrounding
healthy tissue [3]. DOTA as chelator makes it possible to apply the same molecule for
diagnosis and therapy simply by the choice of radionuclide. This so-called theranostic
approach, nowadays well established with gallium-68/lutetium-177 as diagnostic/thera-
peutic pair, initiated the growing interest in radiometals for clinical application beyond

technetium-99m.

With the introduction of PSMA-11 and PSMA-617 for prostate cancer theranostics [4, 5],
a second boom of the still exotic PET radionuclide gallium-68 started. Prostate cancer
(PC) is one of the most common causes of cancer-related mortality in western societies
[6]. Prostate specific membrane antigen (PSMA) is a transmembrane molecule in pros-
tate tissue and highly overexpressed in prostate cancer [7, 8]. Its extracellular N-terminal
part, containing the catalytic domain, is suitable for selective tumour targeting [9]. Due to
the low expression of PSMA in healthy tissue, with the exception of salivary and lacrimal
glands, high-dose radioligand therapy (RLT) is possible. As low-molecular weight com-
pounds presented very promising properties as prostate cancer imaging agents [10-13]
urea-based peptidomimetic inhibitors with a high affinity to PSMA were developed. From
those potent agents the DOTA derivative PSMA-617 emerged as a powerful theranostic
tool for prostate cancer. Both compounds, PSMA-11 and PSMA-617 are now well estab-

lished in clinical practice.

One of the critical factors in clinical practice is the production of a radiopharmaceutical.
In many cases, preparation of ®8Ga-radiopharmaceuticals is still manual (Figure 12), alt-
hough this method would not be adequate for routine clinical applications. The two main
problems are the radiation dose to the operator to and potential variability within produc-

tion.
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Figure 12: Example setup of a manual ®8Ga-radiolabeling for clinical practice.

To avoid these problems in clinical routine two general concepts were established. Us-
ing: (1) synthesis modules and most recently (2) radiolabeling single vial cold kits. Both
concepts should guarantee an easy, safe and reliable production of 8Ga-radiopharma-

ceuticals with stable high yields and pharmacopoeia compliant product quality.

The radiolabeling kits should make the production of %8Ga-radiopharmaceuticals as easy
as the production of ®™Tc-radiopharmaceuticals. As stated by the European Pharmaco-
poeia (Ph. Eur.) in general chapter “Extemporaneous Preparation of Radiopharmaceuti-
cals” is the marketing authorisation holder of a licensed kit responsible to ensure that the
kit complies with the requirements of its marketing authorisation, while the radiophar-
macy using that licensed kit carries the responsibility for the quality of the preparation
and the handling. If the instructions for use are not strictly followed or if one or more
components used for the preparation do not have marketing authorisation it is the re-
sponsibility of the radiopharmacy to demonstrate that the quality of the final preparation

is suitable for the intended use [14].

Consequently, preparation as well as quality control of a licensed kit require at least the
equipment according to the instructions provided by the manufacturer. In addition, mini-
mum contaminated waste materials remain. It has to be noted that this is only true for
licensed kits in combination with a licensed generator. In contrast, unlicensed kits or a
licensed kit used with an unlicensed generator also requires quality control according to
the monograph and additionally, local authorities may require more detailed quality con-

trol even for licensed kits.
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Admittedly, those kits contain relatively high amounts of precursor and additional filler
materials, still require manual handling and are not available for most precursors and
applications. Up to now, only cold kits for radiolabeling PSMA-11 (e.g. illumet™) and
DOTA-TOC (e.g. NETSPOT®; TOCScan) are commercially available. In addition, the use
of unpurified generator eluates require very strict specifications for the generators in
terms of ®8Ge-breakthrough to avoid radionuclidic impurities in the final product. Never-
theless, they are a possibility for small sites to offer ®Ga-radiopharmaceuticals to their
patients without great expense.

Compared to kit preparations, the synthesis module-based production (Figure 13) re-
quires a fully equipped laboratory and quality control. Starting with the increased use of
gallium-68 in nuclear medicine automation of the traditional manual synthesis was pro-
moted. Today those systems are designed with respect to Good Manufacturing Practice
Guidelines provided for example by the FDA, EU/EMA, ICH, WHO or others [15]. They
use software and methods designed to minimize user interventions and utilize single-

use consumables produced under GMP standard.

Accordingly, the amount of contaminated waste materials is higher due to the procedure
as well the complete quality control. Nevertheless, these systems are suitable for a vari-
ety of tracers and in most cases for several radionuclides (e.g. Scintomics GRP series;
Eckert & Ziegler Modular-Lab PharmTracer; Trasis AlllnOne). Additionally, the module
system enhances the production process in terms of higher reliability and reduced vari-
ability [3, 16, 17].
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Figure 13: Example for an automated module system used in clinical routine (GAIA, Ely-
sia-Raytest). (a) Screenshot of the graphical user interface of module showing the
method used. (b) Cassette mounted in the open module. (c) Module-generator setup in
the hot cell.

The present work focuses on the advantages of a commercial automated cassette mod-
ule for the radiolabeling of bioconjugates with gallium-68 in clinical practice compared to
the manual radiolabeling. Both compounds applied (DOTA-TOC; PSMA-11) were pro-
duced in our nuclear medicine frequently using a manual method which was optimized
for our site-specific needs. The replacement by a module was indispensable to satisfy
the authorities and improve staff radiation safety. This retrospective study compares the
site-specific optimized standard manual procedure with the standard process given by

the manufacturer and a site-specific adjusted.

Performance evaluation of the module used was in terms of AY and RCY. The yields AY

and RCY were measured for reliability and reproducibility of the process.
Materials and Methods
Automated Synthesis

Gallium-68 was obtained from a 1.85 GBq %8Ge/®®Ga-generator (iThemba Labs, South-
Africa). Synthesis was performed on the automated cassette module GAIA from Elysia-
Raytest (Straubenhardt, Germany), utilizing the standard radiolabeling methods. The de-
tectors of the synthesis module were calibrated with a dose calibrator (ISOMED 2010,

MED Nuklear-Medizintechnik Dresden GmbH, Dresden, Germany) as reference. DOTA-
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TOC, PSMA-11, standard fluidic and reagent kit (contains all consumables necessary
except peptide) for gallium-68 radiolabeling of peptides, all GMP-grade, were purchased
from ABX advanced biochemical compounds (Radeberg, Germany). The SCX included
in the reagent kit was replaced by 200 mg Strata SCX (Phenomenex, USA). Optimization
of the constitution of the reaction mixture occurred with regard to the different SCX and
optimum pH for the respective precursor. Automated synthesis includes subsequent C18
purification as well as sterile filtration. Ethanol Ph. Eur. was purchased from Merck
(Darmstadt, Germany).

44.88+5.54 yL DOTA-TOC (1 mg/mL) were radiolabeled in 3.35+0.19 mL ammonium
acetate buffer (0.08 M; reagent kit), 473.13+24.46 uL eluent (reagent kit) and 200 pL
ethanol with 1.292+0.385 GBq gallium-68. After radiolabeling (94+2 °C; 479.1+12.2 s),
the reaction mixture (total volume of 4.07+0.22 mL) was diluted with 5 mL water (ethanol
concentration ~2 %). The diluted reaction mixture subsequently passed over a Cig car-
tridge and washed with water. The purified product eluted with 1.5 mL 60 vol% ethanol

followed by 8.5 mL saline and sterile filtered to obtain the final formulation.

25.79+4.27 yL PSMA-11 (0.1 mg/mL) were radiolabeled in 3.65+0.16 mL ammonium
acetate buffer (0.08 M; reagent Kkit), 460.19+19.03 pL eluent (reagent kit), and
201.69£22.93 uL ethanol with 1.289+0.233 GBq gallium-68. After radiolabeling (8512
°C; 31049 s), the reaction mixture (total volume of 4.44+0.21 mL) was diluted with 5 mL
water (ethanol concentration ~2 %). The diluted reaction mixture subsequently passed
over a Cyg cartridge and washed with water. The purified product eluted with 1.5 mL
60 vol% ethanol followed by 8.5 mL saline and sterile filtrated to obtain the final formu-

lation.
Manual Synthesis

Gallium-68 was obtained from a 1.85 GBq %8Ge/*®Ga-generator (iThemba Labs, South-
Africa). The eluate was post-processed using ethanol based post-processing as previ-
ously described [18]. The manual synthesis was carried out in a MHR 13 thermo shaker
(Hettich-Benelux, Geldermalsen, Netherlands) at a temperature of 95°C. After addition
of the ®8Ga-eluate (composition 90 vol% ethanol/10 vol% 0.9 N HCI) to the reaction mix-
ture pH was measured and adjusted if needed. 3 M ammonium acetate solution as well

as solutions for ®8Ga-post-processing were produced in house.

55.89+7.81 yL DOTA-TOC (1 mg/mL) were radiolabeled in 0.93+0.17 mL ammonium
acetate solution and 1.02+0.14 mL eluate containing 1.294+0.455 GBq gallium-68 at a

pH of 3.6-3.8. The reaction mixture was diluted with water a.i. and passed over a C18
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cartridge. The final product was eluted with 1.5 mL 60 vol% ethanol followed by 8.5 mL
saline solution and sterile filtrated into the product vial.

43.70+£19.30 pL PSMA-11 (0.1 mg/mL) were radiolabeled in 1.00+0.08 mL ammonium
acetate solution and 1 mL eluate containing 1.368+0.353 GBq gallium-68 at a pH of 4-
4.2. The reaction mixture was diluted with 8 mL saline and sterile filtrated into the final
product vial.

Quality Control

For quality control, an aliquot of 50 pL was retained from the final product before meas-
urement of radioactivity. All chemicals were pure or analytical grade and used as re-
ceived, unless otherwise specified. Radioactivity of the final product was measured with
a dose calibrator (ISOMED 2010, MED Nuklear-Medizintechnik Dresden GmbH, Dres-
den, Germany). RCP was determined using silica-gel coated aluminium TLC-plates (sil-
ica 60 F254.5X4.5 cm Merck, Darmstadt, Germany), as well as glass microfiber chroma-
tography paper impregnated with silica-gel (iTLC-SG, Agilent Technologies, Santa Clara,
California) and analysed using a single trace radioTLC-scanner (PET-miniGita, Elysia-
Raytest, Straubenhardt, Germany) and evaluation software (Gina Star TLC, Elysia-Ray-
test, Straubenhardt, Germany). For DOTA-TOC, iTLC-strips were developed in 0.1 M
citric buffer (pH 4, Merck, Darmstadt, Germany) as well as in 1 M ammonium ace-
tate/methanol (1:1), for PSMA-11 a TLC-strip was developed in 0.1 M citric buffer (pH 4,
Merck, Darmstadt, Germany) and an iTLC-strip in 1 M ammonium acetate/methanol
(1:1). Additionally, radioHPLC was used to determine the radiochemical purity (RCP)
and identification of the product species. RadioHPLC was performed utilizing Agilent
1260 Infinity Il reverse phase HPLC system (Agilent Technologies, Santa Clara, Califor-
nia) equipped with Gabi y-HPLC flow detector (Elysia-Raytest, Straubenhardt, Germany)
and a PC interface running Gina Star (Elysia-Raytest, Straubenhardt, Germany). A Nu-
cleodur 100-3 C18 ec 125/4 column (Macherey-Nagel GmbH & Co. KG, Diiren, Ger-
many) was used. The gradient utilized mobile phase A (deionized water + 0.01 % TFA)
and mobile phase B (acetonitrile + 0.01 % TFA). Flow rate was 0.7 mL/min starting with
100% A /0% B to 0% A/100 % B within 20 min. Afterwards, gradient parameters
change to 50 % A/50 % B within 5 min. pH was measured using pH-indicator strips MCol-
orpHast 2.0-9.0 (Merck, Darmstadt, Germany). The approximate half-life of gallium-68
was determined using the dose calibrator ISOMED 2010, MED Nuklear-Medizintechnik
Dresden GmbH, Dresden, Germany). The energy of gallium-68 and germanium-68 con-

tent were measured using a multi-channel-analyser for y-spectroscopy (MUCHA, Elysia-
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Raytest. Straubenhardt, Germany). Appearance was checked visually. Filter integrity
was tested with GAIA (Elysia-Raytest, Straubenhardt, Germany).

Calculations

Radiochemical purity (RCP) was determined by radioTLC and radioHPLC unless other-
wise stated.

AY as well as RCY were calculated in two different ways. First, based on the activity
trapped on the SCX, activity trapped on C18 and remaining activity on Cig after final
formulation, all measured during the process with the detector included in the module.
Second based on the activity of the final product vial, measured using a dose calibrator,
and the activity trapped on SCX as determined by the detector included in the module.
Unless otherwise stated AY and RCY presented were calculated with method one.

tprocess Was calculated based on the time points obtained when measuring the final prod-
uct activity and the activity trapped on the SCX (module) or measured in the eluate (man-
ual method). tprocess depends on the setup of the module and the time needed transferring

the final product to the dose calibrator and is therefore site-specific.

Volume activity (Ay) and apparent molar activity were calculated based on activity of the

final product measured with the dose calibrator.

Statistics were calculated with PRISM Version 8.0.2. All data (based on the revised data
set) are expressed as mean = SD. Groups were compared using the t-test. All statistical

tests are two tailed, with a p-value of 0.05 representative for significance.
Results

In the present study reliability and reproducibility of automated radiolabeling were com-
pared to manual radiolabeling. All data obtained from routine clinical production were
retrospectively analysed with regard to these guestions. Automated radiolabeling was
performed using a cassette module system (GAIA, Elysia-Raytest. As the present study
focuses on the module performance, module independent parameters were not dis-

cussed in detail.
[(®Ga]Ga-DOTA-TOC

A data set of 306 batch records consisting of 47 manual and 259 automated synthesis

were analysed (Table ).
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Table 1: Comparison of GAIA and manual synthesis data for [®®Ga]Ga-DOTA-TOC in-
cluding and excluding non-process related production failures.

Complete data set Revised data set
GAIA Manual GAIA Manual

M SD M SD M SD M SD

n 259 47 229 34

Astart [GB(Q] 1.292 0.385 1.294 0.455|1.304 0.388 1.300 0.257
Apoduct [GBQq] | 0.915 0.276 0.655 0.277 | 0.963 0.236 0.714 0.257
trrocess [MM:ss] | 18:35 5:53 22:52 3:47 | 18:19 5:41 22:21 2:50
AY [%]* 784 152 552 202 | 810 111 623 131

RCY [%]? 89.1 174 695 19.7 | 922 127 744 163

Process

'non decay corrected; 2decay corrected

The mean (M) starting activities and corresponding standard deviations (SD) are in the

same range for both automated and manual synthesis.

There are significant differences between both methods for process duration. Conduct-
ing the manual method leads to the final product within an average of 22:52+3:47 min
compared to 18:35+5:53 min with the automated method (Table )

The significantly lower yield of 55.2+20.2 % (AY) for the manual method vs to
78.4+£15.2 % (AY) for the automated process reflects the prolonged synthesis duration
and process variabilities. Similar results were found for the process duration independent
decay corrected yields (RCY), 69.5£19.7 % for the manual method vs to 89.1+17.4 %

for the automated process.

Admittedly, the data set includes data from all batches produced independently from the
cause of failed synthesis. This affects the standard deviation, the measures of reliability
and reproducibility, as well as the AY, the measure for suitability and RCY and the meas-
ure for performance of the entire process. As the goal was to compare two processes,
the data set was analysed again to determine the causes of the particular failed synthe-
sis. A failure is a synthesis producing a final product not fulfilling the product specification
(based on the monograph for [*8Ga]Ga-DOTA-TOC of the European Pharmacopoeia
[14]). It did not matter whether further purification was possible or not. Causes of failed

synthesis where identified and classified in process related (e.g. malfunctioning solution
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transfer) and non-process related (e.g. low peptide quality). Exclusion of data of non-
process related failed synthesis leads to the revised data set.

Overall data of 43 synthesis (13 manual; 30 GAIA) where excluded. This means removal
of 14.1 % (27.7 % manual, 11.6 % GAIA) failed syntheses induced by non-process re-
lated causes. Non-process related causes observed were low peptide quality, incorrect
or poor preparation of the synthesis by the operator, a damaged generator and a power
failure in the building. There are 0 failed synthesis in the revised data set for both meth-

ods.

As shown in Table , both processes starting activities and process duration are nearly
unaffected (22:21+2:50 min manual; 18:19+5:41 min GAIA). The mean values for AY
and RCY increase whereas the standard deviation drops, from 55.2+20.2 % to
62.3+13.1 % (AY) and 69.5£19.7 % to 74.4+16.3 % (RCY) for the manual and
78.4+15.2 % to 81.0+11.1 % (AY) and 89.1+17.4 % to 92.2+12.7 % (RCY) for the auto-

mated procedure, while synthesis duration remains nearly unaffected.

Within the evaluation period, the automated process was customized with two adjust-
ments to improve radiolabeling. The manual method remained unchanged for all batches

performed.

First, substitution of the Agilent SCX cartridge, provided with the kit, by Phenomenex

SCX cartridge. Second, additional 5 vol% ethanol in the reaction mixture.

Therefore, the effect of the particular adjustments on the automated process was ana-
lyzed by pooling and processing the corresponding batch records. Overall, three sub-
groups were created. First, synthesis utilizing the original Agilent SCX provided with the
radiolabeling kit, without additional ethanol (20 batches). Second, synthesis with the sub-
stitute Phenomenex SCX without additional ethanol (28 batches). Third, synthesis with
the substitute Phenomenex SCX with 5 vol% ethanol in the reaction mixture (181

batches). All data, depicted Figure 14, was obtained from the revised data set.
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Figure 14: GAIA synthesis utilizing the original method compared to the two implemented
adjustments [®¥Ga]Ga-DOTA-TOC taking the revised data set as a basis. non-decay

corrected; 2decay corrected

As shown in Figure 14, the effect of the two adjustments on yields as well as reproduci-
bility is significant. The process duration drops from 26:04+11:59 min to 17:29+4:07 min,
which means a reduction of 33 %. Simultaneously, AY increases from 63.0+20.3 % to
82.8+7.4 % and RCY from 71.5+23.1 % to 94.2+8.4 %.

Table 2: Comparison of final method of GAIA synthesis of [#¥Ga]Ga-DOTA-TOC utilizing
Phenomenex SCX and 5 vol% ethanol compared to manual. The revised data set was

used as basis for this comparison. Data of the complete revised data set is included too.

_ Additional 5 vol% )
Revised data set Manual synthesis
EtOH

SCX Phenomenex

M SD M SD M SD

n 229 181 34

Astart [GBQ] 1.304 0.388 1.318 0.219 1.300 0.257

(2}
$ AProduct

8 0.963 0.236 1.024 0.191 0.714 0.257
g[GBq]

209



tProcess

18:19 5:41 17:29 4:07 22:21 2:50
[mm:ss]
AY [%]* 81.0 11.1 82.8 7.4 62.3 13.1
RCY [%)]? 92.2 12.7 94.2 8.4 74.4 16.3

'non decay corrected; 2decay corrected

Table compares the final method utilized with GAIA, including the substitute SCX car-
tridge and 5 vol% ethanol in the reaction mixture (181 batch records), with manual syn-
thesis (34 batch records). The mean starting activities and corresponding standard de-

viations are in the same range for both automated and manual synthesis.

There were significant differences between both methods for process duration. The man-
ual method leads to the final product within an average of 22:21+2:50 min compared to
17:29+4:07 min with the optimized automated method (Table ).

