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1. Einleitung — Behandlungsmethoden fiir solide Tumore

Solide Tumore stellen eine erhebliche Belastung fiir Patienten und die Gesundheitssysteme dar. In
vielen Fallen ist die Resektion solcher Tumore nicht méglich oder mit erheblichen Risiken und
Beeintrachtigungen fir den Patienten verbunden. Die Bedeutung alternativer, insbesondere
minimalinvasiver Verfahren nimmt im Zuge anhaltender weltweiter Forschungsaktivitaten stetig zu.
Wichtige Ziele sind hierbei, Risiken und Nebenwirkungen zu minimieren, die Funktion des
betroffenen Koérperareals zu erhalten, sowie moéglichst auch die Kosten des Eingriffs fiir Patienten
und die Gesundheitssysteme zu reduzieren.

Zum Teil kdnnen diese Ziele durch mittlerweile etablierte minimalinvasive Methoden zur lokalen
Tumorentfernung mittels Mikrochirurgie, Thermoablation oder thermischer Laseranwendungen
bereits erreicht werden. Diese Therapieansatze werden haufig ergdnzt durch externe oder (bei der
Brachytherapie mittels radioaktiver Seeds [1] interne Bestrahlung mit ionisierender Strahlung
und/oder systemisch durch Chemotherapie (inkl. Hormontherapie). Dariiber hinaus werden
zunehmend weitere Behandlungsansatze erforscht und verfligbar. Hierzu zdhlen beispielsweise
Tumor-Treating Fields (TTF), mit denen die Zellteilung von Tumorzellen verhindert oder verlangsamt
werden soll [2]. Trotz kontroverser Diskussionen ist dieses Verfahren inzwischen in den USA im
Rahmen der Behandlung primarer und rezidivierender Glioblastome zugelassen [3]. Verschiedene
andere in der Entwicklung befindliche Verfahren stiitzen sich auf die intrazellulare Erzeugung
reaktiver Sauerstoffspezies und deren zytotoxische Wirkung. Hier sind als subthermische laser-
basierte Verfahren die bereits recht weitreichend verfligbare photodynamische Therapie (PDT) zu
nennen, welche einen Photosensibilisator erfordert, ferner als noch in der Exploration befindliche
Methoden die direkte optische 2-Photonen-Anregung von reaktiven Sauerstoffspezies ohne
Photosensibilisator [4], die Rontgenbestrahlung von Nanopartikeln [5], sowie die Chemolumineszenz-
basierte PDT [6]. Im Unterschied hierzu sind bei der noch nicht sehr ausfiihrlich erforschten
Sonodynamischen Therapie (SDT) [7-10], welche einen Sonosensibilisator erfordert, thermische
Prozesse wie Kavitation, Pyrolyse und Sonolumineszenz involviert. Einen chronologischen Uberblick
Uber die Einflihrung dieser Behandlungsmethoden am Beispiel des Glioblastoms gibt [11].

Die fiir verschiedene Anwendungsfelder bereits ausgereifte und zugelassene photodynamische
Therapie (PDT) zielt auf eine photochemische Zerstérung von Tumorzellen ab und induziert
mutmaRlich zusatzlich eine Reaktivierung des Immunsystems gegen die Tumorzellen. Sehr vorteilhaft
ist, dass es hierbei nicht zu einer Hitze-Entwicklung im Gewebe kommt, was prinzipiell eine selektive
Zerstorung von Tumorzellen unter weitgehender Schonung von gesunden Zellen und somit einen
zumindest teilweisen Funktionserhalt des behandelten Korperareals ermoglicht. Eine solche
Selektivitat der Laserbehandlung wird in der Regel in Kombination mit Licht absorbierenden
Molekilen (Photosensibilisatoren) erreicht, die in oder an der Tumorzelle lokalisiert bzw.
angereichert sind. Hierbei kann die Laserenergie in vielen Fallen sehr einfach minimalinvasiv tber
diinne Lichtleiter in die betroffene Koérperregion gefiihrt und sowohl oberflachlich als auch
intraluminal oder interstitiell appliziert werden. Ferner kann der Therapieeffekt Gber die Wahl der
Laserleistung, der Wellenlange und der Zeitstruktur der Lichtanwendung gezielt eingestellt werden,
so dass Risiken, Vertraglichkeit und Nebenwirkungen der Therapie gut kontrolliert und begrenzt
werden kdnnen. Die Methode verspricht damit generell eine sehr gute Kompatibilitat mit den
Anforderungen an eine moderne medizinische Versorgung, fur die insbesondere die Nachhaltigkeit
des Behandlungserfolgs, die Minimierung von unerwiinschten Nebeneffekten der Therapie sowie die
Erhaltung der Lebensqualitdt entscheidend sind, bei gleichzeitiger Beachtung wirtschaftlicher
Aspekte und Rahmenbedingungen.

Die vorliegende kumulative Arbeit befasst sich mit dem Einsatz der interstitiellen photodynamischen
Therapie (iPDT) bei der Behandlung von Hirntumoren sowie den fiir den Transfer einschlagiger
Forschungsergebnisse in die klinische Praxis erforderlichen methodischen Entwicklungen.



2. Status Quo der Behandlung von Hirntumoren mittels photodynamischer Therapie

Im Jahr 1904 pragte Herrmann von Tappeiner den Begriff ,Photodynamische Reaktion” [12],
basierend auf Untersuchungen seines Studenten Oscar Raab, insbesondere der Beobachtung von
Fluoreszenz, die er als potenziell ausschlaggebend fiir den Erfolg licht-therapeutischer Behandlungen
von Infektionen und Hauttumoren ansah. Auch wenn es sich bei der Fluoreszenz tatsachlich nur um
ein parallel zur therapeutisch wirksamen photochemischen Reaktion auftretendes Phanomen
handelt, waren somit photodynamische Effekte faktisch bereits Ende des 19. Jahrhunderts
untersucht und bekannt. Dennoch blieben medizinische Anwendungen bei Tumorerkrankungen am
menschlichen Gehirn zunachst noch fiir viele Jahrzehnte aus, da die Blut-Hirn-Schranke (blood-brain
barrier, BBB) einen Ubertritt von systemisch verabreichten Photosensibilisatoren ins Hirngewebe
verhindert [13]. Nach Verabreichung von Hematoporphyrin derivative (HpD) konnte jedoch in
Hirntumor-Gewebe letztlich eine selektive Anreicherung des Photosensibilisators nachgewiesen
werden [14], da zumindest in hochgradigen Hirntumoren die BBB nicht vollstandig intakt ist. Hieraus
entwickelte sich durch die Arbeiten von Prof. Walter Stummer (Neurochirurgie, Klinikum der
Universitat Miinchen) die Methode der fluoreszenz-gestiitzten Resektion (FGR) auf Basis der tumor-
selektiven Anreicherung von Protoporphyrin IX (PpIX) nach systemischer Verabreichung von 5-
Aminolavulin-Saure (5-ALA) [15], die heute fester Bestandteil des Standard-of-Care fiir die
Behandlung von Glioblastomen ist. Hierflr hat 5-ALA unter dem Handelsnamen Gliolan® die
Zulassung durch die Europdische Arzneimittel-Agentur (EMA) fiir die intraoperative Verwendung bei
malignen Gliomen erhalten, sowie im Jahr 2017 unter dem Handelsnamen Gleolan® durch die US
Food and Drug Administration (FDA) flir die intraoperative optische Bildgebung in Patienten mit
Verdacht auf ein hochgradiges Gliom.

Erste Veroffentlichungen Gber klinische In-vivo-Anwendungen der PDT an Hirntumoren erschienen
ab 1980 [16,17]. Aufgrund der seither verzeichneten Behandlungserfolge von PDT laufen inzwischen
prospektive multizentrische klinische Studien, mit denen im weiteren Verlauf die Zulassung erwirkt
wurde [18] oder angestrebt wird [19,20]. Wesentliche Motivation ist hierbei, einerseits die Prognose
nach FGR hinsichtlich Lebenszeit und Lebensqualitat verbessern zu kdnnen, sowie andererseits auch
Patienten mit nicht resektablem Hirntumor eine Behandlungsoption mit dhnlich guter Prognose
anbieten zu kénnen.

Die Anwendung der PDT auf Hirntumore entwickelte sich von einer oberflachlichen intrakavitaren
Nachbestrahlung des Resektionsbetts [16,18] liber eine Nachbestrahlung liber (zur Erhéhung der
Wirktiefe) ins Gewebe eingebrachte Lichtdiffusoren [16,21] bis hin zur rein minimalinvasiven
Variante, der stereotaktisch gefiihrten interstitiellen PDT (iPDT) ohne Resektion [17,22-24], wobei
alle Konzepte noch weiterentwickelt werden. Fir die Behandlung des Glioblastoms stellt die FGR
nebst Temozolomid-basierter Radiochemotherapie gemal Stupp-Protokoll [25] den Standard-of-Care
dar [26]. In Anlehnung an diesen Standard wird auch die iPDT zur Behandlung des Glioblastoms
analog durch Radiochemotherapie erganzt [22,24].

Angesichts der generell sehr schlechten Uberlebensprognose nach Auftreten hochgradiger
Hirntumore, insbesondere von Glioblastomen und Hirntumor-Rezidiven, ist hier das zentrale Ziel der
iPDT, ebenso wie aller anderen Therapieansitze, ein moglichst langes progressionsfreies Uberleben.
Hierbei bietet die iPDT auf Basis bisheriger Ergebnisse die Perspektive, das in einigen Fallen
beobachtete Langzeitliberleben (> 2 Jahre [27]) prinzipiell auf einen groReren Anteil an
Behandlungen erweitern zu kénnen. Diese Hoffnung stiitzt sich auf die Hypothese, dass durch den
Verbleib der nach der iPDT untergehenden Tumormasse im Korper eine im Vergleich zur Resektion
betrachtliche Aktivierung des Immunsystems stattfindet [28-31]. Hierdurch kann die PDT indirekt
auch auBerhalb des beleuchteten Gewebeareals wirken, indem anschlieBend vitale Tumorzellen auch
in anderen Korperregionen vom Immunsystem erkannt und angegriffen werden. In diesem
Zusammenhang sind insbesondere in Kombination mit Immuntherapien auf der Basis von
Checkpoint-Inhibitoren weitere Fortschritte zu erwarten [29,32,33]. Auch Kombinationen mit
Hyperthermie [34] sowie mit adjuvanter Medikation (z.B. Methadon [35] oder Phytopharmaka [36])



wurden und werden weiterhin zumindest praklinisch untersucht, mit dem Ziel, die Wirkung der PDT
zu erhdhen. Zusatzlich ist zu erwahnen, dass der therapeutische Effekt der PDT teilweise auch ohne
Photosensibilisator durch eine direkte optische Anregung von intrazellularem Sauerstoff zu reaktiven
Sauerstoffspezies (ROS) ausgel6st werden kann, was im Rahmen eines aktuellen EU-Projekts naher
untersucht werden soll [4]. Dieser Ansatz kénnte es ermdglichen, das Anwendungsspektrum der PDT
auf niedriggradige Hirntumore zu erweitern.

Bei der iPDT von Hirntumoren fokussiert sich die weitere klinische Erforschung derzeit weitestgehend
auf nicht resezierbare Glioblastome und Hirntumor-Rezidive, da einerseits eine beeintrachtigte Blut-
Hirn-Schranke fir die PS-Anreicherung erforderlich ist und andererseits bei Nicht-Resezierbarkeit
(z.B. aufgrund einer Lokalisation im Sprachzentrum) keine anderen vielversprechenden Therapie-
Formen zur Verfligung stehen. Insgesamt waren die mittels iPDT erzielten Ergebnisse hinsichtlich
Gesamt- und Progressionsfreiem Uberleben sowohl bei zuvor unbehandelten Glioblastomen wie
auch bei Hirntumor-Rezidiven vergleichbar mit dem Standard-of-Care bei resezierbaren Tumoren
dieser Art [24,27,37]. Allerdings waren die mittels iPDT behandelten Tumore selektiert in Bezug auf
ihre GroRe (Durchmesser < 2 cm) und Form (gut umschrieben, nicht diffus infiltrierend).

Bislang konnte mit keiner Methode eine Heilung des Glioblastoms nachgewiesen werden. Allerdings
wurden nach iPDT-Anwendung am Glioblastom in Einzelfillen sehr lange Uberlebenszeiten
beobachtet [23,27], und auch eine Rezidiv-Bildung blieb in vielen dieser Fille ganz oder lange Zeit
aus. Ein besseres/vollstandigeres Verstandnis der Ursachen fir die unterschiedlichen
Behandlungserfolge ware wiinschenswert, um darauf aufbauend letztlich das Behandlungsergebnis
flr alle Patienten verbessern zu kénnen.

Zusammenfassend ist festzustellen, dass die iPDT ein effektives Verfahren zur Behandlung des
Glioblastoms und Hirntumor-Rezidiven darstellt, dass jedoch die Nachhaltigkeit des
Behandlungserfolges (entsprechend dem Charakter dieser Tumore und der technischen Komplexitat
der Behandlung) noch nicht zufriedenstellend ist und eine Erweiterung der Anwendbarkeit auf
weniger maligne Hirntumore wiinschenswert ware, um zum Wohle der Patienten einem breiteren
Einsatz der Methodik zum Durchbruch zu verhelfen.



3. Ziel und Einordnung des Habilitationsprojekts

Ubergeordnetes Ziel des Habilitationsprojekts war es, bei der Anwendung minimalinvasiver optischer
Therapieverfahren durch Nutzung messtechnisch zuganglicher Daten und Zusammenfihrung der
Ergebnisse verschiedener Untersuchungsmethoden ein besseres Verstandnis von fir den
Therapieerfolg entscheidenden Mechanismen, Einflussgroffen und Randbedingungen zu entwickeln,
um dadurch die Behandlungserfolge zu optimieren und die Auswahl der jeweils individuell
geeigneten Therapieanwendung zu unterstitzen. Einbezogen wurden hierfiir Untersuchungen im
Zusammenhang mit der interstitiellen PDT von Glioblastomen.

Einen zentralen Aspekt der Arbeiten stellen licht-dosimetrische Berechnungen und Simulationen in
Relation zur Tumorgeometrie auf Basis von medizinischen Bildgebungsdaten (MRT, CT, PET) dar,
ferner spektral aufgeldste optische Messungen liber im Tumorbereich platzierte faserbasierte Licht-
Diffusoren, sowie Beobachtungen von Gewebeveranderungen im Zeitverlauf, unmittelbar vor und
nach der Intervention bis hin zum eventuellen Auftreten eines Rezidivs. Im Zusammenhang mit
ersten klinischen Anwendungen zeigte sich, dass an selektierten, de facto inoperablen Tumoren
bereits gute Behandlungserfolge bei sehr geringem Risiko erzielt werden [24,37], dass aber nicht zu
unterschatzendes weiteres Verbesserungspotenzial besteht, das durch methodische Optimierung
genutzt werden kann [27,38]. Die im Rahmen der klinischen Anwendung gewonnen Ergebnisse
wurden durch entsprechende praklinische Untersuchungen an Gewebe und artifiziellen Gewebe-
Phantomen ergdnzt. Zudem wurden methodische Konzepte und Protokolle fir die klinische
Anwendung erarbeitet und getestet.

Als weitere Untersuchungen bieten sich, neben der Auswertung der bereits laufenden kontrollierten
klinischen Studien, Vergleiche zwischen iPDT und anderen oben erwadhnten Therapieansatzen bzw.
entsprechenden Kombinationsverfahren in Bezug auf Therapieeffekt und Langzeitverlauf an.
Winschenswert ware langfristig eine Erweiterung des Anwendungsspektrums der iPDT auf weitere
Tumorarten (z.B. auch niedriggradige Gliome).



4. Fragestellungen und Untersuchungen

Die im Folgenden zusammengefassten Arbeiten zum Habilitationsprojekt wurden am LIFE-Zentrum
des LMU Klinikums unter anderem in Kooperation mit der Neurochirurgischen Klinik und den Kliniken
fir Neuroradiologie und Radiologie durchgefiihrt und, wie aus dem beigefligten Schriftenverzeichnis
hervorgeht, weitestgehend publiziert.

Die nachfolgend beschriebenen Fragestellungen und Untersuchungen sind ihrem Charakter nach in
zwei Gruppen unterteilt. Die erste Gruppe umfasst methodische Entwicklungen und praklinische
Untersuchungen, die keine direkte Anwendung am Menschen beinhalten (Abschnitt 4.1). Die zweite
Gruppe umfasst Fragestellungen und Untersuchungen, die eine klinische Umsetzung im Rahmen von
iPDT-Behandlungen an Hirntumoren von Patienten sowie daran geknipfte Analysen beinhalten
(Abschnitt 4.2).



4.1 Methodische Entwicklungen und praklinische Untersuchungen

Vorbereitend wurden auf Basis bestehender Erkenntnisse zu iPDT-Behandlungen an
Hirntumorpatienten grundlegende Untersuchungen zu relevantem Teilsystemen und -methodiken
durchgefihrt.

4.1.1 Fluoreszenz-basierte Methoden zur Erh6hung der Sicherheit bei der stereotaktischen Biopsie

Fir die stereotaktische Biopsie im Vorfeld einer iPDT wurde ein Konzept fiir eine optisch gefiihrte
Biopsie-Nadel erarbeitet und an Labormustern erprobt (Abb. 1). Hiermit soll die Sicherheit der
Biopsieentnahme erhdht werden, indem grofSere BlutgefaRe erkannt und deren Beschadigung, z.B.
durch geeignete axiale Rotation der Biopsienadel vor der Gewebe-Abscherung, vermieden werden
kann.

Platzhalter flr Abb. 1, Bildquelle einsehbar unter:

Markwardt NA, Stepp H, Franz G, Sroka R, Goetz M, Zelenkov P, Rihm A. Remission
spectrometry for blood vessel detection during stereotactic biopsy of brain tumors. J
Biophotonics. 2017 Aug;10(8):1080-1094. doi: 10.1002/jbio.201600193. Epub 2016 Oct 7.
PMID: 27714967.

Aus urheberrechtlichen Griinden nicht in dieser elektronischen Publikation enthalten.

Abb. 1: Biopsie-Nadel mit BlutgefaR-Erkennung fir die optisch gefiihrte Biopsie. (a) Schematischer
Aufbau der Biopsie-Nadel mit seitlicher Offnung zur Abscherung von Gewebe sowie zwei
integrierten, fixierten optischen Seitblick-Fasern mit verspiegelten Faser-Enden, die mit einer
Lichtquelle bzw. einem Spektrometer verbunden sind. Dargestellt sind ferner Querschnitte von
BlutgefaRen in drei verschiedenen Abstdnden zur Biopsie-Nadel. (b) Detektiertes Remissionssignal
als Funktion der Position des BlutgefdlRes entlang der Langsrichtung der Biopsie-Nadel fiir die drei
verschiedenen Blutgefal3-Abstdande von der Biopsie-Nadel. Bei axialer Bewegung der Biopsie-Nadel ist
durch den starken Abfall des Remissionssignals klar erkennbar, wenn sich das BlutgefaR sehr nahe
oder gar innerhalb des Abscher-Bereichs der Biopsie-Nadel befindet. Hierdurch wird eine BlutgefaR-
Erkennung wahrend der Biopsie erméglicht.