The significantly lower yield of 62.3+13.1 % (AY) for the manual method opposite to
82.8+.7.4 % (AY) for the automated process reflects the prolonged synthesis duration
and process variabilities of the manual method. Decay corrected yields (RCY) are simi-

lar, 74.4£16.3 % for the manual method vs to 94.2+8.4 % for the automated process.
[8Ga]Ga-PSMA-11

A data set of 531 batch records consisting of 190 manual and 341 automated synthesis
were analysed (Table ). For the automation of the PSMA-11 radiolabeling, the experi-
ences obtained from the [8Ga]Ga-DOTA-TOC-synthesis were directly implemented.
Therefore, only a comparison of the optimized manual and automated procedures is

possible.

Table 3: Comparison of GAIA and manual synthesis data for [®8Ga]Ga-PSMA-11 includ-

ing and excluding non-process related failed productions.

Complete data set Revised data set
GAIA Manual GAIA Manual
M SD M SD M SD M SD
g n 341 190 296 165
§ Astart [GBQ] 1.289 0.233 1.368 0.353|1.302 0.215 1.387 0.334
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Aproduct [GBQ] [1.039 0.265 0.914 0.284 [ 1.097 0.199 0.970 0.230
trrocess [MM:ss] [15:07 4:12 21:50 6:22 | 1449 241 20:48 5:19

AY [%]* 833 16.0 668 145 | 88.0 7.3 70.5 8.6

RCY [%)]? 921 186 83.0 164 | 97.3 9.8 87.1 9.4

'non decay corrected; 2decay corrected

Like for [®8Ga]Ga-DOTA-TOC the starting activities are in the same range for both auto-

mated and manual synthesis.

Both methods show significant differences. Conducting the manual method leads to the
final product within an average of 21:50 £6:22 min compared to 15:07+4:12 min with the
automated method (Table ).

Comparing the activity yields, significantly lower yields of 66.8+14.5 % (AY) for the man-
ual method opposite to 83.3116.0 % (AY) for the automated process reflected this pro-
longed synthesis duration. The RCY show similar results 83.0+16.4 % for the manual
method opposite to 92.1+18.6 % for the automated process. Admittedly, the data set
includes data from all batches produced independently from the cause of failure rate.
Again, revision of the data set leads to the exclusion of overall 70 failed syntheses (25
manual; 45 GAIA), which means an exclusion of 13.2 % (13.2 % manual, 13.2 % GAIA)
failed synthesis induced by non-process related causes. None of these batches failed
because of the process used. Non-process related causes observed were low peptide
quality, incorrect or poor preparation of the synthesis by the operator, aborted connection
pc-device and a damaged generator. There are 0 failed synthesis in the revised data set
for both methods.

As shown in Table for both processes, the mean values increase while the standard
deviation drops significantly after revision, from 66.8+14.5 % to 70.5+8.6 % (AY) and
83.0+16.4 % to 87.1+9.4 % (RCY) for the manual and 83.3+16.0 % to 88.0+7.3 % (AY)
and 92.1+18.6 % to 97.3+9.8 % (RCY) for the automated synthesis.

For the automated synthesis of [8Ga]Ga-PSMA-11, the product was obtained within
14:49 + 2:41 min on average, which decreases the time needed by ~ 30 %. After valida-
tion of the process, it usually runs without further disturbances, so stable time values are
as expected. The radiochemical yield is 97.3 + 9.8 % on average, which is an increase
of ~ 11 %.
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Quiality Control

Quality control was performed according to the specifications given by the European
Pharmacopoeia (Ph. Eur.) in the monograph for [®®Ga]Ga-DOTA-TOC [14]. For both pro-
duction methods as well as for both tracers the specifications were always met. Radio-
chemical purity of the final products was determined with >99 % on average independent
from the production route.

Statistical analysis

The comparison of automated syntheses [®Ga]Ga-PSMA-11 with manual syntheses
[(8Ga]Ga-PSMA-11 showed a p-value of p < 0.001. For the comparison of automated
syntheses [*®Ga]Ga-DOTA-TOC with manual syntheses [*®Ga]Ga-DOTA-TOC showed
a p-value of p <0.001. Both showed, by conventional criteria, a difference, which is con-

sidered statistically significant.
Discussion

In the present study, synthesis data from the 2015-2017 period of clinical routine were
analysed and compared. 837 batch records were considered in the complete data set.
In order only to compare the performance of both processes the complete data set was

revised as described in the results

During this period a total of ten %8Ge/%®Ga-generators, with nominal %8Ga-activity of 1.85
GBq at calibration time, were used. The generators were replaced every 4 months to
ensure batch activities higher than 750 MBq per batch, which adds up to three to four
patients per batch. Accordingly, the average starting activities are in the same range

independently from tracer or synthesis method but with high standard deviations.

Considering generator physics, the validity of activity related data (e.g. product activity,
molar activity) and corresponding standard deviations have to be handled with care. It
explains the high standard deviation of the starting activities and partially the high stand-
ard deviation of the product activities. For this reason, the yields are of greater signifi-
cance, both AY and RCY. These values and corresponding standard deviations describe

the suitability of a process for a particular radiolabeling reaction.

The average difference in process duration between both methods is 4.3 min ([3Ga]Ga-
DOTA-TOC) and 6.7 min ([®®Ga]Ga-PSMA-11) considering the respective complete data
set as well as 4.0 min ([®®*Ga]Ga-DOTA-TOC) and 6.0 min ([®®Ga]Ga-PSMA-11) for the

revised data set. This is equivalent to a loss of ~ 4.0 % of ®®Ga-activity of [®®Ga]Ga-
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DOTA-TOC respectively ~ 6.0 % [*®Ga]Ga-PSMA-11 due to the longer process duration
of the manual method. AY reflects this result, which is significantly lower for the manual
method compared to the automated process. This difference would increase even if the
start of synthesis (SoS) for both methods would be the same, which was not possible
due to the setup of the manual radiolabeling. For the automated process, SoS the time
point of activity measurement of ®Ga-activity trapped on the SCX (before post-pro-
cessing) was used. As starting activity and SoS, the time point of activity measurement
of ®8Ga-activity, eluted from the SCX cartridge (after post-processing), was used. One
reason for this is radiation protection for the operator. To measure the activity trapped
on the SCX, as the module automatically does, manual removal of the SCX would be
necessary. This manual intervention would increase the radiation dose of the operator.
The time point of activity measurement at SoS was used for decay correction. Therefore,
the process duration excludes the %Ga-eluate post-processing for the manual method
while it is included for the automated synthesis. The calculated average time difference
and loss of ®Ga-activity is accordingly underestimated. For both methods, the loss of

gallium-68 due to retention on the SCX cartridge is less than 1 % of the starting activity.

Additionally, since PSMA-11 has to be taken into account, the automated synthesis in-
cludes a subsequent Cis purification step, while the manual process works without Cis

purification.

Nevertheless, synthesis time observed for the manual method is longer than for the au-
tomated process. The synthesis set up of the manual method explains this curious result.
While the module system measures radioactivity online, these measurements require

manual intervention operation.

Additionally, the manual method established at the institution contains a pH measure-
ment to ensure radiolabeling with optimum results after the addition of the eluate to the
reaction mixture, followed by manual closing and crimping of the reaction vial. Although
this step is not necessary, it is included and executed as described in the documented
procedure. The manual pH adjustment in the case of too high aberrations leads to pro-
longed mean synthesis duration compared to the automated method where an interven-
tion for pH measurement is not possible. While the automated process has defined pe-
riods for the entire process steps, the synthesis duration of the manual method is de-
pending on the operator’s skills and device set-up. For example, factors are speed and
routine of the operator, or distance and reachability of the dose calibrator in relation to
the working area. Accordingly, for the manual method a higher standard deviation is an-

ticipated.
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As end of synthesis (EoS) the time point of measuring the product activity in the final
formulation was defined. For both processes, measurement of product activity is per-
formed manually after withdrawal of the quality control sample. As the module cannot
measure the final product activity automatically and to eliminate deviations due to the
withdrawal of the quality control sample the product activity was not used to determine
AY and RCY. Calculation of AY and RCY are based on the activity measured after trap-
ping and elution on the Cis cartridge in relation to the starting activity. The manual syn-
thesis of PSMA-11 is an exception. Here the calculation is based on the activity values
for product and start activity. This proceeding reduces the influence of the manual with-
drawal of the quality control sample. For e.g. the automated process stops after final
formulation and the operator has to disconnect the product vial, retrieve the product sam-
ple and transfer the vial to the measurement chamber manually. For [®®Ga]Ga-DOTA-
TOC (revised data set) the process duration from SoS until end of final formulation was
found to be 16.17+0.42 min while the average duration of removal and measurement of

the product vial needs 2.40+5.63 min.

The prolonged synthesis duration found for the manual process is also reflected by the
AY, which is defined as the non-decay corrected amount of radioactive product (ex-
pressed in Bq) obtained from a starting amount of radioactivity. AY is significantly de-
pendent on process duration, losses of radioactivity in the system (e.g. tubing, needles,
syringes, vials) and the radiolabeling yield of the reaction. The average difference found
between both methods was 23.2 % ([*®*Ga]Ga-DOTA-TOC) and 16.5 % ([*®Ga]Ga-
PSMA-11) considering the respective complete data set as well as 18.7 % ([*®Ga]Ga-
DOTA-TOC) and 17.5 % ([*®Ga]Ga-PSMA-11) for the revised data set. For both radio-
pharmaceuticals, the automated process is significantly better than the manual method,
although the automated process produces more contaminated waste material than the

manual synthesis.

Within the evaluation period, two adjustments of the automated [®Ga]Ga-DOTA-TOC
process were implemented in clinical routine production. As these changes should im-

prove the process, the revised data set was analysed with regard to these adjustments.

First, Phenomenex SCX was exchanged with the original provided SCX cartridge (Ag-
ilent SCX). This adjustment was necessary due to the use of iThemba %8Ge/*®®*Ga-gener-
ators in clinical routine. In a detailed screening with different generators and cartridges,
this cartridge showed a better performance in combination with the iThemba generator.
As the iThemba %8Ge/®®*Ga-generator is eluted with 0.6 N HCI the capacity of the original

Agilent SCX cartridge was exhausted. This results in an unwanted premature wash-off
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of gallium-68 from the SCX during generator elution, leading to reduced starting activity

as shown in Figure.
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Figure 4: Trapping of gallium-68 during elution of an iThemba %8Ge/%®Ga-generator using
0.6 N HCI on the Phenomenex SCX and the original Agilent SCX during the automated
process. The generator was used under the same conditions (first elution of the day, last

elution longer than 12 h ago).

Exchange of the SCX resulted in a significant increase of AY (average difference of 16.5
%) and RCY (average difference 22.6 %) due to distinct reduced process duration (av-
erage difference 7.87 min). Additionally, the reliability and reproducibility of the process
increased as shown by the almost halved standard deviations for AY and RCY. Incom-
plete trapping of the SCX cartridge also influenced the eluted activities, leading to re-

duced yields.

Second, additional 5 vol% ethanol was added to the reaction mixture mainly to inhibit
radiolysis [19-21], the effect of improving radiolabeling efficacy as described in literature
[18, 22, 23] was just secondary as the process was not changed in terms of temperature,
or heating time. As expected, there are no significant differences in process duration
(0.72 min) and RCY (0.10 %). In addition, the standard deviations decrease again. Nev-

ertheless, inhibition of radiolysis is effective as determined by HPLC Figure 4.
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Figure 5: RadioHPLC chromatograms of [®8Ga]Ga-DOTA-TOC representing a synthesis
without (a) and with additional ethanol (b) in the reaction mixture. Sample collection took
place directly after final formulation. In region 1 (8.12+0.13 min) radiolysis by-products
can be found. The signal at 8.66+0.08 min in region 2 indicates the product [**Ga]Ga-
DOTA-TOC.

As the two adjustments were directly adopted to the PSMA-11 process, no data exists

for the use of the original SCX or without additional ethanol.

Both automated methods are able to provide the entire radiopharmaceutical with a high
reproducibility and AY, as well as RCY and are significantly superior to the manual meth-
ods. With average AY higher than 75 % and average RCY higher than 90 %, the auto-
mated methods are very well designed for the synthesis of ®Ga-radiopharmaceuticals.
When compared to the manual procedure, the automated process provides higher yields,
higher reliability and lower radiation doses to the operator, although it also leads to more
contaminated waste material. The international Commission on Radiological Protection

(ICRP) proposed principles of radiological protection [24]:

1. The Principle of Justification: Any decision that alters the radiation exposure sit-

uation should do more good than harm.
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2. The Principle of Optimization of Protection: The likelihood of incurring exposure,
the number of people exposed, and the magnitude of their individual doses
should all be kept as low as reasonably achievable (ALARA), taking into account
economic and societal factors.

3. The Principle of Application of Dose Limits: The total dose to any individual from
regulated sources in planned exposure situations other than medical exposure of

patients should not exceed the appropriate limits specified by the Commission.

Assuming that the principles one and three will be observed, it would be logically con-
sistent to switch from the manual method to the much more stable automated procedure
with regards to radiation protection of the operator. As example, for PSMA-11, based on
1000 MBq starting activity the automated synthesis would yield 880 MBq final product,
while the manual method only yields 705 MBq (difference of 175 MBq). An amount, which
could be required for an additional 70 kg patient administering 2.0 MBg/kg bodyweight.

Table 4: Consequences of GAIA and manual yields using the example of [*8Ga]Ga-
PSMA-11 for comparison assuming 70 kg heavy patients, administering 2 MBg/kg bod-

yweight and 30 min between final release of the product as well as every injection.

Patient S _ Activity required | Activity provided [MBq]
Injection time [min]
No. [MBq] GAIA Manual
1000

0 880 705

1 30 190 690 515

2 60 259 431 256

3 90 352 79 --

As shown in Table for the manual method, one less patient dose would be available
resulting in a need for another synthesis including all consequences (e.g. radiation ex-

posure for operator; costs for material, contaminated waste materials).
Conclusions

The evaluation of these 837’s clinical routine batch records (a set of 723 revised data)
revealed that the automated procedure established utilizing a cassette module is supe-
rior to the traditional established manual method for routine production. This is true for a

complete labeling process duration, AY as well as RCY.
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Although these systems and their accessories are relatively expensive in acquisition,
they have several advantages over the manual mode as well the kit-type radiolabeling

method:

e Suitability for a wide range of tracers and radionuclides

e Improves practicality of harmonized and standardized multicentre clinical trials
[21]

e Reduced amounts of precursor possible (e.g. 2.58+0.42 ug PSMA-11 for auto-
mated process compared to 25 ug PSMA-11 in the cold kit (e.g. ANMI SA, Bel-
gium)

e Radiation protection

e Reduced risk of cross contamination and viable/non-viable particles due to the

use of disposable, sterile reagent KITs and manifolds

Besides that, main advantages of automation are its higher reliability, better reproduci-
bility and time saving. This is also supported by the findings of other studies investigating
automated radiolabeling [17, 25, 26].

The t-tests showed a significant difference between manual and automated synthesis.
For both [®®Ga]Ga-PSMA-11 and [*8Ga]Ga-DOTA-TOC, the automated synthesis mode

is superior to the manual synthesis.
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Abstract

Recent studies showed that ethanol in the reaction mixture improves radiolabelling with
trivalent radiometals in terms of precursor amount, reaction time, reaction temperature
and radiolysis. With regard to clinical application, this effect is of practical interest in ra-
diopharmacy. The aim of this study was to evaluate whether the positive effect of ethanol
can be exploited in automated systems utilizing NaCl-post processing.

Gallium-68 was obtained from a 1.85 GB(q %®Ge/*®Ga-generator. Radiolabelling was per-
formed on an automated ®®Ga-labelling cassette module. The standard labelling protocol
was used without modifications. 0 — 40 vol% ethanol were added to the reaction mixture.

Quiality control was performed using radioHPLC and radioTLC.

Utilization of additional ethanol on an automated cassette module can be achieved by
adding ethanol directly to the buffer solution without further modifications of the standard
procedure. Radiolysis was decreased significantly as analysed by radioHPLC. It was
possible to combine the positive effects of ethanol on radiolabelling efficacy and radioly-
sis with the standard labelling procedure of an automated cassette module system. The
whole process guarantees safe preparation of highly pure ®®Ga-peptide for clinical appli-

cation.

Keywords: Gallium-68; Radiolysis; Radiolabelling yield; Quality control; Ethanol; Mod-

ule system

222



Introduction

One of the most versatile chelators available is the macrocycle 1,4,7,10-tetraazacyclo-
tetradecane 1,4,7,10 tetra acetic acid (DOTA). It is known since 1976 [1] and was initially
used as complexing agent for lanthanides, as it forms stable complexes with most biva-
lent and trivalent metals [2]. In addition, the synthesis of DOTA is very simple and fast,
which facilitates the development of many derivatives equipped with various functional
groups, which also enable a medical application. The first, and until today used, medical
application of DOTA is as the contrast agent gadoteric acid were unfunctionalized DOTA
is complexing Gd®* [3].

In nuclear medicine one of the first DOTA derivatives utilized was DOTA-(0)-Phe(1)-
Tyr(3))octreotide (DOTA-TOC). It can be applied for both diagnosis, radiolabelled e.g.
with gallium-68, or therapy, with e.g. lutetium 177 [4]. The biological active site in DOTA-

TOC, TOC, is a somatostatin analogous that binds to somatostatin receptors.

Somatostatin receptors (SSTR) belong to the group of G-protein-coupled receptors. Five
subtypes are known (SSTR1-SSTR5), whereby alternative splicing of the SSTR2-mRNA
lead to two subtypes, namely SSTR2A and SSTR2B [5]. These receptors are overex-
pressed in a number of neuroendocrine tumours (NET) [6] why they are well suited as

targets for tumour targeting of NETs (Figure 15).

0, o

Figure 15: DOTA-conjugated octreotide (DOTA-TOC).

Radiolabelling of DOTA-TOC can be performed manually or automatically, utilizing a la-
belling module. Due to the increased radiation exposure for the operator, manual label-
ling should be avoided in the context of clinical routine where high levels of activity are
used. To meet the requirements of radiation protection, radiation exposure should be
minimized as far as possible. Correspondingly, automated radiolabelling is preferable to

manual synthesis. Besides radiation protection, automation also offers the advantages
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of a more reliable and repeatable process. Reliability is one of the most important factors
in routine production, as quantity and quality of the product must always be guaranteed,
which can be ensured by utilizing a module system.

When high-energy particles or ionizing radiation passes through matter, ions and excited
molecules are formed (radiolysis products). A number of secondary processes occur
following ionization and excitation. Radiolysis cannot be excluded in radiolabelling when
high levels of activity are applied. Unfortunately, on the one hand, removal of those ra-
diolysis products is time-consuming and complicated, as well as the verification that they
are no longer present in the final product. On the other hand, they can cause undesired
and serious side effects when they remain in the final product. Therefore, it is essential
to reduce radiolysis by utilizing compounds insensitive to radiation or additives (e.g. rad-
ical scavengers) extenuating radiolysis. In clinical context, the applied scavenger should
be suitable for human use. Scavengers suitable for human use are ascorbic acid or eth-
anol. In the proposed labelling process, ethanol is used during the post-processing step.
Consequently, it is obvious, to use ethanol as a scavenger. Ethanol is a class 3 solvent
that is commonly used as solvent or additive, increasing the solubility of pharmaceuticals
or acting as a preservative. Ethanol biocompatible, not showing toxicity or immunoreac-
tivity issues, GMP compatible and has no biological target binding capability [7]. Class 3
solvents may remain indeterminate and unmentioned up to a proportion of 0.5%, but if
there is more in a pharmaceutical this must be stated in terms of quantity and identity
[8]. Previous studies demonstrated the positive influence of ethanol on radiolabelling be-
haviour and yield as well as the reduction of radiolysis of the product in manual syntheses
[9-12]. Building upon these results, the combination of a more reliable and repeatable
method (automation) with a scavenger further improving radiolabelling, should lead to an
automated process with a) less peptide needed b) reduced radiolysis by-products ¢) min-
imized radiation exposure d) maximized reliability and repeatability. Moreover, all these

factors together lead to a cost optimized radiopharmaceutical production.

This work deals with the transfer of ethanol improved radiolabelling to an automated
cassette module with prefabricated cassettes and chemical kits with the least possible
changes. Therefore, the given process with sodium chlorine post-processing [13] was
changed in terms of ethanol content. During the preparation of the cassette, 0-30 vol%
ethanol was added to the buffer and synthesis performed without any further changes.
Due to reaction volume issues, also buffer modifications were necessary. To obtain com-
parable results for an ethanol range of 0-40 vol% all experiments were repeated with the

new buffer.
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Materials and Methods

Gallium-68 was obtained from a %8Ge/®®Ga-generator (iThemba Labs, South-Africa).
Synthesis was performed utilizing an automated cassette module (GAIA, Elysia-Raytest,
Straubenhardt, Germany). Standard fluidic kit and reagent kit for ®Ga-radiolabelling of
peptides (ABX advanced biochemical compounds GmbH, Radeberg, Germany) were
used. As SCX (strong cation exchanger) 200 mg STRATA SCX (Phenomenex, USA)
was used instead of standard SCX included in the reagent kit. TraceSelect water as well
as ethanol Ph. Eur. was purchased from Merck (Darmstadt, Germany).

DOTA-TOC was obtained from ABX (ABX advanced biochemical compounds GmbH,
Radeberg, Germany), and diluted with TraceSelect water to achieve a final concentration
of 1 mg/ml.

DOTA-TATE, obtained from ANASPEC (Fremont, California, USA), was diluted with

TraceSelect water to achieve a final concentration of 1 mg/ml.

The standard labelling method provided by the manufacturer: 50 ug DOTA-TOC were
labelled with 500 pl post-processed ®Ga-eluate in 3.6 ml buffer (0.08 M ammonium ac-
etate buffer, pH 4.5), 8 min, 95 °C. After dilution with ~5 ml water subsequent C18 puri-
fication of the crude product followed. The product was eluted with 1.5 ml 60 vol% etha-

nol from the cartridge and finally formulated with 8.5 ml saline and sterile filtered.

The standard labelling method was used with following modifications. 10 ug DOTA-TOC
were labelled with 500 pl post-processed ®Ga-eluate in 520 pl buffer (0.5 M ammonium
acetate buffer, pH 4.5) containing 0-40 vol% ethanol. 8 min, 95 °C. After dilution with ~5
ml water subsequent C18 purification of the crude product followed. The product was
eluted with 1.5 ml 60 vol% ethanol from the cartridge and finally formulated with 8.5 ml

saline and sterile filtered.

For all tests the standard radiolabelling procedure (software method) provided by the

manufacturer was used.

All chemicals were of pure or analytical grade and used as received, unless otherwise

specified.

For quality control, an aliquot was retained from the final formulation. Quality control was
performed with silica-gel coated aluminium TLC-plates (silica 60 F254.5x4.5 cm, Merck,
Darmstadt, Germany) as well as glass microfiber chromatography paper impregnated
with silica-gel (iTLC-SG, Agilent Technologies, Santa Clara, California). Analysis was

performed with a single trace radioTLC-scanner (PET-miniGITA, Elysia-Raytest,
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Straubenhardt, Germany) and evaluation software (GinaStar TLC, Elysia-Raytest,
Straubenhardt, Germany). Development of silica TLC-plates was conducted in 0.1 M
citrate buffer (pH 4) and 1 M ammonium acetate/methanol (1:1) for iTLC-plates. Radio-
HPLC was used to determine the radiochemical purity and content of radiolysis products.
RadioHPLC was performed using Agilent 1260 Infinity 1l reverse phase HPLC system
(Agilent Technologies, Santa Clara, California) equipped with Gabi y-HPLC flow detector
(Elysia-raytest, Straubenhardt, Germany) and a PC interface running Gina Star software
(Elysia-raytest, Straubenhardt, Germany). A Nucleodur 100-3 C18 ec 125/4 column (Ma-
cherey-Nagel GmbH & Co. KG, Diren, Germany) was used. The gradient elution system
utilized mobile phase A (deionized H20 + 0.01 % TFA) and mobile phase B (100 %
acetonitrile + 0.01 % TFA) at a flow rate of 0.7 mL/min, starting with 100 % A/0 % B
changing within 20 min to 0 % A/100 % B, after which gradient parameters are returning
to 50 % A/50 % B during the next 5 min. Radioactivity was measured with a dose cali-
brator (ISOMED 2010, MED Nuklear-Medizintechnik Dresden GmbH, Dresden, Ger-

many).

The radiochemical yield was determined based on the decay corrected values of six
measuring points (Figure ): 1. Waste after generator elution. 2. Waste. 3. Final product.
4. Residual SCX activity. 5. Residual activity of the C18. 6. The reactor. Measuring points

2-6 where measured at the end of the syntheses.
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Figure 2: Schematic illustration of the built-in cassette. Visible is the tubing system con-
necting all three manifolds which has five three-way valves that are operated automati-

cally. Numbers 1-6 indicate radioactivity measurement points.

Unless otherwise stated each experiment was performed at least four times to determine

the standard deviation.

Statistics were calculated with PRISM Version 8.0.2. All data are expressed as mean +
SD. Groups were compared using the t-test. All statistical tests are two tailed, with a p-

value of 0.05 representative for significance.
Results

The manufacturer of the cassette module recommends the use of 50 pg (35.17 nmol)
DOTA-TOC for repeatable and reliable results with guaranteed activity yields > 70 %. To
be able to determine any effect of ethanol on radiolabelling yields, it was necessary to
determine an initial state without ethanol addition, were radiolabelling yields are low
enough to measure any effect of ethanol. Systematic reduction of the recommended
amount of peptide, confirmed a minimum of 10 pg (7.03 nmol) necessary for reliable

automated radiolabelling which was used as initial state.

Starting from this initial state, the content of ethanol in the reaction mixture was increased
until 40 vol% were achieved. Due to limited volume of the reactor, it was necessary to
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modify the buffer with regard of total reaction volume. 3.6 ml buffer with additional 40
vol% ethanol resulted in to an overfull reactor and thus to severe synthesis errors. For
this reason, the buffer concentration was increased from 0.08 M (original buffer included
in the kit) to 0.5 M. All experiments described used the higher concentrated buffer. Sta-
tistical comparison between the results obtained for each buffer showed no statistical

significance (Table 5).

Table 5: Radiochemical yield compared from DOTA-TOC with 0.08 M buffer and 0.5 M
buffer.

RCY with 0.08 M RCY with 0.5 M
Vol% ethanol P-value
buffer [%] buffer [%)]
0 21.73+7.79 24.38+14.64 0.7601
10 40.09+11.70 42.11+6.99 0.2809
20 75.26+4.59 75.52+2.56 0.0752
30 95.27+3.46 96.25+2.71 0.1284

Since a C18 purification step is included in the synthesis process, radiochemical purity

was always = 98% confirmed by radioTLC and radioHPLC.

Purification via C18 is problematic with organic solvent concentrations higher than
10 vol%. Above this limit, complete trapping of the analyte is not secured. Therefore,
manufacturers recommend dilution of the analyte to below 10 vol%. The standard radio-
labelling procedure (software method) provided by the manufacturer of the module in-
cludes a dilution step before C18 purification. During this step, the reaction mixture is
diluted with a total of 5 ml water and cooled down to 40 °C. This reduces the ethanol
concentration from 0-40 vol% during reaction to 0-5.7 vol%. This concentration is uncrit-

ical with regard to C18 purification (Table ).

Table 2: Ethanol content after dilution of the reaction mixture and corresponding activity

found in the waste fraction after C18 trapping as well as on C18 after elution of the prod-

uct.
Ethanol content af- Activity in waste Activity remaining
Vol% ethanol o

ter dilution [%] [%0] on C18 [%]
0 0 55.71+7.73 7.4516.44
10 0.99 27.51+12.02 15.87+9.88
20 2.21 9.18+1.20 10.18+2.47
30 3.86 0.32+0.08 1.74+0.28
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Figure 3: Radiochemical yield depending on ethanol content (vol%) in the reaction mix-
ture. 10 pug (7.03 nmol) DOTA-TOC, T=95 °C, t=420 s, 500 pl eluent solution, 0.52 ml
0.5 M ammonium acetate buffer (pH 4.5) for 0-40 vol% ethanol, overall pH 3.6-3.8. All

experiments were performed minimum 4 times.

Figure shows influence of ethanol on radiochemical yield and reliability of the process
at low precursor amounts. Five different concentrations of ethanol were tested with re-
gard to their influence on yield during radiolabelling process. To ensure that the data can
be evaluated statistically, all experiments were repeated at least 4 times. As expected,
the yield increased from 0 to 30 vol% [9, 12]. The low yield at 0 vol% and 10 vol% is
accompanied by a low repeatability expressed in a high standard deviation. One possible
factor, which influence the repeatability of the reaction, is the transfer of the peptide in
the buffer. Due to the very small amount of peptide already, lowest losses within the
syringe and tubing system have a significant effect on radiochemical yields. As the re-
peatability is decreasing with increasing ethanol content, it can be assumed that the pep-
tide transfer from syringe to reactor via tubing is improved. Actually, ethanol has an in-
fluence on solubility of the peptide, thus less peptide adheres to the tubing’s. Accordingly,
the losses of peptide during transfer in the tubing system are reduced to a minimum. As
a result, even at very low precursor concentrations, the repeatability of the synthesis
increases. The radiochemical yield (= 97%) can be compared to a production with 50 pg

(35.15 nmol) of DOTA-TOC which is recommended according to supplier’s report.

Figure also shows decreased radiolabelling yield and repeatability for 40 vol% ethanol

compared to 30 vol%. This could be explained by the influence of ethanol on the pH
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value of the reaction (measured) which was not in the optimum range of 3.6-3.8 and by
the different behaviour of the ethanol mixtures compared to a pure aqueous solution in
the tubing’s. The different behaviour could be explained by the differences in density and
viscosity of the two substances and their mixtures. Pure ethanol has a 20 % higher vis-
cosity and a density 21 % lower than water [14]. Compared to these results, up to 40
vol% stable and high yields were described in literature [9, 15]. However, these results
were obtained in an open vial under constant reaction conditions and without long trans-
fer ways via tubing. Despite of everything no statistical significance was found comparing
30 vol% and 40 vol% ethanol (p = 0.0954).

Nevertheless, the effect of ethanol on radiolabelling is significant. Statistical comparison
of the different ethanol concentration among each other showed no statistical signifi-
cance for the increase from 0 vol% to 10 vol% and 30 vol% to 40 vol%. For all other
combinations statistical significance is given. Easy adaption to automated synthesis and
the considerable increase in radiolabelling yields with only one fifth of precursor amount

are two arguments for the use of ethanol in daily routine.

A second beneficial effect of ethanol is its ability to inhibit radiolysis [7, 11, 16]. Radiolysis
of the precursor occurs as soon as precursor and activity meet each other. The effect of

radiolysis inhibition can be shown using radioHPLC.

According to pharmacopoeia, above a value of 0.5 vol% ethanol [8] in the product must
be indicated, therefore the maximum possibly quantity present in the final product was
calculated. Within this risk assessment, maximum retention of ethanol on the C18 car-

tridge was supposed.

Before purification, 5 ml water is added to the reactor and then the entire mixture is
passed over the C18 cartridge. Afterwards, the reactor is flushed with air until the re-
maining solution from the C18 has been removed from the reactor. The volume of the

remaining solution was determined with a maximum value below 250 ul (n = 10).

If this remainder on the C18 cartridge is assumed to be pure ethanol, which would be
added to the amount of ethanol used for the purification process, the maximum ethanol

content in the final product would be 10.85 vol%.

Figure 4 shows two radioHPLC chromatograms of [*®Ga]Ga-DOTA-TOC synthesized
with (a) and without (b) 5 vol% ethanol in the reaction mixture. To achieve comparable
results, in both cases, the quality control sample collection took place directly after final

formulation and termination of synthesis. Radiolysis by-products are highlighted in green
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in the range of 6.7-7.2 min. For simplification it is assumed that by-products detected are
formed primarily during the reaction and almost not after the C18 purification step which

includes ethanol as eluent.

The amount of radiolysis by-products formed without ethanol as additive in the reaction
mixture was 5.87 £ 1.08% (n = 150) in comparison to 1.03 + 0.47 % (n = 200) utilizing 5
vol% ethanol as radiolysis inhibitor in the reaction mixture. This was found to be statisti-
cally significant (p<0.0001).

350 cps *1000 cha

0,00
05'00 ' 06'00 ' 07'00 0800 ' 09'00 ' 10%00 = ' 11'00 ' min

3/507cps *1000 cha|

0,00
05700 '~ ' 06'00 ' 07'00 ' 08'00 ' 09'00 ' 10'00 ' 11'00 ' ' min

Figure 4: RadioHPLC chromatograms representing a synthesis without (a) and with ad-
ditional ethanol (b) in the reaction mixture. Sample collection took place directly after
final formulation. In region 1 (8.12 + 0.13 min) radiolysis by-products can be found. The

signal at 8.66 = 0.08 min in region 2 indicates the product.
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As the results for the combination of ethanol with an automated process utilizing NaCl
post-processing [13] were so clear for DOTA-TOC it was checked, if results can be trans-
ferred to another DOTA-conjugated peptide (e.g. DOTA-TATE). Therefore, optimized
conditions with 30 vol% ethanol were used for radiolabelling 10 pg (6.96 nmol)
DOTA-TATE. In these experiments (n = 4) radiochemical yields of 97.00 + 0.93 % and
radiochemical purity of = 98 % was obtained. Compared to 10 pg (7.03 nmol) DOTA-
TOC with 99.10 £ 0.79 % and a radiochemical purity of = 98 %, the results where similar,
as expected. Statistical comparison of the results of DOTA-TOC with DOTA-TATE

showed no significance Figure .

100 T

80

60

40

Radiochemical Yield [%]

20

1

DOTA-TATE / DOTA-TOC
with 30% ethanol

Figure 5: Comparison of the mean radiochemical yield values of DOTA-TATE and
DOTA-TOC with 30 vol% ethanol. 10 pg (6.96 nmol) DOTA-TATE or 10 ug (7.03 nmol)
DOTA-TOC, T=95 °C, t=420 s, 500 pl eluent solution, 0.52 ml 0.5 M ammonium acetate

buffer (pH 4), overall pH 3.6-3.8. All experiments were performed minimum 4 times.

Conclusions

Ethanol can improve an automated cassette-based synthesis utilizing NaCl post-pro-
cessing in terms of precursor amount, repeatability and radiolysis. This can be easily
achieved by adding 10 vol% ethanol to the reaction mixture already and leads to optimal

results utilizing an ethanol content of 30 vol%.

It is an effective way to decrease the amount of peptide. Reliable and repeatable syn-
thesis can already be achieved with 10 pg (7.03 nmol) of DOTA-TOC utilizing 30 vol%
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ethanol. This is only one fifth of the precursor amount recommended by the manufacturer
of the module system.

Furthermore, it has been shown that radiolysis is already significantly reduced even with
only 5 vol% ethanol in the reactor. This is of practical interest especially in clinical daily
practise.
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Abstract

[®®Ga]Ga-DATA-TOC is a new radiolabelled somatostatin-analogue for positron emission
tomography (PET) imaging of neuroendocrine tumours. Its advantage over DOTA-con-
jugated compounds is the possibility for high-efficiency labelling with gallium-68 quickly
at room temperature without the need for product purification, which enables the devel-
opment of an instant kit-type labelling method. We evaluated its imaging characteristics
in patients with neuroendocrine tumours in comparison to [#*Ga]Ga-DOTA-TOC.

19 patients imaged with [®8Ga]Ga-DATA-TOC were retrospectively analysed and uptake
in normal tissues was compared with a group of 19 patients imaged with [*8Ga]Ga-
DOTA-TOC. 10 patients imaged with [®8Ga]Ga-DATA-TOC had a history of [*®Ga]Ga-
DOTA-TOC imaging before and were additionally analysed to obtain biodistribution data
of both tracers in the same patients. In 5 patients showing stable disease between both
examinations, tumour uptake, lesion detectability and lesion conspicuity of both tracers

were evaluated.

Uptake of [8Ga]Ga-DATA-TOC in normal organs with expression of the somatostatin
receptor was 25-47% lower compared to [**Ga]Ga-DOTA-TOC. Background of [®8Ga]Ga-
DATA-TOC was 40-41% lower in the liver. A higher retention of [#8Ga]Ga-DATA-TOC
was observed in the blood (up to 67%) and in the lungs (up to 44%). Tumour uptake
(SUV) was 22-31% lower for [®8Ga]Ga-DATA-TOC. However, no significant differences
were observed for tumour-to-background ratios and lesion detectability. Regarding liver
metastases, [®Ga]Ga-DATA-TOC uptake (SUV) reached 69-73% of [8Ga]Ga-DOTA-
TOC uptake, but tumour-to-background ratios of [®¥Ga]Ga-DATA-TOC were 105-110%
of [®Ga]Ga-DOTA-TOC ratios.

We demonstrated the feasibility of the new PET tracer [®®Ga]Ga-DATA-TOC for imaging
of patients with neuroendocrine tumours, showing a comparable performance to
[8Ga]Ga-DOTA-TOC. [%8Ga]Ga-DATA-TOC has the potential for development of an in-
stant kit-type labelling method at room temperature similar to **"Tc-labelled radiophar-
maceuticals, which might help to increase the availability of 8Ga-labelled somatostatin

analogues for clinical routine use.

Keywords: Gallium-68; DATA-TOC; DOTA-TOC; instant kit-type labelling; PET/CT; so-

matostatin receptor (SSTR); neuroendocrine tumours (NET)
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Background

Functional imaging of the somatostatin receptor (SSTR) plays a central role in the man-
agement of patients with neuroendocrine tumours. It is recommended for staging and
follow-up of well-differentiated neuroendocrine tumours [1-5]. PET imaging using *®Ga-
labelled somatostatin analogues such as [®®Ga]Ga-DOTA-TOC is widely employed in the
clinical routine, next to *In- and **"Tc-labelled somatostatin analogues used for planar
scintigraphy and SPECT [6, 7].

While In- and ®™Tc-based tracers are widely available and easy to access, planar
scintigraphy and even SPECT techniques have limitations in terms of spatial resolution,
sensitivity and the imaging protocols are significantly elongated compared to PET exam-
inations [8]. SSTR-scintigraphy is usually performed at 4 h, 24 h and up to 48 h post
injection in the case of !!In-labelled octreotide, whereas a complete SSTR PET/CT pro-
cedure can usually be completed within 2 h. Furthermore, ®8Ga-labelled SSTR PET trac-
ers result in a lower effective radiation dose to the patients compared to *'!In-labelled
compounds. Most importantly, the PET/CT technique delivers high-resolution cross-sec-
tional images of the whole body, whereas SSTR scintigraphy only delivers planar images
of the whole body and SPECT techniques are usually limited to imaging of single bed
positions in the clinical practice. Accordingly, various studies report a superior image
quality and improved performance of SSTR PET using *®Ga-labelled somatostatin ana-
logues with a high clinical impact compared with SSTR scintigraphy and SPECT, espe-
cially due to detection of additional tumour foci (including metastases and occult primary
tumours) and an overall higher accuracy [9, 10]. However, radiochemical production of
these compounds requires specialized facilities and trained personnel, limiting their

availability.