Adaptiert aus [01].

Originalarbeiten:

[01] Markwardt NA, Stepp H, Franz G, Sroka R, Goetz M, Zelenkov P, Riihm A. Remission
spectrometry for blood vessel detection during stereotactic biopsy of brain tumors. J
Biophotonics. 2017 Aug;10(8):1080-1094. doi: 10.1002/jbio.201600193. Epub 2016 Oct 7.
PMID: 27714967

[02] Markwardt NA, Haj-Hosseini N, Hollnburger B, Stepp H, Zelenkov P, Riihm A. 405 nm versus
633 nm for protoporphyrin IX excitation in fluorescence-guided stereotactic biopsy of brain
tumors. J Biophotonics. 2016 Sep;9(9):901-12. doi: 10.1002/jbio.201500195. Epub 2015 Nov
13. PMID: 26564058



4.1.2 Methoden zur laser-basierten Herstellung zylindrischer Lichtdiffusoren mit frei wahlbaren
Abstrahlprofilen

In Zusammenarbeit mit der Fachhochschule Vorarlberg (Dornbirn, Osterreich) wurden Messungen
und Simulationen zur Abstrahlcharakteristik von zylindrischen Lichtdiffusoren durchgefiihrt (Abb. 2),
die darauf abzielen, Inhomogenitaten im Abstrahlprofil zu ermitteln und kiinftig mittels laser-
basierter Herstellungsverfahren zu vermeiden, um eine prazisere Licht-Dosimetrie fiir die iPDT zu
ermoglichen. Die erhaltenen Erkenntnisse werden in einem durch das Zentrale Innovationsprogramm
Mittelstand (ZIM) des Bundesministeriums fiir Wirtschaft und Klimaschutz geférderten Projekt
verwertet und fiir die weitere klinische Anwendungen wie die Endovendse Lasertherapie
weiterentwickelt.

Platzhalter flr Abb. 2, Bildquelle einsehbar unter:

Strébl S, Domke M, Riihm A, Sroka R. Investigation of non-uniformly emitting optical fiber
diffusers on the light distribution in tissue. Biomed Opt Express. 2020 Jun 8;11(7):3601-
3617. doi: 10.1364/B0OE.394494. eCollection 2020 Jul 1. PMID: 33014554

Aus urheberrechtlichen Griinden nicht in dieser elektronischen Publikation enthalten.

Abb. 2: Methoden zur Untersuchung der Abstrahlcharakteristik von zylindrischen Lichtdiffusoren
sowie exemplarische Ergebnisse. (a) Kamera-basiertes Verfahren zur Abbildung der
Intensitatsverteilung auf der Diffusor-Oberflache. (b) Kamera-basiertes Nah-Feld-Verfahren zur
nicht-abbildenden Erfassung der Winkelverteilung der Abstrahlung von der Diffusor-
Oberflache. (c) Verfahren zur Vermessung der Lichtverteilung in einem artifiziellen optischen
Gewebephantom mit eingebettetem zylindrischer Lichtdiffusor. Hierzu wird der Lichtdiffusor parallel
zur Oberflache in verschiedenen Abstanden (hier: 2 mm, 5 mm, 10 mm und 15 mm) platziert und die
Lichtverteilung an der Oberflache des Phantoms bildgebend erfasst. (d) Schematische Darstellung
des Simulationsmodells zum Messaufbau (c). Zugrunde gelegt wird in der Simulation das mit dem
Messaufbau (a) bestimmte Emissionsprofil entlang der Diffusor-Achse sowie von jedem Punkt der
Diffusor-Oberfliche eine konische Emission. Der volle Offnungswinkel des Konus betragt 2°, der
Neigungswinkel des Konus ist ein freier Modellparameter. Die Lichtverteilung wird in virtuellen
Empfangsebenen in den entsprechenden Abstdanden von der Diffusor-Oberflache
bestimmt. (e) Intensitatsprofile parallel zur Diffusor-Achse gemessen mit Messaufbau (a) (schwarze
gepunktete Linie) an der Diffusor-Oberflache sowie mit Messaufbau (c) an der Phantom-Oberflache
flr vier Diffusor-Abstande von der Oberflache.

Adaptiert aus [03].

Originalarbeiten:

[03] StroblS, Domke M, Rithm A, Sroka R. Investigation of non-uniformly emitting optical fiber
diffusers on the light distribution in tissue. Biomed Opt Express. 2020 Jun 8;11(7):3601-3617.
doi: 10.1364/BOE.394494. eCollection 2020 Jul 1. PMID: 33014554

[04] StroblS, Wager F, Domke M, Riihm A, Sroka R. Homogeneously Emitting, Mechanically Stable,
and Efficient fs-Laser-Machined Fiber Diffusers for Medical Applications. Lasers Surg Med.
2022 Apr;54(4):588-599. doi: 10.1002/Ism.23365. Epub 2020 Dec 8. PMID: 33616996



4.1.3 Optische Analyse der Zusammensetzung von humanem Blut als Basis fiir die Erkennung PDT-
induzierter photochemischer Veranderungen optischer Gewebeeigenschaften in vivo

Um ein besseres Verstandnis von in vivo wahrend der iPDT beobachteten Veranderungen optischer
Transmissionsspektren zu entwickeln, z.B. aufgrund einer Umwandlung von Oxyhamoglobin zu
Methdamoglobin, wurden Absorptionsspektren einfacher Mischungen verschiedener Himoglobin-
Varianten genau analysiert (Abb. 3). Es zeigte sich, dass durch die genaue Bestimmung der Position
des Maximums im gewichteten Summenspektrum auf die Anteile der beiden Hamoglobin-Varianten
geschlossen werden kann. Stérende glatte Untergrundsignale mussten dabei durch eine
Modellanpassung auf Basis der 2. Ableitung des Rohsignals ausgeblendet werden.

Platzhalter flr Abb. 3, Bildquelle einsehbar unter:

Heckl C, Lang A, Riihm A, Sroka R, Duffield T, Vogeser M, Paal M. Spectrophotometric
evaluation of hemolysis in plasma by quantification of free oxyhemoglobin,
methemoglobin, and methemalbumin in presence of bilirubin. J Biophotonics. 2021
May;14(5):e202000461. doi: 10.1002/jbio.202000461. Epub 2021 Feb 13. PMID: 33527705

Aus urheberrechtlichen Griinden nicht in dieser elektronischen Publikation enthalten.

Abb. 3: Optische Analyse der Zusammensetzung von humanem Blut.

Oben: Prinzip des second-derivative-Fit-Algorithmus: Spektren von Referenz-Komponenten
(Oxyhamoglobin: gestrichelte Linie; Methamoglobin/Methamalbumin: strichpunktierte Linie) werden
mit iterativ angepasster Gewichtung vom Ausgangsspektrum der Probe (durchgezogene Linie)
subtrahiert, so dass der Mittelwert der zweiten Ableitung (nicht gezeigt) des Residual-Spektrums
(gepunktete Linie) minimal wird.

Unten: Mittels second-derivative-Fit-Algorithmus untergrund-bereinigte Spektren: Im Bereich der
Soret-Banden verschiedener Him-Pigment-Mischungen ist eine Verschiebung des
Absorptionsmaximums erkennbar, hier von 415 nm fiir pures Oxyhdmoglobin (fette schwarze Linie)
bis zu 405 nm mit wachsendem Methamoglobin-Anteil (Linien mit abnehmendem Grauton).
Adaptiert aus [05].

Originalarbeiten:

[05] Heckl C, Lang A, Riihm A, Sroka R, Duffield T, Vogeser M, Paal M. Spectrophotometric
evaluation of hemolysis in plasma by quantification of free oxyhemoglobin, methemoglobin,
and methemalbumin in presence of bilirubin. J Biophotonics. 2021 May;14(5):e202000461.
doi: 10.1002/jbio.202000461. Epub 2021 Feb 13. PMID: 33527705



4.1.4 Entwicklung dualer Gewebe-Phantome mit simultan variabel einstellbaren optischen und
NMR-Eigenschaften

Fir eine individualisierte licht-dosimetrische PDT-Therapieplanung ist eine Kenntnis der
3-dimensionalen Verteilung der optischen Eigenschaften im zu behandelnden Hirnareal
winschenswert. Als Modellsystem fiir kontrollierte Untersuchungen, ob, mit welchen Methoden und
mit welcher Prazision diese optischen Eigenschaften aus MRT-Aufnahmen ableitbar sein kénnten,
wurden duale Gewebe-Phantome entwickelt, deren optische und NMR-Eigenschaften simultan
variabel einstellbar sind (Abb. 4).

visible T1-weighted T2-weighted

Abb. 4: Erscheinungsbilder eines dualen Phantoms, visuell bzw. In T1- und T2-gewichteter NMR-
Bildgebung. Das Phantom besteht aus drei Zonen, die drei Arten von humanem Hirngewebe bzgl.
relevanter optischer und NMR-Eigenschaften nachbilden: malignes Gliom/Hirntumor (T), weiRe
Substanz (WM) und graue Substanz (GM). Die roten Linien markieren die Grenzflachen-Positionen
zwischen den drei Zonen. Der Grauwert in den NMR-Bildern entspricht der Signalintensitat in der
entsprechenden Bildgebungsmodalitat. Eine kiirzere T1-Zeit erscheint im T1-gewichten Bild heller,
wahrend eine kiirzere T2-Zeit im T2-gewichteten Bild dunkler erscheint [39].