Next to DOTA, other chelators have been developed which show excellent stability when
bound to gallium-68, such as DATA. The major advantages in labelling DATA-conjugates
with gallium-68 in comparison to DOTA-conjugates are that no heating is required during
the process, and a high labelling efficiency eliminating the need for product purification
after radiochemical synthesis. Especially the elimination of a purification step after syn-
thesis, which is usually performed by solid phase extraction (SPE), paves the way for

the development of an instant kit-type labelling method for %8Ga-PET tracers [11-14].

An instant kit-type preparation method of %8Ga-labelled PET tracers would help to de-

crease preparation time, reduce personnel involvement and preparation costs and over-

all increase availability of PET imaging employing %8Ga-labelled conjugates. In this con-

text, [®*Ga]Ga-DATA-TOC is extremely easy to synthesize within a few minutes at room
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temperature in nearly quantitative yields [11-13]. It's in vitro binding affinities to SSTR
expressing tumour cell lines as well as its pharmacodynamics in tumour-bearing mice
revealed a close similarity to [®*Ga]Ga-DOTA-TOC [14].

Accordingly, the aim of the current study was to translate those findings into the clinics.
Imaging properties of the newly developed DATA-coupled somatostatin analogue
[(®Ga]Ga-DATA-TOC were evaluated in comparison to the established compound
[(8Ga]Ga-DOTA-TOC in patients with neuroendocrine tumours.

Patients and Methods
Radiochemical synthesis of [®3Ga]Ga-DATA-TOC and [*8Ga]Ga-DOTA-TOC

Gallium-68 was obtained from a half year old *®Ge/®®Ga-generator (iThemba Labs,
South-Africa). Synthesis was performed utilizing an automated cassette module (GAIA,
Elysia-Raytest, Straubenhardt, Germany). Standard fluidic kit and reagent kit for gal-
lium-68 radiolabelling of peptides (ABX advanced biochemical compounds GmbH,
Radeberg, Germany) were used. 200 mg STRATA SCX (Phenomenex, USA) was used
instead of standard SCX included in the reagent kit. TraceSelect water as well as ethanol

Ph. Eur. was purchased from Merck (Darmstadt, Germany).

DOTA-TOC was obtained from ABX and diluted with TraceSelect water to achieve a final
concentration of 1 mg/ml. Radiolabelling was performed using 41.2+3.0 ug DOTA-TOC.
Subsequent C-18 purification was performed. The final product was obtained in isotonic

sodium chlorine solution.

DATA-TOC was synthesized as described earlier [11-13] and diluted with TraceSelect
water to achieve a final concentration of 1 mg/ml. Radiolabelling of DATA-TOC was per-
formed using 45.8+4.9 ug DATA-TOC, providing nearly identical apparent molar activi-
ties for both tracers. Subsequent C-18 purification was performed and the final product

was obtained in isotonic sodium chlorine solution.

For quality control, an aliquot of 50 ul was retained from the final product before meas-
urement of radioactivity. All chemicals were pure or analytical grade and used as re-
ceived unless otherwise specified. Radioactivity of the final product was measured with
a dose calibrator (ISOMED 2010, MED Nuklear-Medizintechnik Dresden GmbH, Dres-
den, Germany). Radiochemical purity was determined using silica-gel coated aluminium
TLC-plates (silica 60 F254.5X4.5 cm Merck, Darmstadt, Germany) as well as glass mi-
crofiber chromatography paper impregnated with silica-gel (iTLC-SG, Agilent Technolo-

gies, Santa Clara, California) and analysed using a single trace radioTLC-scanner (PET-
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miniGita, Elysia-Raytest, Straubenhardt, Germany) and evaluation software (Gina Star
TLC, Elysia-Raytest, Straubenhardt, Germany). TLC/iTLC-strips were developed in
0.1 M citric buffer (pH 4, Merck, Darmstadt, Germany) and 1 M ammonium acetate/meth-
anol (1:1). Additionally, radioHPLC was used to determine the radiochemical purity and
identification of the product species. RadioHPLC was performed utilizing Agilent 1260
Infinity 1l reverse phase HPLC system (Agilent Technologies, Santa Clara, California)
equipped with Gabi y-HPLC flow detector (Elysia-Raytest, Straubenhardt, Germany) and
a PC interface running Gina Star (Elysia-Raytest, Straubenhardt, Germany). A Nucle-
odur 100-3 C18 ec 125/4 column (Macherey-Nagel GmbH & Co. KG, Diren, Germany)
was used. The gradient utilized mobile phase A (deionized water + 0.01% TFA) and
mobile phase B (acetonitrile + 0.01% TFA) at a flow rate of 0.7 ml/min starting with
100% A /0% B to 0% A / 100% B within 20 min after which gradient parameters change
to 50% A / 50% B within 5 min. pH was measured using pH-indicator strips MColorpHast
2.0-9.0 (Merck, Darmstadt, Germany). The approximate half-life of gallium-68 was de-
termined using a dose calibrator (ISOMED 2010, MED Nuklear-Medizintechnik Dresden
GmbH, Dresden, Germany). The energy of gallium-68 as well as germanium-68 break-
through were measured using a multi-channel-analyzer for y-spectroscopy (MUCHA,
Elysia-Raytest, Straubenhardt, Germany). Appearance was checked visually. Filter in-

tegrity was tested with GAIA (Elysia-Raytest, Straubenhardt, Germany).

Non-decay corrected (AY) as well as decay corrected radiochemical yield (RCY) were
calculated based on the activity trapped on the SCX, activity trapped on C-18 and re-
maining activity on C-18 after final formulation as measured by the module. Volume ac-
tivity (Av) and apparent molar activity were calculated based on activity of the final prod-

uct.
PET acquisition

Long-acting somatostatin analogues were discontinued 3-8 weeks before PET/CT. After
obtaining informed consent for PET/CT imaging, 20 mg furosemide were injected intra-
venously, followed by [%Ga]Ga-DATA-TOC or [®Ga]Ga-DOTA-TOC, respectively
(2 MBqg/kg body weight). PET/CT was performed on a Biograph 2 PET/CT scanner (Sie-
mens Medical Solutions, Erlangen, Germany). PET emission data was acquired from
pelvis to head using 6 to 8 bed positions (3D mode), emission time was 4 minutes per
bed position. PET images were reconstructed iteratively (attenuation weighted OSEM,
4 iterations, 8 subsets), including scatter, random and decay correction and images were
smoothed by a 5 mm Gaussian filter. Attenuation correction was performed using low-
dose CT data (16 mAs, 130 kV, without i.v. contrast).
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Image analysis

Circular volumes of interest (VOI) were drawn on fused PET/CT images using Interview
Fusion software (Version 3.00.060.0000, Mediso Ltd., Budapest, Hungary) for calcula-
tion of standardized uptake values (SUV). Spherical VOIs were used for the following
organs: 50 mm diameter for brain, lungs and mediastinum; 30 mm diameter for liver and
muscle; 20 mm diameter for spleen, bone and kidney cortex; 15 mm diameter for the
pituitary gland and the adrenal glands. 15 mm spherical VOIs were used to measure
uptake in tumour lesions. In each organ system, a maximum of three metastases (with

the highest intensity) were analysed.

Tumour to background ratios were calculated by dividing tumour uptake (SUVmax and
SUVmean) by SUVmean Of the corresponding normal background tissues (normal liver for
liver metastases, normal bone for bone metastases and muscle tissue for lymph node

metastases and primary tumours).

Tumour burden was assessed by segmenting all tumour lesions with an isocontour tech-
nigque. The volume (ml) and activity (Bq) of all VOIs in a patient was added together to
yield the total tumour volume and to calculate the fraction of activity taken up by the

tumour.

Visual analysis was performed independently by two experienced nuclear medicine phy-
sicians. [®®Ga]Ga-DATA-TOC and [*®Ga]Ga-DOTA-TOC PET/CT images were reviewed
separately from each other two weeks apart. All lesions deemed malignant by the re-
viewing physician were counted by organ system and visual conspicuity of each lesion
was rated by a scoring system (1: faint uptake, 2: moderate uptake, 3: intense uptake).
After completing the initial evaluation, [®®Ga]Ga-DATA-TOC and [®¥Ga]Ga-DOTA-TOC
PET/CT images were reviewed side-by-side to match lesions with each other. Lesions
that could not be matched (i.e. lesions that were only identified in one of the two exami-
nations) were assigned a conspicuity score of 0 (no uptake) and were added to the list

of non-detected lesions for the corresponding tracer.

Comparison of [®Ga]Ga-DATA-TOC and [*8Ga]Ga-DOTA-TOC uptake in normal organs
was performed in two groups of different patients who underwent either [#8Ga]Ga-DATA-
TOC or [*®Ga]Ga-DOTA-TOC PET/CT (main collective). Furthermore, a sub-collective of
patients who underwent [®®Ga]Ga-DATA-TOC PET/CT was identified who had under-
gone [%8Ga]Ga-DOTA-TOC PET/CT during the course of their disease before. Additional
analysis of this sub-collective was performed in order to allow an intra-individual com-
parison of [®®Ga]Ga-DATA-TOC and [®®Ga]Ga-DOTA-TOC uptake in the same patients.
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In the sub-collective, patients with clinical stable disease between the [*®Ga]Ga-DOTA-
TOC and [®®Ga]Ga-DATA-TOC PET/CT examinations (no change of clinical symptoms;
no CT-morphologic or other signs of progression; change of serum chromogranin A lev-
els < 10% or serum chromogranin A in normal range) who did not undergo specific anti-
tumour therapy except for biotherapy with non-radioactively labelled somatostatin ana-
logues and in whom the biotherapy regimen was not changed between [*8Ga]Ga-DOTA-
TOC and [*8Ga]Ga-DATA-TOC PET/CT were selected for analysis.

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics (Version 23, International
Business Machines Corporation, Armonk, NY, USA). The Mann-Whitney-U test for two
independent samples was used to test for differences of mean values between the
[8Ga]Ga-DATA-TOC and [®Ga]Ga-DOTA-TOC groups in the main collective and the
Wilcoxon test for two related samples was used to compare [®®Ga]Ga-DATA-TOC and
[8Ga]Ga-DOTA-TOC uptake (SUVmax and SUVmean) in the same patients in the sub-col-
lective. Visual lesion conspicuity using ordinal data (scores 0-3) was evaluated using the
sign test for two related samples. The ratio of male and female patients between two
groups and differences in lesion detection rates were tested for significant differences

using the x?test. A p-value < 0.05 was regarded as statistically significant.
Results
Synthesis and purity of [*Ga]Ga-DATA-TOC

Radiolabelling of DATA-TOC with 1.09+£0.13 GBq gallium-68 was performed on an au-
tomated cassette module system with 89.93+16.9% radiochemical Yyield
(77.43+£15.04% AY). A volume activity of 78.00+21.61 MBg/ml and apparent molar ac-
tivity of 24.70+5.95 MBg/nmol was obtained. Radiochemical purity was higher than
> 95%. In terms of quality control the final product fulfilled all requirements requested by
the European Pharmacopoeia for [*3Ga]Ga-DOTA-TOC. Stability of the final preparation
in saline, ethanol and plasma was tested over a period of two half-lives of the isotope
and confirmed with TLC as well as HPLC, the results obtained were according to litera-
ture [11].
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Main collective
Patient characteristics

19 patients who underwent [*®Ga]Ga-DATA-TOC PET/CT were retrospectively analysed
and compared to a group of 19 patients who underwent [8Ga]Ga-DOTA-TOC PET/CT.
The two groups showed no significant differences in age ([®®Ga]Ga-DATA-TOC:
62.0+15.5 years, [*®Ga]Ga-DOTA-TOC: 63.5+13.1 years, p > 0.05), weight ([®®Ga]Ga-
DATA-TOC: 82.5+29.6 kg, [®®Ga]Ga-DOTA-TOC: 75.4+14.2 kg, p > 0.05), mean injected
activity  ([%®Ga]Ga-DATA-TOC:  1.84+0.53 MBg/kg, [%8Ga]Ga-DOTA-TOC:
1.63+0.44 MBg/kg, p > 0.05), time of imaging ([®*Ga]Ga-DATA-TOC: 52.5+18.6 min,
[(8Ga]Ga-DOTA-TOC: 65.1+27.1 min, p > 0.05), gender ([®®Ga]Ga-DATA-TOC: 47%
male, [®®Ga]Ga-DOTA-TOC: 53% male, p > 0.05), fraction of patients undergoing bio-
therapy ([*®Ga]Ga-DATA-TOC: 63%, [*8Ga]Ga-DOTA-TOC: 53%, p > 0.05), kidney func-
tion ([®8Ga]Ga-DATA-TOC: serum creatinine 0.86+0.10 mg/dl (n=15), [®®Ga]Ga-DOTA-
TOC: serum creatinine 0.97+0.30 mg/dl (n=14), p > 0.05), total tumour volume ([*8Ga]Ga-
DATA-TOC: 4450 ml, [*®Ga]Ga-DOTA-TOC: 160+405 ml, p > 0.05) and total tumour
uptake ([®®*Ga]Ga-DATA-TOC: 0.57+0.85%, [**Ga]Ga-DOTA-TOC: 2.80+7.61%,
p > 0.05).

A neuroendocrine tumour was histologically proven in 37/38 patients (97%), while one
patient underwent [®8Ga]DOTA-TOC PET/CT due to clinical suspicion of a NET (diar-
rhoea, elevated chromogranin A), however without pathological imaging findings. One of
the patients suffered from two NETs (duodenal NET and ileum NET). Overall, localiza-
tions of NETs were (in descending order of frequency) pancreas 10 (26%), ileum 7
(18%), lung 4 (11%), unknown primary 4 (11%), rectum 3 (8%), colon 2 (5%), duodenum
2 (5%), medullary thyroid cancer 2 (5%), appendix 2 (5%), jejunum 1 (3%) and stomach
1 (3%). Ki-67 index was available for 31 patients (mean 8.9+9.1%, range 1%-35%).
Grade was G1 in 9 patients (23.7%), G2 in 19 patients (50.0%), G3 in 3 patients (7.9%)
and unknown in 7 patients (18.4%). The primary tumour was present in 9 patients
(23.7%) at the time of PET/CT imaging. Liver metastases were present in 21 patients
(55.3%), lymph node metastases in 14 patients (36.8%) and bone metastases also in 14
patients (36.8%).

Biodistribution in normal organs

Uptake of [®8Ga]Ga-DATA-TOC in organs with physiologic SSTR-expression (adrenal

glands, pituitary gland and spleen) was significantly lower compared to [®3Ga]Ga-DOTA-
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TOC. Details are listed in Table 6 and a graphical representation is shown in Figure 16a
and b.

Table 6: Uptake of [?8Ga]Ga-DATA-TOC and [*®8Ga]Ga-DOTA-TOC in organs with phys-

iologic expression of the SSTR in the main collective

Organ Adrenals Pituitary

S UVmax S UVmean

SUVmean

SUVmean

SUVmax

Parameter SUVmax

15.37 12.72 6.93 4.03 3.17 1.71
6.32 5.33 1.89 1.06 1.23 0.55
16 37 19
26.48 23.21 13.15 7.66 4.63 2.28
11.46 10.50 5.29 3.04 1.67 0.74
15 36 19

Ratio DATA-TOC /
DOTA-TOC

58.0% 54.8% 52.7% 52.7% 68.5% 75.0%

p? <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

& Mann-Whitney-U test for two independent samples
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Figure 16: Uptake of [®*Ga]Ga-DATA-TOC and [®®Ga]Ga-DOTA-TOC in normal tissues
in two groups of different patients (each group: n=19). Error bars represent one standard
deviation. Significant differences are indicated by brackets. a, b: [®®Ga]Ga-DATA-TOC
shows lower SUVmax and SUVmean compared to [*3Ga]Ga-DOTA-TOC in normal tissues
with physiologic expression of the SSTR. ¢, d: [*®Ga]Ga-DATA-TOC shows lower back-
ground uptake in the liver in comparison to [#8Ga]Ga-DOTA-TOC, while a higher back-
ground activity of [®3Ga]Ga-DATA-TOC was observed in the mediastinal blood pool and

in lung tissue (regarding SUVmean)

Uptake of [®8Ga]Ga-DATA-TOC in the liver was significantly lower compared to [8Ga]Ga-
DOTA-TOC, while uptake of [#8Ga]Ga-DATA-TOC was higher in the blood pool and in
the lungs. There were no significant differences between [%8Ga]Ga-DATA-TOC and
[8Ga]Ga-DOTA-TOC uptake in other organs. Details are listed in Table 7 and a graphical

representation is shown in Figure 16c¢ and 1d.
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Tumour lesions

SUVmax for all tumour lesions was in the range of 3.0-54.9 for [®*Ga]Ga-DATA-TOC and
in the range of 1.5-48.6 for [®8Ga]Ga-DOTA-TOC, SUVmean Was in the ranges of 1.7-42.9
and 0.8-33.0, respectively.

Tumour to background ratios of all tumour lesions were 1.8-45.9 for [®®Ga]Ga-DATA-
TOC and 1.4-134.9 for [*8Ga]Ga-DOTA-TOC regarding SUVmax and 1.3-32.0 and

Sub-collective
Patient characteristics

The sub-collective consists of 10 of the 19 patients (5 male, 5 female) who underwent
[(8Ga]Ga-DATA-TOC PET/CT and had undergone [®®Ga]Ga-DOTA-TOC PET/CT during

the course of their disease previously.

Mean age was 69.1+11.1 years at the time of [*®Ga]Ga-DATA-TOC PET/CT and
68.5+11.0 years at the time of [®*Ga]Ga-DOTA-TOC PET/CT. The time interval between
[8Ga]Ga-DATA-TOC and [*®Ga]Ga-DOTA-TOC PET/CT was 7.1+2.3 months (range
5.1-12.6 months). The mean weight was 75.2+17.4 kg. There were no significant differ-
ences regarding mean injected activity ([*®Ga]Ga-DATA-TOC: 1.93+0.53 MBq/kg,
[8Ga]Ga-DOTA-TOC: 1.71+0.48 MBg/kg, p > 0.05), imaging time ([*®Ga]Ga-DATA-TOC:
49.5+16.1 min, [®Ga]Ga-DOTA-TOC: 52.7+23.9 min, p > 0.05) and kidney function
([*®Ga]Ga-DATA-TOC: serum creatinine 0.91+0.08 mg/dl (n=8), [*®Ga]Ga-DOTA-TOC:
0.91+0.12 mg/dl (n=9), p > 0.05).

Biodistribution in normal organs

Similar to the results of the main collective, uptake of [*®Ga]Ga-DATA-TOC in organs
with physiologic expression of the SSTR (adrenal glands, pituitary gland, spleen) was
also lower compared to [®¥Ga]Ga-DOTA-TOC in the sub-collective. Details are listed in

Table 8 and a graphical representation is shown in Figure 17a and 2b.