Aus [06].

Originalarbeiten:

[06] Aumiller M, Arazar A, Sroka R, Dietrich O, Rithm A. Investigations on correlations between
changes of optical tissue properties and NMR relaxation times. Photodiagnosis Photodyn Ther.
2024 Feb;45:103968. doi: 10.1016/].pdpdt.2024.103968. Epub 2024 Jan 10. PMID: 38215958
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4.2 Klinische Umsetzung und Analysen zur interstitiellen photodynamischen Therapie (iPDT) an
Hirntumoren

Im Rahmen des Habilitationsprojekts wurden klinische Daten zu iPDT-Behandlungen an Hirntumoren
auf Basis bestehender Konzepte ausgewertet und das Potenzial neuer Planungs-, Behandlungs-,
Monitoring- und Auswertungskonzepte flr klinische Zulassungsstudien gepriift. Basierend auf den
daraus abgeleiteten Erkenntnissen wurden geeignete Methoden und Studienprotokolle fir
kontrollierte klinische Studien erarbeitet und zusammen mit klinischen und industriellen Partnern
sowie Experten aus anderen medizinischen Fachrichtungen multizentrisch umgesetzt.

Aus iPDT-Behandlungen an Patienten mit Glioblastomen oder Hirntumor-Rezidiven verfiigbare Daten
waren auszuwerten und Korrelationen von Behandlungsparametern bzw. von Messergebnissen sind
mit dem Uberleben der Patienten in Beziehung zu setzen, um daraus Pradiktoren fiir einen
Behandlungserfolg (insbes. Progressionsfreies Uberleben (Progression-free Survival, PFS) und
Gesamtliberleben (Overall Survival, OS)) ableiten zu kdnnen. Hierbei handelt es sich um
dosimetrische Parameter in Zusammenhang mit MRT-Daten sowie Ergebnisse von Spectral online
monitoring (SOM) vor, nach und ggf. wahrend der iPDT. Im weiteren Verlauf wurden Daten aus der
medizinischen Bildgebung im Verlauf analysiert, um mogliche Ursachen fiir ein Therapieversagen
(wie z.B. Bildung eines Rezidivs aufgrund nicht ausreichender Bestrahlung) ersehen zu kénnen. Von
Bedeutung ist hier auch die Morphologie des Tumors vor der Bestrahlung (z.B. blutiger Tumor) sowie
die Reaktion der bestrahlten Hirngeweberegion auf die Lichteinwirkung. Auch klinische Parameter,
insbesondere der Methylierungsstatus des 06-Methylguanin-DNA-Methyltransferase (MGMT) -
Promotors, das Alter des Patienten etc., sollten mit bericksichtigt werden. Der beobachtete
Therapie-Outcome nach iPDT wurde statistisch mit dem nach dem Standard-of-Care verglichen.

4.2.1 Durchfiihrung und Auswertung von iPDT-Behandlungen von Rezidiven maligner Gliome und
unbehandelten Glioblastomen

In Zusammenarbeit mit der Neurochirurgischen Klinik und den Kliniken fiir Neuroradiologie und
Radiologie wurden klinische Daten zu PDT-Behandlungen an Rezidiven maligner Gliome sowie an
unbehandelten de-novo-Glioblastomen (jeweils nicht resezierbar, meist aufgrund ihrer Lokalisierung
im Bereich des Sprachzentrums) retrospektiv ausgewertet. Hierbei ergaben sich sehr
vielversprechende klinische Ergebnisse. Im Falle der Rezidive wurden Kaplan-Meier-Verldaufe wie bei
resezierbaren Rezidiven erreicht (Abb. 5), im Fall der de-novo-Glioblastome waren die Verlaufe sogar
vorteilhaft verglichen mit dem Standard-of-Care (Abb. 6). Im de-novo-Fall wurden bei nicht-
methyliertem MGMT-Promotor ebenfalls Werte wie bei resezierbaren MGMT-negativen
Glioblastomen erreicht (Abb. 7a). Bei methyliertem MGMT-Promotor scheint die iPDT sogar einen
deutlichen Uberlebensvorteil gegeniiber Resektion zu versprechen (Abb. 7b), was allerdings noch in
groReren Studien und fiir weniger stark selektierte Patientenkollektive verifiziert werden muss.

Im Rahmen dieser Untersuchungen wurden auch medizinische Bildgebungsdaten vor und nach iPDT
sowie im weiteren Verlauf bis zum Auftreten eines Rezidivs und dariiber hinaus ausgewertet, indem
verschiedene Gewebeareale im Bereich des Tumors segmentiert und dem Volumen nach quantitativ
erfasst und analysiert wurden (Abb. 8). Aus den bisherigen Analysen hierzu konnten allerdings keine
zweifelsfreien Pradiktoren fir den Behandlungserfolg abgeleitet werden.
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Abb. 5: Kaplan-Meier-Kurven der Uberlebenszeit nach iPDT an 44 Patienten
mit lokalen malignen Gliom-Rezidiven.
Links: Progressionsfreies Uberleben nach iPDT. Rechts: Gesamtiiberleben nach iPDT.
Adaptiert aus [07].
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Abb. 6: Kaplan-Meier-Kurven der Uberlebenszeit nach iPDT an 16 Patienten mit neu
diagnostizierten, klein-volumigen, nicht sicher resezierbaren Glioblastomen.
Links: Progressionsfreies Uberleben nach iPDT. Rechts: Gesamtiiberleben nach iPDT.
Beide Uberlebenszeiten waren bei der iPDT-Kohorte signifikant ldnger als bei einer Referenz-Kohorte
(n =110), die an der Neurochirurgischen Klinik der Universitdt Minchen bestmoglich gemaR der an
dieser Klinik iblichen Protokolle behandelt wurde.

Aus [08].
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Abb. 7: Kaplan-Meier-Kurven der Uberlebenszeit nach iPDT an derselben Kohorte von 16 Patienten
mit neu diagnostizierten, klein-volumigen, nicht sicher resezierbaren Glioblastomen (entsprechend
Abb. 6), hier jedoch stratifiziert nach dem Methylierungsstatus des MGMT-Promoters
(rot: methyliert, blau: nicht-methyliert).

Links: Progressionsfreies Uberleben nach iPDT. Rechts: Gesamtiiberleben nach iPDT.
Adaptiert aus [09].
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post iPDT
v

T1 with contrast-agent

Abb. 8: Auf Basis von MRT-Bilddaten (T1- und T2-Sequenzen) segmentierte Gehirnregionen eines
aus den 16 de-novo-GBM-Fillen (entsprechend Abb. 6) exemplarisch ausgewahlten Patienten.
Links: Farbliche Hervorhebung mittels Overlay im 2D-Schnitt.

Rechts: 3D-Darstellung der segmentierten Volumina.

(1) T1-Kontrast-verstarkendes Volumen. (2) Nekrose. (1+2) Tumorvolumen.

(3) Odem. (4) iPDT-Relikt (iPDT remnant).

Adaptiert aus [09].

Originalarbeiten:

[07] Lietke S, Schmutzer M, Schwartz C, Weller J, Siller S, Aumiller M, Heckl C, Forbrig R, Niyazi M,
Egensperger R, Stepp H, Sroka R, Tonn JC, Rilhm A, Thon N. Interstitial Photodynamic Therapy
Using 5-ALA for Malignant Glioma Recurrences. Cancers (Basel). 2021 Apr 7;13(8):1767. doi:
10.3390/cancers13081767. PMID: 33917116

[08] Quach S, Schwartz C, Aumiller M, Foglar M, Schmutzer M, Katzendobler S, El Fahim M, Forbrig
R, Bochmann K, Egensperger R, Sroka R, Stepp H, Riihm A, Thon N. Interstitial photodynamic
therapy for newly diagnosed glioblastoma. J Neurooncol. 2023 Mar;162(1):217-223. doi:
10.1007/s11060-023-04284-9. Epub 2023 Mar 16. PMID: 36928699

[09] Foglar M, Aumiller M, Bochmann K, Buchner A, El Fahim M, Quach S, Sroka R, Stepp H, Thon N,
Forbrig R, Rilhm A. Interstitial Photodynamic Therapy of Glioblastomas: A Long-Term Follow-
up Analysis of Survival and Volumetric MRI Data. Cancers (Basel). 2023 May 4;15(9):2603. doi:
10.3390/cancers15092603. PMID: 37174068

4.2.2 Untersuchung von Relationen zwischen SOM-Daten und MRT-Daten sowie deren zeitlicher
Entwicklung im Verlauf bzw. im Nachgang von iPDT-Behandlungen an Hirntumor-Patienten

Um PplX-Fluoreszenz im Tumorareal nachzuweisen, wurden im Rahmen der durchgefiihrten iPDT-
Behandlungen an Hirntumoren optische Signale am laserseitigen Ende der optischen Zuleitungsfaser
eines im Tumor platzierten zylindrischen Lichtdiffusors mit einem Spektrometer abgegriffen wahrend
ein einzelner zweiter Lichtdiffusor Behandlungslicht der Wellenlange 635 nm ins Tumorgewebe
emittierte. Die gewonnenen Spektren (Abb. 9a) wiesen zum Teil deutliche Unterschiede auf, sowohl
flr verschiedene Diffuser-Paare zu Beginn der iPDT als auch im Hinblick auf ihre zeitliche Entwicklung
im Verlauf der (laut Protokoll stets 1-stlindigen) iPDT. Auf Basis dieser Beobachtungen wurde ein
automatisiert ablaufendes, systematisch alle Diffusor-Paare umfassendes ,Spectral Online
Monitoring (SOM)“-Verfahren etabliert, das auch in zukinftige klinische Studien Eingang finden
koénnte (z.B. um Annahmen Uber die optischen Gewebeeigenschaften zu liberpriifen oder deren
Veranderungen wiahrend der Therapie zu erfassen, um im Bedarfsfall das Therapieschema geeignet
anzupassen). Als potenziell relevant fir den Behandlungserfolg wurde insbesondere ein Rickgang
der Transmission des 635nm-Therapielichts durch das Tumorgewebe wahrend der iPDT angesehen
(Abb. 9a), da sich hierdurch die Ausleuchtung des Tumors gegentiber der dosimetrischen
Therapieplanung verschlechtert. Bei Einbeziehung von MRT-Daten, in die die Diffusoren in 3D
eingebettet sind (Abb. 9b), ergab sich eine statistisch signifikant hohere Transmissionsreduktion
zwischen Diffusor-Paaren zwischen denen auch eine Hyperintensitdt im T1-gewichteten
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postoperativen MRT-Datensatz zu erkennen war (Abb. 9c). Diese T1-Hyperintensitat wird vorlaufig
auf die Bildung von Methamoglobin zurilickgefiihrt, welches gegeniiber Oxy- und Desoxyhdamoglobin
eine hohere Absorption bei der Therapiewellenldange 635nm aufweist.