Table 8: Uptake of [®8Ga]Ga-DATA-TOC and [®®Ga]Ga-DOTA-TOC in organs with phys-

iologic expression of the SSTR in the sub-collective

Organ Spleen Adrenals Pituitary
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N 7 19 10
Parameter SUVmax  SUVmean | SUVmax  SUVmean | SUVmax  SUVmean
DATA-  Mean 11.33 9.58 6.79 4.08 2.86 1.63
TOC SD 3.97 3.65 1.97 0.96 0.74 0.32
DOTA- Mean 21.05 18.56 11.21 6.72 4.15 2.06
TOC SD 9.42 8.49 4.70 2.58 1.15 0.54
Ratio DATA-TOC /
53.8% 51.6% 60.6% 60.7% 68.9% 79.2%
DOTA-TOC
p? >0.05 <0.05 <0.05 <0.05 <0.05 <0.05
& Wilcoxon test for two related samples
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Figure 17: Uptake of [®®Ga]Ga-DATA-TOC and [*®Ga]Ga-DOTA-TOC in the sub-collec-
tive of n=10 patients who underwent [®®Ga]Ga-DOTA-TOC PET/CT about 7 months be-
fore [®®Ga]Ga-DATA-TOC PET/CT. Error bars represent one standard deviation. Signifi-
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cant differences are indicated by brackets. a, b: [®Ga]Ga-DATA-TOC shows lower SU-
Vimax and SUVmean compared to [®8Ga]Ga-DOTA-TOC in normal tissues with physiologic
expression of the SSTR. ¢, d: [®®Ga]Ga-DATA-TOC shows lower background uptake in
the liver in comparison to [®®Ga]Ga-DOTA-TOC, while a higher background activity of
[®8Ga]Ga-DATA-TOC was observed in the mediastinal blood pool (regarding SUV mean)

Comparable to the main collective, uptake of [®®*Ga]Ga-DATA-TOC in the liver was sig-
nificantly lower and tracer retention of [®®Ga]Ga-DATA-TOC was significantly higher in
the mediastinal blood pool. No significant differences were observed in other organs.
Details are listed in Table 9 and a graphical representation is shown in Figure 17c and
2d.
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Tumour lesions

Two of the 10 patients in the sub-collective were excluded from analysis due to therapy
with [’Lu]Lu-DOTA-TATE and radiotherapy of bone metastases, two patients were ex-
cluded due to changes of chromogranin A of more than 10% and one patient was ex-
cluded due to initiation of biotherapy between [*8Ga]Ga-DOTA-TOC and [**Ga]Ga-
DATA-TOC PET/CT. The remaining 5 patients were eligible for intra-individual compari-
son of tracer uptake in tumour lesions, the time interval between the two examinations

was 7.5£3.0 months (range 5.1-12.6 months).

Both tracers delivered good image quality with high image contrast, allowing the detec-
tion of SSTR-positive tumour lesions (see Figure 18).
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patient 1 patient 2 patient 3 patient 4 patient 5

9’4’7’5"“

o Simz [(8Ga]Ga-DATA-TOC

[
® ® ,

® -
N C N C N C N C N C
All tumour lesions 34 1.8 0 - 19 1.8 29 22 22 1.7
Liver metastases 10 2.0 0 - 6 2.3 22 2.0 11 1.6
LN metastases 2 0.6 0 - 9 15 2 3.0 3 17
Other locations 22 2.0 0 - 4 1.8 5 3.0 8 1.8

o Sz [(3Ga]Ga-DOTA-TOC

{ )
- ®
- » ~

N C N C N C N C N (&
All tumour lesions 38 22 0 - 19 14 30 24 24 1.7
Liver metastases 9 19 0 - 1 0.2 23 22 14 1.6
LN metastases 7 16 0 - 13 21 2 3.0 3 2.0
Other locations 22 25 0 - 5 1.2 5 3.0 7 17

Figure 18: Sample images (maximum intensity projection, MIP) of [¢8Ga]Ga-DATA-TOC
PET (top row, SUV 0-10) and [*®®Ga]Ga-DOTA-TOC PET (bottom row, SUV 0-16) in the
five patients of the sub collective eligible for intra-individual biodistribution comparison.
Both tracers show a similar biodistribution with specific accumulation in organs with phys-

iologic SSTR expression (i.e. the pituitary gland) and in tumour lesions.

Uptake of [*®Ga]Ga-DATA-TOC (SUV) was significantly lower in tumour lesions com-
pared to [8Ga]Ga-DOTA-TOC, however, tumour to background ratios were not signifi-
cantly different between the two tracers, regarding all tumour lesions, as well as analysis
of subgroups of liver metastases and lymph node metastases. Details are listed in Table

10 and Table 11 and a graphical representation is shown in figure 4.
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Table 10: Uptake of [®®Ga]Ga-DATA-TOC and [*®Ga]Ga-DOTA-TOC in tumour lesions in

the sub-collective

All tumour le- _ Lymph node me-
Organ ] Liver metastases
sions tastases
N 20 11 7
Parameter SUVmax  SUVmean | SUVmax  SUVmean | SUVmax  SUVmean
Mean 9.31 6.33 10.03 7.21 6.27 3.71
DATA-TOC
SD 3.81 2.91 1.91 1.67 3.46 1.95
Mean | 12.94 9.08 13.69 10.49 8.68 4.77
DOTA-TOC
SD 7.49 6.35 5.85 5.19 4.90 2.30
Ratio DATA-TOC/
71.9% 69.7% 73.2% 68.7% 72.2% 77.8%
DOTA-TOC
p? <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

& Wilcoxon test for two related samples

Table 11: Tumour-to-background ratios of [®8Ga]Ga-DATA-TOC and [®Ga]Ga-DOTA-
TOC in the sub-collective

_ _ Lymph node me-
Organ All tumour lesions  Liver metastases
tastases

N 20 11 7

SUVmax SUVmean: SUVmax SUVmean: SUVmax SUVmean:
Parameter

BKG BKG BKG BKG BKG BKG
DATA- Mean |7.48 4.78 2.93 2.12 11.48 6.67
TOC SD 6.96 4.48 0.64 0.62 6.33 3.26
DOTA- Mean |9.84 6.31 2.65 2.02 14.05 7.71
TOC SD 13.42 9.71 1.31 1.10 8.91 4.36
Ratio DATA-
TOC [/ DOTA- | 76.0% 75.7% 110.4% 104.7% 81.7% 86.5%
TOC
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p? >0.05 >0.05 >0.05 >0.05 >0.05 >0.05

& Wilcoxon test for two related samples
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Figure 19: Uptake of [®®Ga]Ga-DATA-TOC and [*8Ga]Ga-DOTA-TOC in the sub-collec-
tive of n=5 patients with clinical stable disease who underwent [®¥Ga]Ga-DOTA-TOC
PET/CT about 7 months before [#8Ga]Ga-DATA-TOC PET/CT. Error bars represent one
standard deviation. a, b: [®8Ga]Ga-DATA-TOC shows lower SUVmax and SUVmean cOM-
pared to [®®Ga]Ga-DOTA-TOC in tumour lesions, which was significant for all tumour
lesions and in the subgroup of liver metastases. ¢, d: Uptake ratios (tumour to back-
ground ratios) of [®8Ga]Ga-DATA-TOC showed no significant differences in comparison

to [8Ga]Ga-DOTA-TOC uptake ratios.

On visual analysis, both reviewers detected 104 tumour lesions by [¢3Ga]Ga-DATA-TOC
and 111 lesions by [®®Ga]Ga-DOTA-TOC, with no significant differences in lesion detect-
ability and lesion conspicuity. No significant differences were observed in detectability
and conspicuity of liver metastases. Regarding lymph node metastases, lesion conspicu-

ity was significantly lower in the [®8Ga]Ga-DATA-TOC images and 9 lesions were missed

254



by [®8Ga]Ga-DATA-TOC (16 lesions vs 25 lesions), which however did not reach the level
of significance (p > 0.05). In the remaining organ systems, no differences were observed
lesion detectability and conspicuity. Details are listed in Table 12
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Discussion

Both [®8Ga]Ga-DATA-TOC and [®®Ga]Ga-DOTA-TOC showed pronounced accumulation
in organs with physiologic expression of the SSTR and in neuroendocrine tumour le-

sions.

Uptake (SUV) of [®®Ga]Ga-DATA-TOC in organs with physiologic SSTR-expression (pi-
tuitary gland, adrenal glands, spleen) was lower compared to [®®Ga]Ga-DOTA-TOC,
which points to a lower specific uptake of [®8Ga]Ga-DATA-TOC. Also, tumour lesions
showed significantly lower [®®Ga]Ga-DATA-TOC uptake compared to [*®Ga]Ga-DOTA-
TOC, which was true for all tumour lesions, as well as for the subgroups of liver metas-

tases and lymph node metastases.

On the other hand, tumour to background ratios did not differ significantly between
[(8Ga]Ga-DATA-TOC and [®®Ga]Ga-DOTA-TOC. Regarding liver metastases, tumour to
background ratios of [*®Ga]Ga-DATA-TOC were even slightly higher compared to
[(8Ga]Ga-DOTA-TOC, which was caused by a significantly lower background uptake of
[8Ga]Ga-DATA-TOC in normal liver tissue.

Regarding lesion detectability and lesion conspicuity, overall a slightly higher number of
lesions was detected by [8Ga]Ga-DOTA-TOC, with a higher mean lesion conspicuity,
which however did not reach the level of significance. Subgroup analysis showed a ten-
dency for a lower detectability of lymph node metastasis for [®®Ga]Ga-DATA-TOC, which
however did not reach the level of significance, while conspicuity of lymph node metas-
tases was significantly lower for [*3Ga]Ga-DATA-TOC. On the other hand, we observed
a trend for a higher detectability and conspicuity of liver metastases for [(*Ga]Ga-DATA-
TOC, which can be attributed to the lower physiological background uptake of [®®Ga]Ga-
DATA-TOC in liver tissue. There were no noticeable differences in detectability and con-

spicuity of tumour lesions in other organs.

The results of visual analysis are in line with semi-quantitative SUV analysis, showing a
significantly lower background uptake of [®¥Ga]Ga-DATA-TOC in liver tissue, which might
be advantageous for detection of liver metastases. On the other hand, the lower detect-
ability and conspicuity of lymph node metastases might be explained by a lower specific
accumulation of [8Ga]Ga-DATA-TOC in SSTR-positive tissues. [*8Ga]Ga-DATA-TOC
showed a higher retention in the blood pool compared to [*®Ga]Ga-DOTA-TOC, which
might lead to a higher unspecific background activity in normal tissues, however no sig-
nificant differences were observed for uptake in muscle or bone tissues, which served

as reference organs for calculation of tumour-to-background ratios in our study.
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As impairments of kidney function might alter tracer distribution, we retrospectively as-
sessed serum creatinine at the time of the PET/CT examinations in patients where data
on blood tests were available. No significant differences in serum creatinine levels were
observed between the [®Ga]Ga-DATA-TOC and [®®Ga]Ga-DOTA-TOC groups, thus an
interference of kidney function with biodistribution data seems unlikely in our collective.

It is well known that biotherapy with long-acting somatostatin analogs can impact normal
organ uptake of [®®Ga]Ga-DOTA-TATE, as published by Haug et al. in 2011 and more
recently by Ayati et al. in 2018 [15, 16]. In our collective, there was no significant differ-
ence in the fraction of patients receiving biotherapy in the groups undergoing either
[(8Ga]Ga-DATA-TOC PET/CT or [*®Ga]Ga-DOTA-TOC PET/CT, therefore an interfer-
ence of biotherapy effects with the results of our study regarding the differences in bio-

distribution between the two tracers seems unlikely.

To exclude a potential effect of tumour burden on tracer biodistribution in normal organs
in terms of a “tumour sink effect”, we quantified tumour burden (tumor volume and frac-
tion of activity taken up by the tumour) in the main collective. Both parameters did not
differ significantly between the two groups, thus our results are unlikely to be affected by

a potential tumour sink effect.

There are limitations to our study. In the sub-collective, the [®Ga]Ga-DOTA-TOC
PET/CT examination was performed about 7 months before [(8Ga]Ga-DATA-TOC
PET/CT. Therefore, even though only patients with clinical stable disease were as-
sessed, a systematic interference of tumour dynamics with uptake evaluation cannot be
excluded. Though no significant differences were observed between [#Ga]Ga-DATA-
TOC and [*®Ga]Ga-DOTA-TOC regarding lesion detectability in our current evaluation,
the small number of patients eligible for tumour uptake evaluation (n=5) does not allow
to draw a definite conclusion. Further analysis of the clinical performance of [*8Ga]Ga-
DATA-TOC PET/CT in a larger patient collective is warranted.

Conclusions

[(8Ga]Ga-DATA-TOC is a promising new PET radiotracer for the detection of neuroen-
docrine tumour lesions. The most important aspect is its ability for radiolabelling with
gallium-68 at room temperature with a high efficacy, eliminating the need for a final pu-
rification step and thus paving the way for the development of an instant kit-type radio-
labelling method [11-14].
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In our study, a particular focus was on the subgroup of patients diagnosed by both the
tracers and to study the potential of [*®*Ga]Ga-DATA-TOC in the detection of liver metas-
tases. A significantly lower physiologic background uptake in the liver of [®®Ga]Ga-DATA-
TOC compared to [®Ga]Ga-DOTA-TOC resulted in slightly higher (though not statisti-
cally significant) tumour-to-background ratios for liver metastases. Visual analysis
showed a trend for a higher detectability and conspicuity of liver metastases for [*®®Ga]Ga-
DATA-TOC.

The new %Ga-DATA-octreotide tracer has substantial advantages over similar DOTA-
conjugated analogues as it allows an instant kit-type preparation at room temperature as
established in the radiolabelling of ®*"Tc-radiopharmaceuticals. Our current study, show-
ing the clinical feasibility of [*®Ga]Ga-DATA-TOC PET/CT for imaging of patients with
neuroendocrine tumours, provides first clinical evidence that the chemistry and pharma-

cology of [®®Ga]Ga-DATA-TOC successfully translates into patient studies.
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Abstract

Fibroblast activating protein (FAP) is a membrane bound serine protease increased in
activated fibroblasts occurring during tissue remodeling in benign and malignant dis-
eases. Carcinoma-associated fibroblasts (CAF) contribute to the formation of tumor
stroma promoting tumor growth, angiogenesis as well as immune-escape. Quinoline-
based FAP-specific enzyme inhibitors (FAPis) labeled with ®Ga were recently introduced
as novel, highly effective PET-tracers for tumor imaging. Here we report about a thyroid
carcinoma patient with increased Tg level without *3!I-positive lesions. A [®®Ga]Ga-DATA
5m.SA.FAPI-PET/CT was performed to detect resectable metastases. We found no me-
tastases but a focal traceraccumulation in the liver. Histology revealed that the tracer-
accumulation corresponded to focal nodular hyperplasia expressing FAPI in fibrous
septa. The case presented indicated that FAPi-PET helps to detect fibrous remodeling
in benign and malignant tumors. This may be helpful especially in differential diagnosis

of liver tumors.

Keywords: FAPi, PET/CT, fibroblast activating protein (FAP), focal nodular hyperplasia

(FNH), metastasized thyroid carcinoma
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Background

Fibroblast activating protein (FAP) is a membrane bound serine protease up-regulated
in activated fibroblasts. These are essential for tissue remodeling in wound healing,
chronic inflammation as well as in carcinoma associated fibroblasts (CAF) in several
types of cancer [1-6]. Subject of recent developments are new %8Ga-labelled PET tracers
that operate as FAP-specific enzyme inhibitors (FAPi). The inhibitor is a small molecule
based on a 4,4-difluoroproline-quinoline motif with a carbonitrile warhead that binds to
FAP and blocks its chemical reaction. This highly potent inhibitor, referred to as UAMC
1110, combines high affinity respectively high inhibition ability to FAP and in opposite
towards DPPs and PREP [7]. Various tumors and proliferating tissue show an uptake of
this tracer. FAPi shows rapid washout from normal tissue facilitating high-contrast im-
ages. This is particularly advantageous as the sensitivity of FDG-PET is low in regions
with high or inhomogenous glucose metabolism such as brain, heart or the liver [8].
Therefore, FAPI-PET may be superior to FDG-PET in these regions. The new class of
FAPi-radiopharmaceuticals utilizes a squaric acid (SA) motif as part of the structure con-
necting the inhibitor moiety UAMC 1110 with various chelators such as DOTA and DATA,
yielding precursors of type DOTA.SA.FAPi or DATAS . SA.FAPI. All compounds are of
low nanomolar binding affinity to FAP and excellent selectivity towards other proteases
[9].

Focal nodular hyperplasia (FNH) is the second most common benign liver tumor. The
development is based on non-specific hyperplasia in response to a vascular transfor-
mation. In addition, an association with the intake of contraceptives containing estrogen
is suspected. Diagnosis is usually based on sonography, contrast-enhanced CT or MRI.
FNH is frequently an accidental finding. Therapy is usually not necessary. In difficult
cases, however, a biopsy may also be necessary to rule out hepatocellular adenoma or

carcinoma as well as metastases from extrahepatic tumors [10, 11].
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Fig. 6 FAPI-PET/CT. Intensive tracer uptake in liver segment 8. In low-dose CT-tech-

nique without contrast medium there is only a faint hypodense lesion.

Case presentation

We report about a 44-year old female with thyroid carcinoma initially metastasized to the
lung. The primary tumor was first diagnosed in 1998 and treated with surgery and 8
cycles of 3| radiotherapy. As the tumormarker Tg was rising and 3!l whole body scans
were negative, we decided to perform a [8Ga]Ga-DATA 5m.SA.FAPi PET/CT for restag-

ing to potentially find tumor manifestations accessible to resection.

In the present study we used the DATA®™.SA.FAPI option because of its slightly better
ICso values (0.7 nM for Ga-DATA™.SA.FAPi vs. 1.4 for Ga-DOTA.SA.FAPI) and because
of its ease of preparation in an instant kit-type protocol. Radiolabeling of [(8Ga]Ga-
DATA®™ SA.FAPi (obtained from the Department of Chemistry, JGU Mainz, Germany)
was carried out in 3.34 £ 0.04 mL 0.08 M ammonium acetate buffer (ABX advanced
biochemical compounds GmbH, Radeberg, Germany) pH= 3.6,with ®3Ga obtained from
a 1.85 GBq %Ge/®®Ga-generator. Manual synthesis was carried out in a thermo shaker

at a temperature of 50 °C for 8 min.

Radiochemical yield was 292 %, radiochemical purity 297 %.
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The patient was intravenously administered with 210 MBq [*®Ga]Ga-FAPi. Whole body
static imaging was performed 82 minutes p. i. with an acquisition time of 4 min per bed
position using a Siemens Biograph 2 PET/CT machine.

PET/CT images did not show increased tracer-uptake in the neck region or in pulmonary
lesions, but a focal tracer-enrichment in liver segment 8 corresponding to a faint hypo-
dense lesion in native low-dose computed tomography (CT) (Figure 1). For further work-
up, a MRI scan was performed and a CT-guided biopsy was taken. MRI shows a typical
pattern of FNH (Figure 2). Histopathological examination using microscopy and immuno-
histochemistry (FAP, glutamin synthetase and cytokeratin 7) showed evidence of FNH.
The sections stained positive for FAP in immunohistochemistry (Figure 3).

Fig. 7 MRI of the liver. MR-images demonstrate T1-weighted native A and contrast-en-
hanced (B-D postcontrast dynamic) sequences in a transversal plane of 44-year old
female patient with an incidental finding of a big unclear focal liver lesion at the right
liver lobe. A On the native T1-weighted image the liver mass (white arrow) at the right
liver lobe appears hypointense compared to the surrounding normal liver. B The liver
lesion shows an intense early homogeneous contrast enhancement on the arterial
phase and is more hyperintense than the liver parenchyma. C, D The liver lesion is al-
most isointense to the surrounding liver parenchyma on portal venous C and venous D
phase with no central fibrotic scar seen. The mass cannot be clearly distinguished from

the liver parenchyma.
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Fig. 8 3 Histopathology of the FAPi-positive lesion. A HE-staining. Liver tissue with
nodular structured benign hepatocytes, separated by fibrous septa. Large dystrophic
vessels appear in the fibrous septa. B FAP-immunohistochemistry. FAP-positive fibro-
blasts are present in the fibrous septa. C Glutaminsynthetase-immunohistochemistry.
Large areas of hepatocytes expressing Glutaminsynthetase. D Cytokeratin 7-im-

muohistochemistry. Proliferating neoductuli in the fibrous septa.

Discussion and conclusions

The case presented here demonstrates that FAPi-PET/CT may be helpful to characterize
a variety of malignant and benign tumors. In addition, the present case also provides
indications of possible pitfalls, which should be taken into account when interpreting
FAPI-PET. It seems surprising to us that activated fibroblasts are present in FNH sug-
gesting a functional role for growth of this tumor type. It will be important to see whether
other benign liver tumors such as adenomas or hemangiomas also harbor activated fi-
broblasts detectable by PET-imaging. In our opinion it is very likely that most malignant
liver tumors show high FAPi-accumulation. Possibly, also tissue remodeling in cirrhosis
leads to activation of fibroblasts resulting in FAPluptake. In this case, FAPIi-PET may be
useful to detect active progression of cirrhosis. Finally, FAPi-PET may be helpful for ra-
diation therapy planning in liver tumors as FDG-PET has a high background in the liver
hampering target volume definition. FAPI-PET may also play a role in planning of check-
point-inhibitor treatment of hepatocellular carcinoma in the future, as activated fibroblasts
modulate immune cell functions in tumor stroma. We propose that FAPIPET will play a

vital role in diagnosis and molecular characterization of liver tumors in the future.
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Abstract

Targeting glucose metabolism is a promising way to interfere with tumor cell proliferation
and survival. However, controversy exists about the specificity of some anticancer drugs.
Especially the potency of STF-31 has been inconsistently discussed in this context. In
this respect, we have analysed the impact of glucose transporter (GLUT) inhibitors fasen-
tin and WZB117, nicotinamide phosphoribosyltransferase (NAMPT) inhibitor GMX1778
and STF-31 on tumor cell proliferation and survival as well as on glucose uptake effi-

ciency.

When tumor cell lines A172 (glioblastoma), BHY (oral squamous cell carcinoma), HeLa
(cervix adenocarcinoma), HN (head neck cancer), HT-29 (colon carcinoma) and MG-63
(osteosarcoma) were treated with these compounds, a complex reaction pattern
emerged, whereby tumor cell proliferation and survival threatening concentrations varied
by more than one order of magnitude amongst the cell lines. Threatening effects of
GMX1778- and STF-31-treatment could be partially abolished by (i) nicotinic acid (NA),
but only in nicotinic acid phosphoribosyltransferase (NAPRT) expressing cells lines and
(i) nicotinamide mononucleotide (NMN) in all cell lines, supporting the classification of
STF-31 as a NAMPT inhibitor.

In short-time [*®F]-fluoro-deoxyglucose uptake experiments GLUT inhibitor WZB-117 ap-
plication led to an almost complete inhibition in all cell lines, whereas fasentin-provoked
inhibition was more cell-line dependent with a maximal value of about 35% in A172, BHY,
HelLa and HT-29 cells. STF-31 inhibited glucose uptake in all cell lines in the range of 25
to about 50%. These data support the classification of STF-31 as a GLUT inhibitor. All
together our data demonstrate a dual action of STF-131, serving as a NAMPT as well as
a GLUT inhibitor, whereby the latter one seems to become only pronounced at higher
STF-31 concentrations. The molecular basis of such a dual reaction pattern and its ap-
pearance in small compounds previously designated as specific NAMPT inhibitors needs

further investigation.

Keywords: fasentin, glucose transporter, GMX1778, NAMPT, STF-31, WZB117
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Background

It is well established that tumor cells exhibit special metabolic requirements in compari-
son to normal non-proliferating cells [1, 2]. During the last years considerable efforts
have been made to target tumor-specific metabolic alterations in the context of thera-
peutic regimen [1-3]. Based on historical reasons, such efforts first concentrated on the
so-called Warburg effect, a metabolic phenotype, in which metabolic energy is preferen-
tially conserved by inefficient glucose fermentation to lactate rather than through the mi-
tochondrial oxidative tricarboxylic acid cycle or oxidative phosphorylation [1, 4]. Whereas
normal non-proliferating cells produce large amounts of lactate only under anaerobic
conditions, most cancer cells do so regardless of the availability of oxygen and the pres-
ence of fully functional mitochondria [5]. The advantage of anaerobic glucose fermenta-
tion is still a matter of discussion, although it probably serves as an adaption of prolifer-
ating cells to facilitate the consumption of nutrients needed to produce new cells [1]. In
this context, metabolites of the tricarboxylic acid cycle are subjected to anabolic path-
ways in particular generating amino acids instead of serving as electron donors for driv-

ing the mitochondrial electron transport chain for ATP synthesis [6].

At present, targeting glucose transport and its metabolism during glycolysis is thought to
represent a promising strategy for tumor therapy [7]. The cellular uptake of glucose is
realized by two subgroups of specific transporter molecules: facilitative glucose trans-
porters (GLUT) that mediate an energy-independent bidirectional transport and Na+/glu-
cose co-transporters (SGLT) that translocate glucose in an active manner [8]. In human,
the GLUT family consists out of thirteen structurally related members, whereby GLUT1
is the most ubiquitously expressed molecule in tissues and cultured cells [8]. In cancer,
GLUT1 is the predominant overexpressed isoform of glucose transporters [5]. Following
uptake, glucose is metabolized in the glycolytic pathway into triose-phosphates, which
are then further oxidized. In this process NAD+ is required as an electron acceptor mol-
ecule in the glycolytic pathway by glyceraldehyde 3-phosphate dehydrogenase for triose-
phosphate oxidation, whereby it is reduced into NADH. Glycolysis cannot sustain unless
NAD+ is regenerated. This is enabled by the reduction of pyruvate into lactate and,
thereby, the oxidation of NADH into NAD", which is then available as electron acceptor
molecule. In general, cells use four biosynthetic pathways to generate NAD+: (i) a com-
plex de novo pathway using the catabolism of tryptophan, (ii) the Preiss-Handler salvage
pathway that utilizes nicotinic acid (NA, also known as niacin or vitamin B3) in a three

step process for NAD+ generation, (iii) a second salvage pathway that uses nicotinamide
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(NAM; i.e. the main NAD+ precursor in mammals [9], which is first converted to nicotin-
amide mononucleotide (NMN) via nicotinamide phosphoribosyltransferase (NAMPT).
The second step involves three NMN adenyltransferases and leads to the formation of
NAD+ [10, 11]) and finally (iv) a third salvage pathway that uses nicotinamide riboside
(NR) as a precursor and is connected to the NAM salvage pathway [9]. A schematic
presentation of these metabolic reactions is given in Figure 20.

GLYCOLYSIS NAD+ METABOLISM

Glucose

|

PM | TRP
Glutl| FASENTIN 1
STF-31 1
WZB117 v
Glucose 1
Glu-6P L]
v QA
Fru-6P ” NAAD ¥ 1
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GAD-P NAD+ h NAD* . « NAMN
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Figure 20: Glycolysis and mammalian NAD+ metabolic pathways. Glycolysis: Glu-6P,
glucose-6-phosphate; Fru-6P, fructose-6-phosphate; Fru-1,6PP, fructose 1,6-bisphos-
phate; GAD-P, glyceraldehyde-3-phosphate; 1,3PP-GA, 1,3-biphosphoglycerate; 3P-
GA, 3-phosphoglycerate; PEP, phosphoenolpyruvate. The isomerization of 3-phospho-
glycerate to 2-phosphoglycerate is not shown. PM, plasma membrane. NAD+ metabo-
lism: The de novo and the three salvage pathways are shown. De novo pathway, dashed
arrows; Preiss-Handler salvage pathway, dashed and once dotted arrows; NAMPT sal-
vage pathway, dashed and twice dotted arrows; nicotinamide riboside salvage pathway,
dotted arrows. Thin dotted arrow indicates the absence of NADA in mammals. Enzymes
are indicated with a bold and italic diction. NA, nicotinic acid; NAAD, nicotinic acid ade-
nine dinucleotide; NAD+, Nicotinamide adenine dinucleotide (oxidized); NADA, nicotina-
mide deaminase; NAM, nicotinamide; NAMN, nicotinic acid mononucleotide; NMN, nic-

otinamide mononucleotide; NR, nicotinamide riboside; QA, quinolinic acid; TRP, trypto-
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phan; NAMPT, nicotinamide phosphoribosyltransferase; NAPRT, nicotinic acid phos-
phoribosyltransferase; QAPRT, quinolinic acid phosphoribosyltransferase. Some inter-
mediates between tryptophan and QA are not given. Inhibitors are framed and placed
next to the affected molecule (GLUT1 or NAMPT). Compounds used to rescue inhibitor

treatment are underlined.

The number of GLUT inhibitors available is presently restricted. Whereas for most of
them their specificity toward GLUTSs is established, STF-31 has remained a controversial
candidate: This compound was initially described by Chan et al. [12] as a specific GLUT1
inhibitor in Hippel-Lindau (VHL) tumor suppressor gene (VHL)-deficient renal carcinoma
cells that inhibits glucose uptake and interacts with GLUT1 in cellular extracts. This se-
lective sensitivity has been attributed to an increased protein half-life of hypoxia—induci-
ble factor (HIF) expression provoked by VHL deficiency that leads to alterations in gene
expression [12]. Recently, however, STF-31 has been reported to target NAMPT and,
thereby, attacking cancer cell viability [13]. Also the selective toxicity of STF-31 toward
human pluripotent stem cells has been attributed to its inhibition of a NAD" salvage path-
way [14]. Mainly based on the observation that a STF 31-raised decrease in glucose
uptake becomes detectable only after 18h, it has been argued that this effect is due to
an inhibition of glycolysis raised by NAD+ depletion [14, 15]. In myeloma cells the action
of STF-31 has been ascribed to the inhibition of GLUT1 [16]. However, in this study only
incubation times longer than 12 hours were analysed. Comparable data were presented

for breast and ovarian cancer cells [17].

In the present study, we have investigated the effect of STF-31 on glucose transport and
NAD+ metabolism in comparison to the two GLUT inhibitors fasentin and WZB117 as
well as the NAMPT inhibitor GMX1778. We provide evidence, that STF-31 has a dual
function and serves as a NAMPT as well as a GLUT-inhibitor in a concentration-depend-

ent manner.
Materials and Methods
Materials

Fasentin, WZB117, STF-31 were from Merck Millipore. GMX1778, nicotinic acid (NA)
and nicotinamide mononucleotide (NMN) were from Sigma. [*®F]-fluoro-deoxyglucose
([*®F]FDG; in 0,9% sodium chloride) was kindly supplied by Advanced Accelerator Ap-

plications (Bonn, Germany). The following antibodies were used for Western blots:
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oGLUT1 (dilution 1:500; Merck Millipore), aNAPRT (dilution 1:1000; Thermo Fischer Sci-
entific), af-actin and aGAPDH (for both dilution 1:1000; Cell Signalling Technology).

Cell lines and culture conditions

For routine cultivation, human cell lines A172 (glioblastoma), BHY (oral squamous cell
carcinoma), HelLa (cervix adenocarcinoma), HN (head neck cancer), HT-29 (colon car-
cinoma) and MG-63 cells (osteosarcoma) were maintained in DMEM, 10% fetal calf se-
rum (FCS). Under experimental conditions, serum concentration was reduced to 1% or

0% (glucose uptake experiments only).
Total RNA isolation, cDNA synthesis and quantitative RT-PCR analysis

Total RNA isolation and cDNA synthesis were performed as described [18]. Real-time
PCR was processed with 50 ng cDNA using the iQ™ SYBR® Green Supermix (Bio-Rad
Laboratories) in an iCycler Thermal Cycler (Bio-Rad). Gene and sequence specificities
of the relevant primers (Metabion) as well as PCR efficiencies are given in Table 1. For
guantification, cONA was first denatured for 10 min at 95 °C. Then 40 cycles consisting
with intervals of 15 sec at 95 °C (denaturing step), 30 sec at primer-specific temperature
(annealing step) and 30 sec at 72°C (elongation step) were performed. The expression

level of the B actin and GAPDH genes were used as internal reference standards.

Table 13: Genes, primer sequences and PCR amplification characteristics.

_ _ o Annealing tem-
Gene Primer sequences (sense/antisense) Efficiency
perature (°C)

5-CATGGATGATGATATCGCCGCG-3
B-actin 1.84 69
5-ACATGATCTGGGTCATCTTCTCG-3'

5 -TGGTATCGTGGAAGGACTCA-3'
GAPDH 1.93 67
5 -CCAGTAGAGGCAGGGATGAT-3'

5-GCATCCTCATCGCCCAGGTG-3'

GLUT1 5 -CGCAGCTTCTTTAGCACAC- 1.94 69
TCTTGG-3'
5 -CAGGTGGAGCCACTACTGC-3'

NAPRT 2.06 69
5-CGTGTTGTTTCCAGTCAGCC-3'
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Western blot analysis

Western blot analyses were carried out as already described in detail [18]. Total protein
was isolated in the presence of protease inhibitors (0.5 mM PMSF; Roche complete Mini
ULTRA mix). Protein concentrations were determined with the Pierce™ BCA Protein As-
say Kit. Proteins were separated by SDS-PAGE and electrophoretically transferred onto
a PVDF membrane (0.45 um) (Millipore, Darmstadt, Germany).

Cell proliferation and viability assay

To determine cell viability and proliferation, crystal violet, LDH, and XTT assays were
performed: (1) For the crystal violet assay, 1000 to 5000 cells were seeded per well in
96 well plates, incubated overnight in normal culture medium and then cultured in DMEM
containing 1% FCS for up to four days in the absence or presence of experimental com-
pounds. Cells were then fixed in 5% formaldehyde in phosphate-buffered saline (PBS)
for 15 min and stained for 1h with 0.05% crystal violet in Aqua dest. Cells were washed
twice with Aqua dest. and air-dried. 150 pl of methanol were added per well and the
optical density at 540 nm was measured. (2) The assay was carried out as described
previously with the "LDH Cytotoxicity Assay Kit" from Roche [19]. (3) For the XTT assay
(from Promokine), cells were seeded in 96-well-plates (10.000 cells per well in 100 pl of
complete culture medium) and cultivated for 24h. Complete culture medium was then
replaced by 100 pul of serum-free medium with or without experimental compounds and
cells were cultivated for further 24h. After the addition of XTT reaction solution for 4h,
absorbance was determined at 490 nm with a correction wavelength of 670 nm. The XTT
assay reflects the general metabolic activity or the rate of glycolytic NADH production
[20].

Glucose uptake assay

Cells were seeded in 24 well plates (1.5x10° cells per well) in complete culture medium
and incubated overnight. Medium was then replaced by glucose-free DMEM and exper-
imental compounds were added in a final volume of 400 pl for 30 min. Then 370 kBq,
corresponding to 10 pCi (equal to 150 to 300 pmol) of [*®F]FDG (specific activity of 2.5
to 5.0 GBg/umol) were added in 100 pl per well for further 30 min. Cells were then
washed twice with PBS and solubilized in PBS containing 3% Triton X-100. Radioactivity
was measured in a gamma-counter (Type) and values adjusted according to the decay

of fluorine-18.
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Statistics

For statistical analysis a specific software program was used (GraphPad Software Ver-
sion 5, San Diego CA, USA). Mean + standard error mean (SEM) were calculated and
one-way analysis of variance (ANOVA) and the post-hoc Tukey's multiple comparison
tests were applied to determine statistical differences between control and treated
groups. P-values less than 0.05 were considered to be statistically significant. In some

experiments for data analysis an unpaired Student’s t-test was used.
Results

STF-31 and GLUT-inhibitors fasentin and WZB-117 interfere with tumor cell in a

distinct manner

Based on the fact that STF-31 was first described as a specific GLUT1 inhibitor that
specifically kills renal carcinoma cells [12], we first analysed its impact on the metabolism
of tumor cells that represent a comprehensive spectrum of selected cancer entities and
compared the drugs’ impact with the one of the two established GLUT1 inhibitors fasentin
and WZB117. For that purpose A172 glioblastoma, BHY oral squamous cell carcinoma,
HelLa cervix adenocarcinoma, HN head neck cancer, HT-29 colon carcinoma and MG63
osteosarcoma cells were cultivated in the absence or presence of the three compounds
at concentrations of 0.1 to 100 uM for one day and the XTT assay was used to monitor
metabolic activity. The XTT assay reflects the general metabolic activity or the rate of

glycolytic NADH production [20].

After a culture period of 1 day, tumor cells tolerated fasentin and WZB117 up to a con-
centration of 10 uM (Figure 21). At higher concentrations, considerable metabolic per-
turbations became visible in a cell line-specific manner, whereby at a concentration of
50 uM the highest toxicity rates were observed in HeLa (about 75%) and MG-63 cells
(about 55%) for fasentin and in HelLa (about 70%) and A172 cells (about 60%) for
WZB117. At a concentration of 100 uM, fasentin exhibited its highest perturbation rate
in MG-63 cells (about 90%) whereas the highest rate for WZB117 was observed in A172
(about 80%) and HeLa cells (about 77%). In general, the two GLUT inhibitors were well
tolerated up to a “threshold concentration” of about 10 uM by all tumor cells. Then, a
further increase in concentration led to a sharp decline in the survival rate. STF-31, in
contrast, showed a considerable cytotoxic effect already at a concentration of 1 uM that
was in the range of 40 to 50% for HeLa, HN and MG-63 cells and of 30% for HT-29 and

BHY cells. A172 cells were almost resistant to STF-31 treatment even at the highest
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concentration of 100 uM. In general, the perturbing metabolic impact of STF-31 treat-
ment showed a slow but continuous increase when drug concentrations were raised
without the appearance of an obvious “threshold concentration”. These data demon-
strate that STF-31, when compared to fasentin and WZB117, perturbs cell metabolism
already at lower concentrations indicating either a higher target affinity or the interaction

with different target molecules.
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Figure 21: Metabolic perturbation by GLUT inhibitors in tumor cells after short-time cul-
ture. Human tumor cells (a: A712, b: BHY, c: HelLa, d: HN, e: HT-29, f: MG-63) were

cultivated in 96-well plates for one day in the absence or presence of fasentin (FAS),
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WZB117 (WZB) or STF-31 (STF) at the indicated concentrations (in pM). Metabolic ac-
tivity was determined by XTT assay and relative values are given in respect to the one
of untreated cells (set as 100%). Data are means + SEM from at least three independent
experiments. Statistically significant differences versus control (p < 0.05) are marked with
asterisks (*).