Aus den bisherigen Analysen von optischen SOM-Messungen vor und nach iPDT sowie von
medizinischen Bildgebungsdaten vor und nach iPDT, sodann im weiteren Verlauf bis zum Auftreten
eines Rezidivs und dariber hinaus, konnten bislang keine zweifelsfreien Pradiktoren fiir den
Behandlungserfolg abgeleitet werden. Detailliertere Analysen auf Basis der Bildgebungsdaten (Abb. 8
in Abschnitt 4.2.1) sowie verfeinerter licht-dosimetrischer Simulationen unter Berlicksichtigung von
Inhomogenitaten, insbesondere der Gewebemorphologie, scheinen geboten, um mogliche
Zusammenhangen zwischen der Uberlebenszeit einerseits und der Ausgangskonstellation im Tumor
sowie der Behandlungsdurchfiihrung auf den Grund zu gehen.
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Abb. 9: Exemplarische Ergebnisse der Analyse von SOM- und MRT-Daten, die im Zuge von iPDT-
Behandlungen an 11 de-novo-GBM-Patienten gewonnen wurden.

(a) SOM-Spektren vor und nach iPDT. (b) Segmentierte Gewebeareale mit eingebetteten
zylindrischen Lichtdiffusoren. (c) Boxplots der zwischen allen einbezogenen Diffusor-Paaren mittels
SOM gemessenen Transmissionsreduktionsverhaltnisse fiir Diffusor-Paare mit und ohne
T1-Hyperintensitat im Bereich zwischen den beiden Einzel-Diffusoren.

Adaptiert aus [010].

Originalarbeiten:

[010] Aumiller M, Heckl C, Quach S, Stepp H, Ertl-Wagner B, Sroka R, Thon N, Rithm A. Interrelation
between Spectral Online Monitoring and Postoperative T1-Weighted MRI in Interstitial
Photodynamic Therapy of Malignant Gliomas. Cancers (Basel). 2021 Dec 27;14(1):120. doi:
10.3390/cancers14010120. PMID: 35008284
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5. Ausblick - Mogliche Weiterentwicklungen und andere Anwendungsbereiche

Die vorgestellten Konzepte, Methoden und Instrumente kénnen prinzipiell auch auf andere
Tumorarten angewendet werden. Im Bereich der Neurochirurgie ware eine Kombination mit
Methoden zur partiellen Offnung der Blut-Hirn-Schranke wiinschenswert, um auch niedriggradige
Tumore mittel 5-ALA/PplIX-basierter iPDT behandeln zu konnen. Dariber hinaus konnten andere
Methoden zur Sauerstoff-Aktivierung in den Tumorzellen untersucht und erprobt werden, die ohne
Photosensibilisator auskommen, dennoch aber moglichst eine gewisse Tumor-Selektivitat im Hinblick
auf die Zellschadigung aufweisen sollten. Auch der Ausbau grundlegender Untersuchungen zur PDT
kénnte das Verstandnis der Methodik und ihrer Wechselwirkungen fordern und dadurch Wege zu
neuen Behandlungsmaoglichkeiten, z.B. in Form von Kombinationstherapien, eréffnen. Hier sind
einige aktuelle Projekte zu nennen:

a) Hendrik Scherer, ,,Evaluation of the Effects of 5-Aminolevulinic Acid mediated Photodynamic
Therapy on Temozolomide Resistant Glioblastoma Cells” (Bachelorarbeit 2023).

b) Eva Schneble, , The Effect of Lapatinib on Photodynamic Therapy in Glioblastoma
Multiforme” (Bachelorarbeit 2024).

¢) Lena Katzenstein, ,Influence of calcitriol on the effect of photodynamic therapy in
glioblastoma“ (Bachelorarbeit 2024).

d) Direkte Anregung von 0, durch Anregung bei 1270 nm (EU-Projekt ,Next Generation Glioma
Treatments using Direct Light Therapy (GlioLighT)“, 2024-2026).

In anderen soliden Organen, wie Prostata und Niere, konnen geringfligig adaptierte Verfahren zur
Tumorbekampfung bei gleichzeitiger Erhaltung der Organ-Funktion fiihren. (Die Leber ist hierbei
auszunehmen, da die PpIX-Anreicherung dort nicht tumor-selektiv ist.) Das TOOKAD-Verfahren ist
bereits fur die Prostata-Behandlung ohne Resektion zugelassen, ist allerdings als vaskular wirkendes
Verfahren nicht inharent tumor-selektiv und steht auch mit anderen Verfahren in Konkurrenz. In der
Harnblase wurde die Effektivitat der PDT nach Instillation von 5-ALA bereits nachgewiesen, jedoch
hat sich hier die fluoreszenz-gestiitzte chirurgische Entfernung tumor-befallener Schleimhaut-Areale
als schmerzarmer erwiesen. Im Bereich Gastroenterologie ist PDT ein haufig zur Reduzierung der
Tumormasse eingesetztes Verfahren, durch das eine spatere Entfernung des den Gallengang
umschlieBenden (Klatskin-)Tumors deutlich vereinfacht wird. In der Dermatologie ist die PDT ein
etabliertes Verfahren. Hier gibt es Bestrebungen, die Effektivitat oder Vertraglichkeit der PDT durch
adjuvante Verabreichung geeigneter Substanzen (z.B. Methadon, Shikonin etc.) zu erhdhen.

Zusammenfassend lasst sich feststellen, dass die PDT auf viele Erkrankungen erfolgreich angewendet
werden kann. Derzeit erscheint der durch weitere Forschung und Entwicklung erzielbare Fortschritt
im Bereich der Neurochirurgie besonders grofs.
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Abstract: The influence of inhomogeneities in the emission characteristics of optical fiber
diffusers on the light distribution within biological tissue was evaluated by Monte Carlo (MC)
simulations and by experiments on optical phantoms. Due to the strong scattering of light
within biological tissue, inhomogeneities in the emission profile become blurred within a short
light propagation distance, so that the light distribution within the tissue approaches that of
a homogeneous diffuser. The degree of feature vanishing in the light distribution is mainly
determined by the width of the inhomogeneities. It was shown that the influence of local
inhomogeneities on top of a homogeneous light distribution fades away very effectively within 1
mm of tissue depth, which results in a light distribution very close to that for a homogeneously
emitting diffuser. Emission profiles composed of multiple narrow peaks distributed over the full
diffuser length with a peak-to-peak distance of less than 2 mm result in an almost homogeneous
light distribution after approximately 1 mm of tissue depth. While this article is focused on the
impact of diffuser inhomogeneities on the light distribution within the tissue, the importance of
further investigations on the related thermal effects is also discussed.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Interstitial photodynamic therapy (PDT) is an evolving method for the treatment of malignant
brain cancer [1-4]. Much research is currently focussing on the translation from the laboratories
to clinical application [5]. The strength of this method is its minimally invasive surgical approach
in combination with the selective targeting of individual tumor cells. The selectivity of the tumor
treatment is achieved by the increased uptake of aminolevulinic acid (5-ALA) in high-grade
brain tumor tissue and the subsequent transformation to protoporphyrin IX (PPIX) as part of the
heme-biosynthesis pathway. By illuminating the affected region with light of a wavelength of
A =635 nm, the present PPIX molecules become excited. The excited PPIX molecules transfer
their energy to the present intracellular oxygen molecules, which triggers the conversion of
oxygen into a reactive oxygen species. Reactive oxygen species may cause apoptosis and necrosis
in the adjacent regions [6—8]. In order to treat all targeted malignant cells, a sufficiently intense
and sufficiently homogenous light distribution within the targeted tumor volume is necessary.

The illumination of such tissue volumes within the human body could be achieved by means
of optical fibers with attached cylindrical diffusely scattering fiber tips [9-13]. Depending on the
volume to be treated, multiple fiber diffusers may have to be positioned simultaneously within
the targeted treatment site. The inter-fiber distance is set to approximately 9 mm in order to avoid
thermal side effects between neighbouring fibers, while still retaining a photodynamic response
at the outer tumor boundary [14]. Regarding the light intensity limits, it had been determined that
the minimal applied photon number per cm? to reach a PDT effect in cells is approx. 1.3 x 10'8
photons [15]. An upper limit, especially for the brain, is defined by the critical temperature limit
of 42°C, where healthy tissue starts to degenerate [16,17].
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Cylindrical diffuser tips can be distinguished technically into two groups: volume and surface
scattering devices. Volume scatterers are commonly realized by attaching polymer tubes
containing scattering particles (e.g. TiO;) to the end of the light-delivering fiber [18], or by
generating internal scattering centers inside the fiber core by laser processing [19-23]. Surface
scatterers can be manufactured by roughening the fiber core, which had been proposed to be
accomplished with different laser systems (CO;, Ultrafast, and Excimer) [24-28], mechanically
or by HF-etching techniques [29].

The challenge, which all manufacturing techniques have in common, is to provide homogenous
light emission along the complete diffuser length. This is difficult to achieve, and, thus, many
diffusers with inhomogeneous emission patterns are on the market. For example, when examined
with a laboratory setup, intensity peaks may be present at the distal and/or proximal diffuser end
[27,30,31], or the spatial distribution of the scattering elements may lead to alternating intensity
maxima and minima along the diffuser [19,25]. This leads to the general question, how intensity
variations in the emission profile of fiber diffusers influence the light distribution within the
tissue.

This study investigates the impact of intensity inhomogeneities of diffusers on the light
distribution within the surrounding tissue. A model based on Monte Carlo ray tracing was
developed to simulate the light emission from a cylindrical light diffuser. This model was
calibrated by means of the intensity distribution of a diffuser measured on a real cylindrical light
diffuser by means of an imaging and a non-imaging camera setup [31]. In addition, the real
diffuser was positioned surface-parallel orientation at different depths within an artificial tissue
phantom with known optical properties, and the light distribution transmitted to the surface of this
phantom was measured and investigated for each diffuser depth. The measurements on the real
diffuser were then compared to the respective simulated light distributions in the correspondingly
simulated tissue phantom. By varying the modelling parameters of the inhomogeneous emission
profiles, the impact of height and width of single intensity peaks, as well as the interplay between
two adjacent intensity peaks were investigated regarding depth dependent intensity changes in
the modelled surrounding environment.

2. Material and methods
2.1. Experimental Part

As real diffuser with inhomogeneous emission profile, a junk diffuser (based on a CD-403,
LifePhotonic GmbH, Bonn, Germany) was selected. It will be termed reference diffuser in the
following. The emission profile of the reference diffuser is characterized by two local intensity
peaks at the distal end, while the radial intensity distribution of the remaining diffuser length
is measured to be approximately homogeneous. The diffuser region consists of a 30 mm long
polymer tube, filled with TiO, polymers acting as scattering centers, attached to the end of a
light waveguide with a core diameter of 400 um. For all subsequently presented measurements
and simulations, a diffuser length of 30 mm was used. To reduce the forward transmission of
light, a mirror is attached at the distal diffuser end. Thereby, the primary transmitted light is
reflected back into the diffuser, which serves to improve the homogeneity of the emission profile.

As sketched in Fig. 1(a), the spatially resolved intensity distribution on the diffuser surface
was determined by means of an imaging setup, while the angular resolved emission profile
was measured using a non-imaging camera setup as shown in Fig. 1(b). In addition, the light
distribution on the surface of an artificial tissue phantom in which the diffuser itself is placed at
different depths, as depicted in Fig. 1(c), was measured using the imaging technique. Furthermore,
the experiment in Fig. 1(c) was reconstructed and investigated using MC-simulations (Fig. 1(d)).

For all experiments, light of a LED (M625D3, Thorlabs, Newton, NJ, USA) emitting at a
wavelength of A = 635 nm was coupled into the proximal end of the diffuser fiber. In this way, the
whole NA of the fiber was used. The emission power measured at the diffuser end was set to 80
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Fig. 1. (a) Imaging camera setup to measure the spatially resolved intensity distribution on
the diffuser surface. (b) Non-imaging setup to measure the angular intensity distribution
of diffusers. (c) Setup to measure the light distribution in an artificial tissue phantom.
The diffuser was placed 2 mm, 5 mm, 10 mm and 15 mm below the surface of the tissue
phantom, while an imaging camera recorded the light distribution on the phantom surface.
(d) Schematic representation of the simulation model, reconstructing the experiment in (c).
The surface emission profile measured with setup (a) was allocated to the modelled surface
emitter. A cone-shaped emission was assumed from each spot of the diffuser surface, with
full cone opening angle 2a and cone tilt angle 3 as adjustable model parameters, which were
calibrated using the results obtained with setup (b). The resulting light distribution within
virtual receiver planes at distances of 2 mm, 5 mm, 10 mm, and 15 mm from the diffuser
surface were evaluated.

mW measured by a calibrated integrating sphere (IS200-4, Thorlabs, Newton, NJ, USA). This
power level was sufficient to obtain signals from the maximum investigated fiber depth of 15 mm
within the tissue phantom.

Emission profiles from cylindrical diffusers and intensity distributions based on subsequent
light penetration through tissue were determined experimentally using three setups:

(a) The imaging setup (Fig. 1(a)) for characterization of the emission profile of a cylindrical
diffuser consisted of a CCD camera (DMK 41BU02, The Imaging Source Europe GmbH,
Bremen, Germany) and a lens (f= 12 mm, TCL 1216 SMP, The Imaging Source Europe
GmbH, Bremen, Germany). The distance between lens and the diffuser surface was 30 cm
while the diffuser was aligned horizontally in the imaging plane. For the determination of
the intensity profile along the longitudinal diffuser axis the exposure time of the camera
had to be carefully adjusted to avoid oversaturated pixels. Then, an image was captured
and the grey-scale values along the diffuser axis were extracted. These intensity values
were derived by averaging over 10 adjacent pixels in the direction perpendicular to the
diffuser axis. This procedure was used to determine the emission intensity profile in air
(Fig. 1(a)) and on the artificial tissue phantom tissue surface (Fig. 1(c)).

(b) The non-imaging camera setup (Fig. 1(b)) [32] for characterization of the emission profile
of a cylindrical diffuser consisted of a CCD camera chip (ICX205AL, Sony, Tokyo, Japan,
dimension: (4.5 x 6.0) mm?, 1280 x 960 pixel, pixel size (4.65 x 4.65) um?) that was
positioned at a distance of 2 mm from the surface of the fiber diffuser. As the diffuser
length exceeds the chip sensor’s dimension, the sensor was continuously moved by means
of a computer controlled stepping motor (LTS300/M, Thorlabs, Newton, NJ, USA) along
the diffuser surface with a velocity of 0.1 mm/s, while recording a video-sequence at 15
frames per second. The principle of the raw data acquisition and evaluation is sketched in
Fig. 2. Mimicking a line sensor perpendicular to the moving direction, only one pixel line
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per frame was evaluated. The analysed pixel line on the sensor is fixed (marked yellow
in Fig. 2). Thereby, each frame, with frame number 7, corresponds to a distinct position
x, along the longitudinal diffuser axis. Only the intensity value of the brightest pixel
within this pixel line (marked by an “X” in Fig. 2) was extracted, as intensity value I,
to build up the emission profile 1,(x,) along the full diffuser length. By means of this
non-imaging method, also forward or backward emitted light could be detected at adjacent
pixel positions x,,, which is not possible in the imaging setup.

The investigation of the light distribution in tissue arising from the reference diffuser was
performed with the imaging setup sketched in Fig. 1(c). The diffuser was submerged in an
artificial phantom mimicking the optical properties of human brain tissue. The phantom
was prepared using a standard recipe [33]. In brief, 434 ml of water were mixed with
0.6 Vol.-% Agar (3 ml). The solution was heated to 100°C, while continuously stirring.
After cooling to 60°C, 12.5 Vol.-% of Lipovends (Lipovends MCT 20%, Fresenius Kabi
Deutschland GmbH, Bad Homburg, Germany) (62.5 ml) as scatterer and 0.1 Vol.-% of
black ink (0.5 ml) as absorber were added to the solution. The scattering and absorption
coeflicients are defined by the used concentrations of Lipovenos and ink, respectively. The
optical properties of this specific artificial phantom were measured to have an absorption
coefficient y, = 0.09 mm™! , a reduced scattering coefficient i’ = 2.2 mm™' , and an
anisotropy factor g = 0.95 [33]. After further cooling to 40°C, the liquid phantom was
poured into a metal container as illustrated in Fig. 1(c). The container allows for positioning
the test diffuser in defined phantom depth positions below the phantom surface by means
of pre-drilled lateral horizontal boreholes. The boreholes were set at a depth of 2 mm, 5
mm, 10 mm, and 15 mm below the artificial phantom surface. Preliminary tests revealed
that measuring the light distribution for tissue depth smaller than 2 mm was not feasible as
rupturing of the artificial phantom surface by the diffuser was not avoidable in this case.
After preparation, the artificial phantom was solidified by cooling to room temperature
(21°0).

Analyzed pixel row

Camera sensor

AV
N

N\ A N\
N\ Vs, AN N\
N tage A N
A\, N N

N\

Diffuser area
Position x,; Position x,,
o
x|x| | XXX XXX [X[X | X]| X| X|
XXX [X[X[X[X ||
||

Emission profile (Non-Imaging Measurement)

Fig. 2. Acquisition of the emission profile of a cylindrical light diffuser using the non-
imaging camera setup. The analysed pixel row per recorded frame is marked in yellow. The
brightest pixel per analysed pixel line is marked by an “X” and yields the intensity values
building up the emission profile along the longitudinal diffuser axis.
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The measurement of the light distribution on the surface of the artificial tissue phantom was
performed five times for each depth position as follows: The diffuser was placed through one
of the boreholes into the phantom. The phantom surface was imaged using the configuration
in Fig. 1(a). The intensity distribution on the phantom surface in the direction parallel to the
longitudinal diffuser axis was evaluated in analogy to the abovementioned imaging procedure
applied to the diffuser surface in air. This procedure was repeated for diffuser placements in each
borehole of the container (n = 5) independently and in random order.