STF-31 and NAMPT inhibitor GMX1778 interfere with tumor cell proliferation in a

comparable manner

More recently, however, STF-31 has been demonstrated to function as a NAMPT inhib-
itor [13]. Thus, we next compared the drugs’ impact on cell proliferation and survival with
the one of the well-established NAMPT inhibitor GMX1778 [21] in the absence or pres-
ence of NMN or NA. As outlined above (see Figure 20), NMN is the reaction product of
NAMPT that can be converted to NAD™ in a single step. Supplementation with NA allows
NAD* generation only when the Preiss-Handler salvage pathway is intact and, in partic-
ular, needs the expression of functional NAPRT [22]. A four-day treatment with STF-31
(50 uM) or GMX1778 (5 uM) led to a comparable inhibition of proliferation, whereby in-
hibitory effects were most pronounced in A172, BHY, HeLa and MG-63 cells and oc-
curred at intermediate levels in HN and HT-29 cells (Figure 22a). NA (10 uM) provoked
a strong rescue effect in HeLa, HN and HT-29 and a moderate one in GMX1778-, but
not in STF-31-treated BHY cells. A172 or MG-63 cells could not be rescued by NA sup-
plementation. At STF-31 concentrations in the range of 0.1 to 1.0 uM the inhibition of
proliferation was less pronounced or almost absent and, thus, a rescue effect becomes
irrelevant (Figure 22b). The inability of NA to restore proliferation in A172 and MG63 cells
after STF-31 or GMX1778 treatment is most likely due to NAPRT-deficiency, as verified
by RT-PCR (Figure 22d; for A172 cells see also [23]) and Western blot analysis (Figure
22e). Such a relationship has recently been described for other tumors and tumor cell
lines [22, 24]. The behaviour of STF-31-treated BHY cells can not be satisfactorily ex-
plained, but may be due to lowered NAPRT protein expression, that is surprisingly also
present in HN cells (Figure 22e). In the presence of NMN (100 pM) a pronounced rescue
effect was evident in all STF-31- or GMX1778-treated cell lines (Figure 22c). The extent
of the NMN-dependent rescue effect did not correlate with NAMPT transcript expression
level (not shown). As for NA, also exclusive NMN treatment led to a small but significant
increase in cell proliferation (Figure 22c). In sum, our data underline that NAMPT is a
cellular target of STF-31.
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Figure 22: Rescue effects in NAMPT- or GLUT-inhibitor-treated tumor cells after long-

time culture in the absence or presence of NA or NMN. a-c: Human tumor cells were
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cultivated in 96-well plates (1000 to 5000 cells per well) for four days in 50 (a,b), 0.1, 1,
5, 10 uM STF-31- (b) or 5 pM GMX1778- (a,c) containing medium supplemented with
10 uM NA (a,b) or 100 uM NMN (c). Asterisks (*) in a to ¢ mark statistical differences
(p < 0.05) of STF-31- or GMX1778-treated cells, rescued with either NA (a,b) or NMN
(c). In control experiments, cells were cultured in the presence of NA or NMN only. Cell
viability was determined by crystal violet assay. Data are means + SEM from at least
three independent experiments. d-e: NAPRT-specific mRNA (d) or protein (e) expression
in tumor cells as determined by gPCR (d) or Western blot (e) analysis. Data in (d) are
normalized to mMRNA expression of internal standard genes and given as means + SEM
from two independent experiments. Statistically significant differences versus control
(p < 0.05) are marked with asterisks (*).

STF-31 as well as GLUT inhibitors fasentin and WZB177 inhibit glucose uptake in

tumor cells

To analyse the direct impact of STF-31 in GLUT-inhibition we finally performed glucose
uptake assays. To rule out indirect effects raised by STF-31-mediated inhibition of gly-
colysis and mitochondrial oxidation after longer time periods [14], a total assay time of
1 h was chosen. The absolute uptake values varied in the range of 5 to 10% of the input
[*8F]FDG radioactivity. Thus, for a direct comparison of the uptake rate all six lines had
to be treated in parallel in each experiment. After an incubation time of 30 min with
[*8F]FDG in serum- and glucose-free medium, the uptake rate varied by a maximum of
about factor two between the cell lines, but depicted no significant statistical difference
(Figure 23a). These variations seen for the uptake efficiency were only partially reflected
in the expression level of GLUL protein (Figure 23b), suggesting a substantial contribu-

tion of other GLUT isoforms in glucose uptake.

We next examined if the four compounds interfered with cellular uptake of glucose (Fig-
ure 23c). 50 uM STF-31 significantly inhibited glucose uptake in all cell lines in the range
of 25 up to about 50% (Figure 23c). As comparable rates of inhibition (with a maximal
variation of + 5%) were obtained in the presence of 100 uM NMN, a contribution of
NAMPT inactivation in glucose uptake inhibition is rather unlikely. At STF-31 concentra-
tions of 1 or 10 uM no significant uptake inhibition took place (Figure 23c). In none of the
cell lines glucose uptake was inhibited by 5 uM GMX1778 (Figure 23c). WZB-117
(50 uM) provoked a strong inhibition in the range of more than 90% in all cell lines. Cells
treated with 100 uM of fasentin were either inhibited in the range of 35% (A1723, BHY,
HelLa and HT-29 cells) or 20 to 10% (HN and MG-63 cells; although not significant).
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Within the frame of the assay, cytotoxic effects could be ruled out for all compounds as
revealed by extracellular LDH analysis (Figure 23d).
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Figure 23: Glucose uptake inhibition in NAMPT- or GLUT-inhibitor-treated tumor cells. a:
Human tumor cells were cultivated in 24 well plates (1.5 x 10° cells per well) for 30 min
in the presence of 370 kBq [*®*F]FDG (equal to 150 to 300 pmol) in 500 pl serum-free
medium. Data were normalized relative to the uptake of A172 cells that was set as 100%.
The average + SEM of at least four independent experiments is shown. b: Western blot
analysis of GLUT1-specific protein expression in tumor cells. ¢: Tumor cells were incu-
bated for 30 min in serum and glucose-free medium with [*®F]FDG as specified in (a)
either in the absence or presence of 100 uM fasentin (FAS), 50, 10 or 1 uM STF-31
(STF), 50 uM WZB117 (WZB) or 5 uM GMX1778 (GMX). The uptake of [**F]FDG in the
absence of further compounds was set at 100% for each cell line and the corresponding
values in the presence of compounds are given. Asterisks (*) indicate statistically differ-
ences (p < 0.05) between STF-31 and GMX1778-treated cells. d: Evaluation of cytotoxic
activity by LDH assay after 1h-incubation of tumor cells in the presence or absence of
compounds. Relative LDH activity present in the culture supernatant without compounds
is calculated as “optical density supernatant : optical density lysate x 100” and was set
as 100% for each cell line. Thus, values considerably higher than 100 indicate cytotoxic

effects. Data are means + SD from three independent experiments.
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Discussion

As the question if NAPMT or GLUTL1 is the principal cellular target of STF-31 is still de-
batable, we have re-examined the drugs’ specificity. Mainly based on short-time uptake
experiments with [*®F]FDG we demonstrated that at concentrations in the range of 50 pM
STF-31 considerably inhibits glucose uptake. As the total assay time did not exceed
60 min, it is unlikely that this effect is indirect and raised by a preceding inhibition of
glycolysis and mitochondrial oxidation as suggested for the cytotoxic impact of STF-31
on human pluripotent stem cells [14]. These authors provided convincing evidence that
in such cells STF-31 started to inhibit glucose uptake only 18 hours after drug addition,
corresponding to three hours after a decline in the extracellular acidification rate. In these
studies, STF-31 was used at concentrations in the lower micromolar range, because of
the high sensitivity of those cells towards this drug. According to our experience, such
low concentrations did not interfere with short-time glucose uptake. An additional aspect
that strongly supports the potency of STF-31 as a GLUT inhibitor is the inability of 5 uM
GMX1778 to interfere with glucose uptake in our assay system (Figure 23c). Hereby, we
used GMX1778 at least at a 50-fold higher concentration than needed to almost totally

abolish NAMPT activity or to induce complete cell death after longer time periods [21].

Another aspect that needed to be mentioned in this context is that in some STF-31-
treated cell lines (i.e. A172, HN, HT-29) no further pronounced decrease in cell prolifer-
ation is detectable in the presence of higher drug concentrations, although a response
at low initial concentrations can be observed (see Figure 21). Such a phenomenon might
be explained by the saturation in components involved in cellular uptake mechanisms,

or the exhaustion of essential cofactors necessary for the drugs’ mode of action [25].

In their initial work, Chan and coauthors [12] demonstrated that the action of STF-31
involves the inhibition of metabolic pathways, inter alia of glucose uptake. However, up-
take analysis was performed earliest 24 h after drug application at a low concentration
of 5 uM and, thus, does not rule out indirect effects as argued by Kropp et al. [14]. Also
our data (see Figure 23c) suggest that a long-lasting inhibitory action is mainly due to an
interference with NAMPT activity. Beside these data, Chan and colleagues [12] provided
additional experimental evidence that strongly supports a direct participation of STF-31
in glucose uptake such as the affinity-purification of GLUT1 in a STF-31-dependent man-
ner. Moreover, molecular modelling predicted docking of the drug within the central chan-
nel of GLUT1.
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The classification of STF-31 as NAMPT inhibitor by Adams et al. [13] is based on data
that inter alia (i) demonstrated a high correlation of low NAMPT transcript levels and high
sensitivity towards STF-31 as well as established NAMPT inhibitors in cytotoxicity assays
performed with a panel of about 700 cancer cell lines, and (ii) verified a NAMPT H191R
mutation confers resistance to STF-31 and other NAMPT inhibitors as well. Although
these data strongly suggest NAMPT as a principal target of STF-31, they can not rule
out an additional interference with GLUTL. This type of interaction becomes relevant only

at higher drug concentrations or within special cellular and molecular requirements.

We have also performed glucose uptake experiments with GMX1778 concentrations of
10 to 50 pM and observed inhibition rates that were in the range or even higher than the
ones observed with 50 uM STF-31. In LDH assays we detected no cytotoxic effects after
a 1lh treatment and even after a 24h treatment only a partial cytotoxicity was observed
that was less pronounced than the complete cell death described by Watson et al [21]
for HelLa cells at a GMX1778 concentration as low as 3 nM. Kropp and coworkers [14]
have described for human pluripotent stem cells in inhibition of glucose uptake earliest
18 h after application of low, i.e. 2.5 uM, STF-31 concentrations. As the temporal ap-
pearance of glucose uptake inhibition roughly paralleled the temporal inhibition of glycol-
ysis and mitochondrial oxidative metabolism these authors argued that the former one is
a consequence of the latter. In our hands, STF-31 and also GMX1778 significantly inhibit
glucose uptake in a concentration-dependent manner already after a 1h-treatment and,
thus, point to a broadened range of activities of these drugs. The observed temporal
delay of drug effects may be due to drug metabolism raised by phase | enzymes (cyto-
chrome P450; Flavin-containing monooxygenases), which are known to play a crucial
role in xenobiotic degradation [26, 27]. Such new functional drug-specific metabolites

could possess unknown mode of actions.

All together we suppose that STF-31 can function as a NAMPT as well as a GLUT1
inhibitor, whereby its action as NAMPT inhibitor in respect to confer cytotoxicity seems
to be more pronounced in most cancer cells. The particular efficacy of each inhibitory
activity may depend on the specific cellular context. High expression levels of GLUT1 in
conjunction with low expression levels of other GLUTs could increase the cells’ sensitiv-
ity towards the GLUT1-specific inhibitory action of STF-31, whereas low expression lev-
els of NAMPT could favor the NAMPT-specific inhibitory action of the drug.

Conflicts of interest: None declared.
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7. Zusammenfassung und Ausblick
Teilprojekt DOTA-ZOL

Die Ursachen fur die Probleme, die im Rahmen der Implementierung von DOTA-ZOL
auftraten, konnten gefunden und gréf3tenteils erfolgreich adressiert werden.

Basierend auf den dabei gewonnen Erfahrungen, konnte erfolgreich eine manuelle Mar-
kierungsmethode mit Gallium-68 entwickelt und validiert werden. Es konnte erfolgreich
nachgewiesen werden, dass neben dem richtigen pH-Wert der Reaktionslosung, ein we-
sentlicher Einflussfaktor fir die Radiomarkierung das Reaktionsgefaf ist (Abbildung 24).
Dieses kann, bei ansonsten gleichen Reaktionsbedingungen, einen Unterschied von bis
zu 60 % in der Reaktionsausbeute der Komplexierung bedingen. Das wiederum hat di-
rekte Konsequenzen fir die Automatisierung, da hier das optimale Reaktionsgefal’ nicht
verfugbar ist. Durch die Anpassung des Reaktorgefal3es konnte die Ausbeute der ma-
nuellen Markierung soweit stabilisiert und erhéht werden das eine Aufreinigung des End-

produktes nicht mehr notwendig ist.

TC-ELUn=5 | 75.43 1
ABXn=5 | 70.97 i
Toplyo® n=9 | 96.99 =
Typ | Plus®n=6 | 97.68 HH
0 20 40 60 80 100

Complexation yield [%)]

Abbildung 24: Vergleich der vier verschiedenen Reaktorgefal3e fir die Radiomarkierung.
Zwei normale Glasreaktoren, sowie zwei silikonbeschichtete Glasreaktoren (siehe auch
S. 73).

Ein weiteres Problem, die Aufreinigung des Produktes konnte trotz intensiver Bearbei-
tung nicht abschlieRend geltst werden. Da flr die Modulsynthese das optimale Reakti-
onsgefal noch nicht verfligbar ist, ware hier eine SPE-Aufreinigung dringend notwendig.
Da trotz intensivem Screening bisher keine praktikable Losung gefunden werden konnte
ist eine Anpassung der Kassetten und des Moduls wahrscheinlich die einfachere und

schnellere Variante. Nichtsdestotrotz sollten weitere Anstrengungen hinsichtlich der
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SPE-Aufreinigung unternommen werden um in Zukunft flr diesen Tracer eine verlassli-

che, automatisierte Synthese nutzen zu kénnen.

Wahrend der Arbeit musste auch die Qualitatskontroll-Methode genauer untersucht wer-
den. Es stellte sich dabei heraus, dass diese nicht zuverlassig alle Komponenten auflo-
sen konnte und zusatzlich zum Teil falsch negative Ergebnisse lieferte. Dadurch wurden
vermehrt Synthesen mit gutem Produkt verworfen. Dartiber hinaus war es nicht méglich
die bereitgestellten HPLC-Methoden zu reproduzieren. Dadurch wurde es notwendig so-
wohl eine passende DC- als auch HPLC-Methode zu finden. Die neue entwickelte DC-
Methode basiert zum Teil aus der bereitgestellten. Diese schafft es eindeutige und zu-
verlassige Aussagen Uber die Reinheit des Produktes zu machen. Die neue HPLC-Me-
thode 16st alle Komponenten des Produktes und der Vorstufen auf, jedoch kann die sehr
kurze Retentionszeit zwischen den einzelnen Peaks zu Uberlagerungen und Fehlemn
fuhren. Die aktuelle HPLC-Methode bietet daher noch Potential fur weitere Verbesse-

rungen insbesondere hinsichtlich der Auftrennung der Substanzen.
Teilprojekt: PSMA

Die optimierte Methode zur Markierung von PSMA-11 mit Ethanolzusatz konnte erfolg-

reich in den klinischen Alltag implementiert und etabliert werden.

Die erste automatisierte Modulsynthese fir [*"/Lu]Lu-PSMA-617, die fir die Routinepro-
duktion von Patientendosen geeignet ist, wurde etabliert. Darauf aufbauend wurde eine
Patientenstudie realisiert. Hier wurde die Uberebensrate von Patienten mit Radioligan-
dtherapie (RLT) gegen eine Gruppe ohne RLT untersucht. Es konnte ein signifikanter
Unterschied zu gunsten der RLT-Gruppe nachgewiesen werden. Die wiederholte RLT
Behandlung scheint sicher und wirksam zu sein und flr die meisten Patienten einen
Nutzen zu bringen. Zukinftig kann es ein Ansatz sein die RLT schon friher, vor der
terminalen Phase der Erkrankung, einzusetzen wie es aktuell der Stand ist, und dadurch

die Prognose der Patienten weiter zu verbessern.

Die Markierung von PSMA-617 mit dem neuen PET-Isotop Scandium-44 wurde eben-
falls erfolgreich und nach den Vorgaben der Pharmakopoeia entwickelt. In den damit
durchgefiihrten Machbarkeitsstudien zeigte sich, dass [**Sc]Sc-PSMA-617 eine hthere
Ahnlichkeit zum Therapeutikum [*’LulLu-PSMA-617 aufweist als das etablierte
[(®Ga]Ga-PSMA-11. Durch die hohere Halbwertszeit des Scandium-44 (ty2 = 4,042 h) ist
die Biokinetik im Patienten bis 19,5 h nachverfolgbar. Das fuhrt dazu, dass die Dosimet-
rie vor und nach der Therapie besser bestimmt werden kann. Hiermit ist dann eine bes-

sere Individualtherapie erreichbar.

289



Abbildung 25: Verteilung von [*Sc]Sc-PSMA-617 nach 45 Minuten sowie 2 und 19,5
Stunden nach der Injektion (von links nach rechts) (siehe auch S. 160).

Die Vorhersage und Berechnung der absorbierten Organdosen bei Patienten, fur die
eine [Y’Lu]Lu-PSMA-617-Therapie vorgesehen ist, kann durch pratherapeutisches
PET/CT mit [**Sc]Sc-PSMA-617 verwirklicht werden. Diese Methode ist hilfreich bei der
Beurteilung der Risikoorgane, die bei den einzelnen Patienten zum Teil sehr variabel
sind. So ist eine Personalisierung der PSMA-gerichteten Radionuklid-Therapie umsetz-
bar. Sollte eine breitere Anwendung mit **Sc-markierten Radiotracern realisiert werden,
kénnen diese Vorteile einer verbesserten Therapieplanung, aber auch einem einfache-
ren Patientenmanagement, einem breiteren Patientenspektrum zur Verfligung gestellt
werden. Die “*Sc-Markierung kann dabei an Einrichtungen erfolgen, die ein Zyklotron zur
Verfigung haben. Die Anwendung selbst muss dabei jedoch nicht zwingend vor Ort er-
folgen. Durch die langere Halbwertszeit des Isotops ist auch ein Transport Uber weitere
Strecken realisierbar. Aufgrund dieser Eigenschaften ist Scandium-44 besonders fir Re-
gionen mit geringer Zyklotron-Abdeckung und/oder grof3en Distanzen zwischen Zyklot-

ron und PET-Zentrum interessant.
Teilprojekt: Prozessoptimierung

Es war moglich, statistisch signifikante Unterschiede zwischen der automatisierten und
der manuellen Markierung nachzuweisen, wobei die Modulsynthese fur beide untersuch-
ten Tracer die bessere Leistung zeigte. Des Weiteren konnte eine signifikante Ausbeu-
tensteigerung der Synthesen mit Ethanol-Zusatz nachgewiesen werden. Gestltzt durch
die statistische Analyse konnten die Methoden aller vorhandenen Tracer hinsichtlich

Markierungseffizienz und Radiolyseanteil optimiert werden.
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Diese Optimierungen sind geeignet fir eine breite Palette von Tracern und Radionukli-
den. Daneben konnte gezeigt werden, dass geringere Mengen an Precursor notwendig
sind (z. B. 2,58+0,42 ug PSMA-11 fur das automatisierte Verfahren im Vergleich zu 25
pg PSMA-11 im Cold Kit z. B. ANMI SA, Belgium).

Der Schutz vor Strahlung fir den Operator kann durch eine automatisierte Synthese
verbessert werden. Das Risiko von Kreuzkontaminationen durch Partikeln wird verringert

mit der Verwendung von sterilen Einweg-Reagenzien-KITs und Kassetten.