2.2. MC-simulation part

Simulation runs were performed using Monte Carlo ray-tracing software (LightTools, Version
8.7.0, Synopsys, Mountain View, CA, USA). In the simulation model, the fiber diffuser is
described as cylindrical geometry with a diameter of 1.1 mm and a length of 30 mm. Intensity
values were associated to a pixel grid positioned on the cylindrical lateral surface of the modelled
diffuser. The grid was composited from 3600 angular pixels (angular resolution: 10 pixel per
degree) and 4000 longitudinal pixels (longitudinal resolution: 133 pixel per mm). A rotationally
symmetric intensity distribution was assumed, as a worst-case scenario in terms of tissue heating
for fixed overall maximum intensity value. For rotationally asymmetric distributions with the
same maximum intensity, the overall impact on the surrounding tissue would be reduced. The
longitudinal intensity values and the emission direction were adjusted according to the emission
profiles measured by the imaging (Fig. 1(a)) and non-imaging setup (Fig. 1(b)), respectively. The
emission angle distribution of the light rays was assumed to be Lambertian within limited angular
ranges, revealing a good agreement between simulation and experiment in initial testings. As
shown in Fig. 1(d), the angles 2a and { define the full opening angle of the respective emission
cone and its tilt in relation to the surface normal, respectively. All simulation model runs were
carried out with 108 rays.

The angles a and [} were determined as follows. The emission profile of the reference diffuser
measured with the imaging setup (Fig. 1(a)) was imported into the simulation. In analogy to the
non-imaging measurement illustrated in Fig. 1(b), in the simulation model, a virtual receiver
plane was positioned in the simulation model parallel to the longitudinal diffuser axis at a distance
of 2 mm from the diffuser surface, as sketched in Fig. 1(d). The spatial resolution on the virtual
receiver plane was defined according to the resolution of the camera sensor with a pixel size of
(4.65 x 4.65) pmz. Simulation runs were performed for o = 1°, 20°, 25°, 30°, and 90° and 3 = 0°.
For o =25°, additional runs were performed to define the fraction of forward and backward
emitted rays with § =—-35°, 0°, and 35°. The parameter set of a and 3, which provided the best
agreement between non-imaging experiment (Fig. 1(b)) and simulation, was selected for all
further simulations presented in this study.

Further MC-simulations mimicking the geometries of the phantom experiments (Fig. 1(c))
were performed as illustrated in Fig. 1(d). For this purpose, the simulated cylinder diffuser was
embedded in a medium to which the known optical properties of the artificial tissue phantom
(brain tissue) were assigned. In analogy to the measurement of the light distributions for different
depth positions of the diffuser below the phantom surface (Fig. 1(c)), the light distribution in
the simulation model was recorded at the corresponding distances from the diffuser surface (2
mm, 5 mm, 10 mm, 15 mm) using virtual receiver planes. For reasons of simplification, the
refractive index mismatch between tissue phantom and air in the experiment was neglected in the
simulation. However, initial tests have shown that this only minorly influences the results in the
presented setups.

While the knowledge of the light distribution at a few selected distances from the cylindrical
diffuser inside a surrounding tissue volume contains valuable information about the light
distribution induced in the tissue by the diffuser, it only provides rather coarse information about
the continuous evolution of the light distribution as a function of distance to the diffuser surface.
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To investigate this evolution with higher resolution in the distance coordinate, an additional virtual
receiver plane was introduced, in this case oriented perpendicular to the diffuser axis. In the
longitudinal direction, it was placed at the position of the intensity maximum to be investigated.
The resolution on the virtual receiver plane was defined by a pixel size of (100 x 100) um?.

In addition, the impact of height and width of intensity peaks in the emission profile of
cylindrical diffusers on the light distribution in tissue, as well as the interplay between two
adjacent intensity peaks were studied by modelling the light distribution in tissue for artificially
generated emission profiles. To model a single local intensity peak, a homogeneous intensity
distribution over the entire diffuser length, f(x), was combined with a Gaussian distribution,
fa(x). The total emission profile f(x) was described according to Eq. (1).

IO Vxe [O, 30 mm] ~1n2 (x=x9)? 5
X)=Jjot+tjan = + Inax - € WEWHM
f&x) = fa+/ 1 Ospwinm /) (1
0 Vx¢[0, 30 mm]

Iy is the background intensity, I« is the height, xo the position, and wrwgwm the full width at
half maximum of the added inhomogeneity on top. The position of the intensity maximum was
set constant at xop = 15 mm. The intensity of the homogeneous emission was set to Iy = 1, the
initial maximum intensity In,x was set to Imax = 1.5, 2.0, 3.0, and 6.0, and the width parameter
WeEwHM t0 Wrwam = 0.2 mm, 1.0 mm, and 5.0 mm.

The impact of two adjacent intensity peaks on the light distribution in tissue was studied
combining f with two Gaussian distributions f. The total emission profile was described by
Eq. (2).

f)=f+far + faz =
o (.r—(x(,—%); o (x—<x[,+%))22 2
:fD + Iax - € OFWHM/D™ 4 [ - e (WpwHM/2)

The distance between the two maxima was setto Ax = 2 mm, 3 mm, 5 mm, 8 mm, and 10 mm.
The Gaussian function parameter were set to Ig(0) = 2.0 and wrygy = (0.2 mm, 1.0 mm).
Thereby, the influence of the width and the distance between the two intensity peaks on the light
distribution in tissue was investigated.

2.3. Analysis part

The influence of inhomogeneities in the emission profile of a cylindrical diffuser on the light
distribution in the surrounding tissue was analysed by determining the difference between light
distributions from homogeneous emission profiles with and without added local intensity peaks
at certain longitudinal positions. For this purpose, it is necessary to separate the additional
contribution in the light distribution that is due to the local intensity maximum (A) from the one
that is due to the perfectly or at least approximately homogeneous baseline emission (B). In this
context, different evaluation procedures had to be applied for the light distributions measured in
the experiment and those obtained from the simulations.

In case of intensity profiles measured experimentally after penetration through tissue phantom,
the following approach was used to separate the fraction (A) attributed to local intensity maxima
and the fraction (B) attributed to an approximately homogeneous baseline intensity. The
experimentally measured intensity profile was modelled as a sum of five Gaussian curves, where
four Gaussian curves were used to describe the slowly varying intensity distribution interpreted
as fraction (B) and one Gaussian curve to describe the local intensity peak interpreted as fraction
(A). A sum of five Gaussian curves was chosen, because five was the lowest number of Gaussian
curves that provided a mean deviation of less than 1% between fit curve and measured curve.
The sum of the five Gaussian functions that was finally used to fit the experimentally measured
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intensity profile can be written by Eq. (3) as

s = > ae ¥, 3)

where a denotes the peak height, b the position, and ¢ the width of each Gaussian curve.

In Fig. 3, an example of a fit curve according to Eq. (3) to an experimentally measured emission
profile for a diffuser depth position of d = 5 mm below the phantom surface is shown. The blue
curve describes the composition of four of the five Gaussian curves, fraction (B), attributed to the
approximately homogeneous baseline intensity. The fifth Gaussian curve, fraction (A), models
a local intensity maximum at the location x with a peak intensity /,,x. Dividing the maximal

intensity Imax x(d) of the intensity peak at the location x by the corresponding baseline intensity

Iox(d) at the same location x yields the intensity ratio Ir(d) = 1“}3‘6;1) ,

diffuser depth below the phantom surface. In this way, the intensity maximum can be evaluated
in comparison to the baseline intensity. Such evaluations of the measured intensity distributions
at the phantom surface were performed for four different depth positions d of the reference
diffuser below the phantom surface, d = 2 mm, 5 mm, 10 mm, and 15 mm below the phantom
surface (n =5 measurements each). Average value and standard deviation of the ratios Ir(d) were
calculated for each depth value d from the repeated experiments and evaluations. In this way, the
fading of such intensity peaks in the experimental intensity distribution with increasing diffuser
depth below the phantom surface was analysed.

where d denotes the

15 T T -
—— Full emission profile
—— Continuous background intensity|

max

Intensity [a.u.]
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-10 0 10 20 30 40

Distance from the proximal diffuser position [mm]

Fig. 3. Measured light distribution (black) of the reference diffuser in a depth of d = 5 mm
below the surface of an artificial tissue phantom. The intensity contribution I at the peak
position x = 27 mm that is attributed to an approximately homogeneous baseline emission
profile, fraction (B), is determined based on a composition of four Gaussian functions (blue)
according to Eq. (3).

In case of intensity profiles, arising from simulated emission profiles after penetration through
tissue, the fraction (A) attributable to local intensity peaks in the emission profile on the diffuser
surface was separated from the background, fraction (B), by simulating the light distribution
after tissue penetration for two scenarios: a perfectly homogeneous emission profile with and
without artificially added intensity peaks of Gaussian shape.

For a single intensity peak at the position x, the fading of intensity at the position x with
increasing depth d of the diffuser below the phantom surface was evaluated in comparison to the
corresponding decrease in intensity at the same position x in the situation without added peak
in the emission profile. Dividing the two intensity values at the position x yields the intensity

ratio IR gingle(d) = [}‘:;‘2—%). In Fig. 4, the evaluation process for determining /max, x and Iy, x is
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illustrated. A “50% tissue depth” dj, single at which the excess of the intensity ratio /g single(d) over

1 drops to 50% of its initial value was defined by the criterion % = 0.5. By choosing

the value 0.5 instead of the more common value 1/e to describe the decay, the corresponding
depth value dj single could be determined for all measured and simulated scenarios, even for
parameter configurations resulting in a rather slow decay.