Daneben sind die Hauptvorteile der Automatisierung die hdhere Zuverlassigkeit, bessere
Reproduzierbarkeit und Zeitersparnis. Dies wird auch durch die Ergebnisse anderer Stu-

dien unterstutzt, die sich mit der automatisierten Radiomarkierung beschéftigen.
Teilprojekt: Kontrolle zellularer Transportmechanismen

Insgesamt kann, gesttzt auf die [*®F]FDG-Experimente, vermutet werden, dass STF-31
sowohl als NAMPT- als auch als GLUT1-Inhibitor fungieren kann. Die Wirkung als
NAMPT-Inhibitor scheint dabei, in Bezug auf die meisten Krebszellen, ausgepragter zu
sein. Die besondere Wirksamkeit der einzelnen inhibitorischen Aktivitadten hangt vom
spezifischen zellularen Kontext ab. Hohe Expressionsniveaus von GLUT1 in Verbindung
mit niedrigen anderer GLUTs konnten die Empfindlichkeit der Zellen gegenlber der
GLUT1-spezifischen hemmenden Wirkung von STF-31 erhéhen, wahrend niedrige Ex-
pressionsniveaus von NAMPT die NAMPT-spezifische inhibitorische Wirkung des Medi-

kaments begunstigen kdnnten.
Teilprojekt: Implementierung neuer Tracer fur klinische Studien

In dieser Arbeit konnte eine standardisierte Modulsynthesekasette etabliert werden.
Durch die individuelle Voruntersuchung jedes neuen Tracers waren dann nur geringe
Anpassungen an diese Grundkasette notwendig, um den Tracer aus der Forschung in
die klinische Routine zu etablieren und validieren. Diese Grundlage ermdglichte den Ein-
satz verschiedener Tracer wie unter anderem DATA-TOC. Da mit DOTA-TOC ein etab-
lierter Tracer fir neuroendokrine Tumore vorhanden ist, war wichtig zu zeigen welche
Unterschiede sich zwischen DATA-TOC und DOTA-TOC ausmachen lassen.

Eine signifikant niedrigere physiologische Hintergrundaufnahme in der Leber von
[(®Ga]Ga-DATA-TOC im Vergleich zu [®Ga]Ga-DOTA-TOC fiihrte zu leicht hoheren
(wenn auch nicht statistisch signifikanten) Tumor-zu-Hintergrund-Verhaltnissen fir Le-
bermetastasen. Die Studie, welche das klinische Potential von [®®Ga]Ga-DATA-TOC

PET/CT fiir die Bildgebung von Patienten mit neuroendokrinen Tumoren demonstriert,
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liefert den ersten Beweis, dass [*®Ga]Ga-DATA-TOC als Alternative zum etablierten Di-
agnostikum [®®Ga]Ga-DOTA-TOC angewendet werden kann.
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Abbildung 26: Erste [®®Ga]Ga-DATA-FAPi-PET/CT Bilder aus dem Uniklinikum Bonn. In-

tensive Tracer-Aufnahme im Lebersegment 8 (siehe auch S.278).

Ein weiterer DATA-basierter Radiotracer, der in die klinische Routine aufgenommen wer-
den konnte, war [8Ga]Ga-DATA-FAPI. Es konnte eine automatisierte Synthese, sowie
eine adaquate Qualitatskontroll-Methode entwickelt werden. Das so zur Verfigung ge-
stellte [*®Ga]Ga-DATA-FAPI konnte in einer ersten Patientenstudie, Fibroblasten und Le-
bertumore im PET/CT sichtbar machen. Vor allem im bereich aktiver Fibroblasten, die
bei unterschiedlichen Tumorarten wahrend des Wachstums der versorgenden Blutge-
faRke aktiv sind, konnte [8Ga]Ga-DATA-FAPI fir die Diagnostik eine wirksame Unterstit-

zung liefern.
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Abkiurzungsverzeichnis

#
Ve Antineutrino
Ve Neutrino

€
€ Euro

o
°C Grad Celsius

A

a Jahr
A Massenzahl, Aktivitét
AAZTA 1,4-Bis(carboxymethyl)-6-[bis(carboxymethyl)Jamino-6-methylperhydro-1,4-diazepin

B
B-Feld Magnetfeld

C
¢ Lichtgeschwindigkeit
CT Computertomographie

D

d Tage

D Deutschland, Dosis

DATA (6-pentansdure)-6-(amino)methy-1,4-diazepinetriacetat
DC Diinnschichtchromatographie

DNA Desoxyribunukleinséure

DOTA 1,4,7,10-Tetraazacyclododecan 1,4,7,10-Tetraessigsdure
Dr Energiedosis

DTPA Diethylentriaminpentaessigséure

e Elektron

E Energie

et Positron

EC electron capture

EDTA Ethylendiamintetraessigséure
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EDTMP Ethylendiamintetramethylen Phosphorsdure
E-Feld elektrisches Feld

EM Elektromagnetisch

eV Elektronenvolt

Ey Photonenenergie

F Targetfldche

FAPi Fibroblasten-Aktivierungs-Protein-Inhibitoren
FCH Fluormethyl-Cholin

FDG 2-Fluor-2-Desoxy-D-Glucose

FEC Fluorethyl-Cholin

Glut Glucosetransporter

GMP Gute Herstellungspraxis

h Stunden, Planck'sche Wirkungsquantum
HDP Hydroxymethylenbisphosphonat

HPLC Hochleistungsfliissigchromatographie
Hg Aquivalentsdosis

Hz Hertz

IUPAC International Union of Pure and Applied Chemistry

J Joule

K Komplexbildungskonstante, Kern

KZ Koordinationszahl

m Meter

mo Ruhemasse

MDP Methylendiphosphonat
me Elektronenmasse

MeV Megaelektronenvolt
min Minuten

Mio Millionen

mRNA Boten-Ribonukleinsédure
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MRT Magnetresonanztomographie
mSv milliSievert

mX metastabile Form des Nuklids

n Neutron

N Kernzahl

NAPMT Nicotinamide Phosphoribosyltransferase
NET neuroendokrinen Tumore

nm Nanometer

NOTA 1,4,7 Triazacyclononane-triessigsdure

Nt Teilchenzahl im Target

PET Positronen-Emissions-Tomographie
PSA Prostataspezifisches Antigen
PSMA Prostataspezifisches Mebranantigen

q Bewertungsfaktor, Ladung
Qr Qualitdtsfaktor

r Radius
RLT Radioligandtherapie, Radioligandentherapie

RT Raumtemperatur

s Sekunde
SGLT Natrium/Glucosetransporter
SPE Festphasenextraktion

SPECT Einzelphotonen-Emissionscomputertomographie

SSTR Somatostatin-Rezeptoren
STF-31 C23H25N3035, GLUT1 Inhibitor

Sv Sievert

t Zeit

t12 Halbwertszeit

TATE (Tyr3)-Octreotat
THP Tris(hydroxypyridinon)
THz Terrahertz

TOC D-Phe-cyclo[Cys-Tyr-D-Trp-Lys-Thr-Cys]-Thr(ol)

TRAP Methyl (hydroxymethyl)phosphinséure
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V Volumen

W, Austrittsarbeit

X Mutternuklid
X* Nuklid im angeregten Zustand

Y Tochternuklid

Z Protonenzahl
Z0L Zoledronséiure

o Alphazerfall

B Betazerfall
B~ Beta-Minus-Zerfall
B+ Beta-Plus-Zerfall

y Gamma

A Zerfallskonstante, Wellenlinge

v Frequenz

p Dichte

o Wirkungsquerschnitt
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w Wechselwirkungswahrscheinlichkeit

297



Abbildungsverzeichnis

Abbildung 1: Demografischer Wandel in Deutschland seit 1990 [1]..........ccccvvvnnn... 1

Abbildung 2: Veranderung der Therapiemdglichkeiten durch die Mithilfe der
Nuklearmedizin schematisch dargestellt wahrend des Verlaufs einer
Prostatakrebserkrankung. 2002-2012 PSA-Ara; 2012-2019 PSMA-Ara
(Dankenswerter Weise zur Verfiigung gestellt von: Dr. Masha Mahara)...... 2

Abbildung 3 EM-Wellenbereich. (Elektromagnetisches Spektrum) ..............ccccceees 4
Abbildung 4: Mittlere nattirliche Dosisleistung pro Jahr in Deutschland [5]. ............ 4
Abbildung 5 Zusammensetzung der Jahrlich durchschnittlichen Strahlendosis in
DeUtSChIAN [4]. ..ottt 5
Abbildung 6: Schematische Darstellung der Compton Streuung..............ccccevvvennns 7
Abbildung 7: Ubersicht der Abgrenzungen des Photo-, Compton-Effekts und der
PaarDildung [9]. . .eeeeeeeeeeiiiiieie e 8
Abbildung 8: Alpha-Spektrum von nattrlichen Uran [10]..........cccveeiiiiievveriiiiinennn. 10
Abbildung 9: in a) ist das B-Spektrum von Kalium-40 dargestellt. In b) ist das §*-
Spektrum von Phosphor-30 dargestellt [11]. ......coovvveieiiiiiiieeeeeeee 12
Abbildung 10: Schematische Darstellung der Detektion in einem PET und einem
] e = PRSPPI 15

Abbildung 11: Links: Szintigramm einer gesunden Schilddriise mitTechnetium-
99m-pertechnetat als Radiotracer in einem SPECT [16]. Rechts: Der
Papstpalast zu Avignon von Paul Signac derzeit ausgestellt in Musée
d'Orsay, Paris, FrankreiCh. ...........ccovviiiiiii e 16

Abbildung 12: Schematische Darstellung der verschiedenen
Koinzidenzdetektionen. A: echte Koinzidenz; B: Zuféllige Koinzidenz; C:
gestreute Koinzidenz; D: StreUUNQ. ........viiiieiriiiiiiiciie s e e e 16

Abbildung 13: Schematische Darstellung der Funktionsweise eines Zyklotrons. ..19

Abbildung 14: Versorgungskette von Technetium-99m fir die Anwendung im
Krankenhaus [25]. .....cuvuuiiiiieiei e 21

Abbildung 15: Links: Schematische Darstellung der verschiedenen %8Ge/%¢Ga-
Generatorsysteme [30]. Rechts: Querschnitt durch einen %8Ge/%¢Ga-

LT a1 T = (o 1 U SSPPPPTN 22
Abbildung 16: Theoretischer Aktivitatsverlauf nach einer Elution des
Radionuklidgenerators mit anschlieRender Regeneration [32]. ................. 23

Abbildung 17: Vereinfachte Darstellung des Prinzipiellen Aufbaus eines Tracers. 24
Abbildung 18: Darstellung verschiedener Chelatoren die aktuell in der

Nuklearmedizin im EiNSatz SiNd..............uuvviiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeee 26
Abbildung 19: Darstellung einige der wichtigsten Verfahren zu Diagnose und

Therapiemdglichkeiten von Tumorerkrankungen............ccccoeevveeeiiiiiiiinnnnnn. 32
Abbildung 20: Vorgehensweise bei der individualisierten nuklearmedizinischen

THErapi© [L06].....ccccceeieeeiiiie e e e e e e e e 33
ADBDIlAUNG 21 DOTA-ZOL ...ttt e e e e e st e e e e e e e s nnneees 51
Abbildung 22: Schematische Darstellung verschiedener PSMA-Typen. ............. 128
Abbildung 23: Schematische Darstellung der Tracer DATA-TOC und DOTA-

11 L SRS PRSRRR 197

Abbildung 24: Vergleich der vier verschiedenen ReaktorgefaRe fir die
Radiomarkierung. Zwei normale Glasreaktoren, sowie zwei
silikonbeschichtete Glasreaktoren (siehe auch S. 73). .....coocovviiveviiinnnnnn. 288

298



Abbildung 25: Verteilung von [*Sc]Sc-PSMA-617 nach 45 Minuten sowie 2 und
19,5 Stunden nach der Injektion (von links nach rechts) (siehe auch S.
LB0). etiiee ettt e ettt e e e e e st r e e e e e e e aaan 290

Abbildung 26: Erste [®®Ga]Ga-DATA-FAPI-PET/CT Bilder aus dem Uniklinikum
Bonn. Intensive Tracer-Aufnahme im Lebersegment 8 (siehe auch
S 278 it 292

299



Tabellenverzeichnis

Tabelle 1: Gegenlberstellung der Details zu PET und SPECT........ccccooovvevvveennnes 18
Tabelle 2: Typen von Radionuklidgeneratoren und Zerfallsarten. ......................... 21

300



Danksagung
An dieser Stelle méchte ich einen Dank aussprechen an alle Personen, die mich bei der

Anfertigung meiner Dissertation unterstitzt haben.

Besonders danken mochte ich Prof. Markus Essler fir die hervorragende Unterstiitzung
bei der Durchfihrung und der Umsetzung der gesamten Arbeit.

AulRerdem mdchte ich mich bei Dr. Elisabeth Eppard und Dr. Stefan Kurpig bedanken,
die mich im auf meinem Weg gefiihrt und unterstiitz haben und ohne deren lieben Wor-
ten diese Arbeit nicht mdglich gewesen waére.

Nicht zuletzt muss ich zudem dem Team der Nuklearmedizin in Bonn meinen Dank &u-
Bern, die meine Arbeit durch ihre Unterstitzung beeinflusst haben.

Meiner Frau und Familie danke ich fur ihre Geduld, die Ermutigungen und Zuspriiche
wahrend der Arbeit an dieser Dissertation.

301



Eidestatliche Erklarung

.Hiermit versichere ich, Michael Meisenheimer, eidesstatlich, dass ich die vorliegende
Arbeit — abgesehen von den ausdriicklich bezeichneten Hilfsmitteln — personlich, selb-
standig und ohne Benutzung anderer als der angegebenen Hilfsmittel angefertigt wurde,
sowie die aus anderen Quellen direkt oder indirekt ilbernommenen Daten und Konzepte
unter Angabe der Quelle kenntlich gemacht sind. Die vorgelegte Arbeit ist nicht bereits
anderweitig als Dissertation eingereicht worden, desweiteren ist kein friherer Promoti-
onsversuch unternommen worden. Fur die Erstellung der vorgelegten Arbeit ist keine
fremde Hilfe, insbesondere keine entgeltliche Hilfe von Vermittlungs- bzw. Beratungs-

diensten, in Anspruch genommen worden.

Kdln, 17. April 2022, Michael Meisenheimer

302



Publikationen:

2020

2020

2019

2019

2019

2019

Meisenheimer, M., Kurpig, S., Essler, M., Eppard, E. Maunual vs
automated ®®Ga-radiolabelling — A comparison of optimized pro-
cesses. J Labelled Comp Radiopharm. 2020; 63:162-72. Doi
10.1002/jlcr.3821.

Michael Meisenheimer, Stefan Kirpig, Markus Essler and Elis-
abeth Eppard DOTA-ZOL: A Promising Tool in Diagnosis and
Palliative Therapy of Bone Metastasis—Challenges and Critical
Points in Implementation into Clinical Routine; Molecules 2020,
25(13), 2988

Khawar, A., Eppard, E., Roesch, F., Ahmadzadehfar, H., Kirpig, S.,
Meisenheimer, M., Gaertner, F., Essler, M., Bundschuh R., Biodis-
tribution and post-therapy dosimetric analysis of [*"’Lu]Lu-DOTA-
2L in patients with osteoblastic metastases: first results; EJNMMI
Res 9, 102 (2019)

Meisenheimer, M., Kurpig, S., Essler, M., Eppard, E., Ethanol ef-
fects on %8Ga-radiolabelling efficacy and radiolysis in automated
synthesis utilizing NaCl post-processing; EJINMMI radiopharm.
chem. 4, 26 (2019)

F.C. Gartner, T. Plum B. Kreppel E. Eppard M. Meisenheimer H.
Strunk R.A. Bundschuh J.P. Sinnes F. Rosch M. Essler; Clinical
evaluation of [*®Ga]Ga-DATA-TOC in comparison to [®*Ga]Ga-
DOTA-TOC in patients with neuroendocrine tumours; Nuclear Med-
icine and Biology Volumes 76-77, September—October 2019,
Pages 1-9

Khawar, A., Eppard, E., Roesch, F., Ahmadzadehfar, H., Kirpig, S.,
Meisenheimer, M., Gaertner, F., Essler, M., Bundschuh, R., Pre-
liminary results of biodistribution and dosimetric analysis of
[8Ga]Ga-DOTAZOL: a new zoledronate-based bisphosphonate for
PET/CT diagnosis of bone diseases; Ann Nucl Med 33, 404-413
(2019)

303



2019

2018

2018

2018

2018

Yordanova, A., Linden, P., Hauser, S. Meisenheimer, M., Kurpig,
S., Feldmann, G., Gaertner, F., Essler, M., Ahmadzadehfar, H. Out-
come and safety of rechallenge [177Lu]Lu-PSMA-617 in patients
with metastatic prostate cancer; Eur J Nucl Med Mol Imaging 46,
1073-1080 (2019)

Lara Schwarte, Lena Thomas, Elisabeth Eppard, Michael Meisen-
heimer, Christof Weiss-Wichert, Rolf Fimmers, et al. Comparison of
Tumor Heterogeneity Assessed with Textural Parameters in ®Ga-
PSMA PET/CT and 177Lu-PSMA SPECT/CT in Patients with Met-
astaticProstate Cancer; Biomed J Sci & Tech Res 11(5)-2018.
BJSTR. MS.ID.002161. DOI: 10.26717/ BJSTR.2018.11.002161.
Volume 11- Issue 5: 2018

Kraus, D., Reckenbeil, J., Veit, N. Kirpig, S., Meisenheimer, M.,
Beier, I., Stark, H., Winter, J., Probstmeier, R. Targeting glucose
transport and the NAD pathway in tumor cells with STF-31: a re-
evaluation; Cell Oncol. 41, 485-494 (2018)

Ambreen Khawar; Elisabeth Eppard; Jean Sinnes; Frank Roesch;
Hojjat Ahmadzadehfar; Stefan Kirpig; Michael Meisenheimer; Flo-
rian Gaertner; Markus Essler; Ralph Bundschuh; Prediction of Nor-
mal Organ Absorbed Doses for [177Lu]Lu-PSMA-617 Using
[**Sc]Sc-PSMA-617 Pharmacokinetics in Patients With Metastatic
Castration Resistant Prostate Carcinoma; Clinical Nuclear Medi-
cine. 43(7):486—-491, JULY 2018

Ambreen Khawar; Elisabeth Eppard; Jean Sinnes; Frank Roesch;
Hojjat Ahmadzadehfar; Stefan Kirpig; Michael Meisenheimer; Flo-
rian Gaertner; Markus Essler; Ralph Bundschuh; [**Sc]Sc-PSMA-
617 Biodistribution and Dosimetry in Patients With Metastatic Cas-
tration-Resistant Prostate Carcinoma; Clinical Nuclear Medicine.
43(5):323-330, MAY 2018

304



Konferenzbeitrage:

2019

2017

2017

2016

2016

M Haendeler, A Khawar, S Kuerpig, M Meisenheimer, M Essler,
R Bundschuh Biodistribution and radiation dosimetry of [®®Ga]Ga-
RM2 Poster PET und SPECT: Prostata-Karzinom; 57.
Jahrestagung der Deutschen Gesellschaft flir Nuklearmedizin

M. Meisenheimer, S. Kurpig, E. Eppard; Radiolabelling of
DOTAMZOL on automated module system using NaCl post-pro-
cessing; 22.Symposium on Radiopharmaceutical Sciences; Inter-

national Symposium on Radiopharmaceutical Sciences

M. Meisenheimer, S. Kirpig, E. Eppard; Radiolabelling of
DOTAMZOL on automated module system using NaCl post-pro-
cessing; Arbeitsgemeinschaft Radiochemie und Radiopharmazie

der Deutschen Gesellschaft fir Nuklearmedizin

Elisabeth Eppard, Michael Meisenheimer, Ana de la Fuente,
Stefan Kirpig, Markus Essler, Frank Roesch, Radiolabelling of
DOTAMZOL with %8Ga and #Sc for clinical application Endocrine
Abstracts (2016) 47 OC34

M. Meisenheimer, E. Eppard, A. de La Fuente, S. Kirpig, F.
Résch, M. Essler; ,Automatisierte Radiomarkierung von
DOTAMZOL mit NaCl-Post Prozessing®“; Arbeitsgemeinschaft Ra-
diochemie und Radiopharmazie der Deutschen Gesellschaft fur

Nuklearmedizin

305