Intensity [a.u.]

Distance from the proximal diffuser position [mm]

Fig. 4. Illustration of the peak intensity Imax x(d) at the position of a local peak (here:
x = 15 mm) in a simulated intensity distribution after light penetration through tissue, in
relation to an underlying baseline intensity I(d), arising from a simulation with homogeneous
emission profile without added intensity peaks. By dividing these intensity values, the
intensity ratio IR single(d) is calculated, where d is the depth position of the diffuser below
the phantom surface.

The possibility to distinguish two neighbouring Gaussian intensity peaks (here always of equal
height) on top of a homogeneous emission profile was evaluated by calculating the intensity
ratio IR double(d) = ,i?;iffg), as sketched in Fig. 5. For the “peak coalescence tissue depth”dp, douple

for which Ig gouble(dp,double) = 1 within the precision of the evaluation, the maximum intensity

__________________________________________________
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Fig. 5. Illustration of the (here identical) peak intensities /max. 1 () and Iyax 2(d) at two local
peaks (here at: x; = 12.5 mm, xp = 17.5 mm) in a simulated intensity distribution after light
penetration through tissue, in relation to the intensity Icenter(d) between the two intensity
maxima (here at: x; = 15.0 mm). By dividing these intensity values, the intensity ratio
IR double(d) is calculated, where d is the depth position of the diffuser below the phantom
surface.
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Imax (dp gouble) becomes identical to Ieenter(dp.double) and, thus, the two intensity peaks are no longer
discernible.

3. Results

In Fig. 6, 7, and 8 the radial emission profile along a diffuser of 30 mm length (0 mm: proximal
diffuser part and entrance of light, 30 mm: distal end of diffuser with mirror) is shown for the
different experiments on the reference diffuser and corresponding simulations.
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Fig. 6. Simulated emission profiles for a cylindrical light diffuser in air for a cone tilt angle
[ = 0° and five different cone opening angles o (o = 1°, 20°, 25°, 30°, 90°). The experimental
emission profiles measured on the reference diffuser in air by the non-imaging and imaging
setup (Fig. 1(a) and (b)) are shown as black dashed and dotted line, respectively.
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Fig. 7. Simulated emission profile for a cone opening angle o =25° and three different
cone tilt angles B (f = —35°, 0°, +35°). The experimental emission profile measured on the
reference diffuser in air by the non-imaging setup is shown as black dash-dotted line.

The emission profiles at the surface of the reference diffuser measured by the imaging (dotted
black line) and non-imaging (dashed black line) method according to Fig. 1(a) and (b) are
depicted in Fig. 6. Although, the two intensity decays between the longitudinal positions 0 mm
and 25 mm are very similar for the two measurement techniques, the amplitude and shape of
the two intensity peaks observed between the longitudinal positions 28 mm and 32 mm differ
dramatically. For comparison, five different emission profiles (five solid lines of different colours)
were simulated according to Fig. 1(d), for an emission cone perpendicular to the optical axis (i.e.
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Fig. 8. Experimental intensity profiles measured with the imaging setup on the surface of
the reference diffuser (black dotted line, according to Fig. 1(a)) and on the surface of the
artificial tissue phantom (colored lines, according to Fig. 1(c)), with the reference diffuser
submerged in the tissue phantom at depth positions of 2 mm, 5 mm, 10 mm, and 15 mm.

B = 0°) and five different cone opening angles . It can be perceived that the two intensity peaks
at the distal diffuser end measured experimentally with the imaging method can be reproduced
relatively well by simulation with @ = 1° (yellow line), while the measurement result of the
non-imaging method can be reproduced better, at least qualitatively, with @ = 25° (blue line). By
comparing the five solid lines, it becomes obvious, that by increasing the cone opening angle «
for fixed cone tilt angle 8 = 0°, the intensity peaks broaden and decrease in amplitude.

Further, the influence of the cone tilt angle 8 on the emission profile was examined for a fixed
cone opening angle @ = 25°. In Fig. 7, the simulated profiles obtained for perpendicular emission
(B = 0°), preferential forward (8 = + 35°) and backward (8 = — 35°) emission (three solid
lines of different colours) are compared to the experimental result of the non-imaging method
(dash-dotted black line). The scenario of emission perpendicular to the diffuser surface (8 = 0°,
blue line) leads to rather broad intensity peaks. A preferential forward emission (8 = +35°, black
line) results in intensity peaks with reduced FWHM and a tiny intensity redistribution into the
forward direction in the longitudinal position range O - 2 mm, as well as a more pronounced
intensity redistribution for positions above 31.5 mm. By contrast, preferential backward emission
(B = —35°, red line) generates a shoulder in the emission profile near the longitudinal position 27
mm, as well as an intensity redistribution into the backward direction at the diffuser end near
the longitudinal position 31 mm. It can be deduced that a variation of the cone tilt angle 8 in
the simulation model results in minor influences on the shape of the simulated emission profile.
Thus, further simulations were simplified by fixing the tilt angle to 8 = 0°, thus mimicking an
average emission direction perpendicular to the diffuser surface.

Based on this iterative process, the shape of the emission profile of the reference diffuser
can be described by MC-simulations according to Fig. 1(d) with cone tilt angle 8 = 0° and
cone opening angle a = 25°. In all further investigations, the light distribution generated by the
reference diffuser in the surrounding tissue phantom according to Fig. 1(c) was simulated with
these fixed values for the simulation parameters « and .

In Fig. 8 the intensity profile measured on the surface of the tissue phantom with the diffuser
placed at a depth of 0 mm (i.e. in air), 2 mm, 5 mm, 10 mm and 15 mm, measured with the
imaging method is shown. The results reveal that the intensity distributions at the phantom
surface appear more homogeneous than the emission profile of the diffuser in air, and that they
become broader with increasing depth of the diffuser below the phantom surface. Characteristic
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intensity peaks, like the two intensity peaks at the distal diffuser end, are strongly reduced already
for a diffuser position 2 mm below the surface.

In Fig. 9, the simulated (black line) and calculated (blue dots) intensity ratios IR single(d)
are shown as a function of the diffuser depth d below the phantom surface. The comparison
shows a close relationship between measurement and simulation within the error limits of the
measurement. The simulation reveals that the excess of intensity ratio Ig single(d) over 1 drops
to 50% (from IR single(0) — 1 = 4.61 to IR single(d) — 1 = 2.31) within the first 100 um in tissue
and reaches a value of 10% (/R single(d) — 1 = 0.46) after about 2 mm. Thus, it can be concluded
that local intensity peaks in the emission profile of the diffuser in air fade away quite effectively
within the first 1 mm of tissue depth in the case the diffuser is inserted in an artificial brain tissue
phantom.
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Fig. 9. Simulation results for the intensity ratio IR single(d) for the reference diffuser in
artificial tissue phantom are shown as black line. Experimentally measured ratios are marked
by blue dots.

Simulations for virtual diffusers with artificial emission profiles, placed into an infinite tissue
phantom according to Fig. 1(d), were performed to show the influence of height and width of
an intensity peak on top of a homogeneous emission profile and the interplay of two adjacent
intensity peaks on the light distribution in tissue. For this purpose, artificial emission profiles
were generated and implemented into the MC-simulation scenario mimicking the situation of a
cylindrical diffuser submerged in an artificial tissue phantom as shown in Fig. 1(c).

First, the width wewnwm and height Iy singlc(0) of a single intensity peak in the center position
of the diffuser, xo = 15 mm, were varied. Figure 10 shows the relative peak intensity /R single(d)
as a function of the tissue depth d from the diffuser for intensity peaks with two different
widths of wrwum = 0.2 mm (Fig. 10(a)), wpwnam = 1.0 mm (Fig. 10(b)) and wpwgm = 5.0 mm
(Fig. 10(c)). For each width wgwm, four scenarios with four different initial values of the
relative peak intensity were examined, for I single(0) = 1.5, 2.0, 3.0, and 6.0. All curves are
characterised by a steep drop in intensity within the first millimetres. The corresponding “50%

tissue depths” dp single, defined as % = 0.5, are shown in Table 1. This comparison shows
that the width of the intensity peak, in contrast to the height, has a strong influence on dj, single-
dp single Was below 100 um for a width of wpwpwm = 0.2 mm, while it was determined to be 0.79
mm - 0.91 mm and 1.91 - 2.11 mm at a width of wpwpm = 1.0 mm and wrwagm = 5.0 mm,
respectively. This finding suggests that narrow intensity peaks lead to more superficial tissue
damage close to the diffuser surface, while broader ones penetrate deeper into tissue.

In Fig. 11(a) simulated intensity profiles are shown for an artificial diffuser with two local
intensity peaks of width wpwpm = 1.0 mm separated by a peak-to-peak distance of Ax = 5 mm.
Results are shown for several tissue depths from the diffuser. The diagram shows that the intensity
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Fig. 10. Evolution of the intensity ratio IR single(d) With increasing tissue depth for
artificially generated emission profiles with one local maximum. The intensity peak was
varied in width wrwyM and initial height IR single(0). Results for a width wewyw of 0.2
mm, 1.0 mm, and 5.0 mm are illustrated in panels (a), (b), and (c), respectively. For
each width, four scenarios with four different initial intensity ratios were simulated, for
IR single(0) = 1.5, 2.0, 3.0, and 6.0.

Table 1. “50% tissue depth” d, single at which the intensity ratio Ig single(d) drops to 50% of its initial
value at the diffuser surface.

“50% tissue depth” dp single [mm] wgwaM = 0.2 mm wrwaM = 1.0 mm WEwWHM = 5.0 mm
IR single(0) = 1.5 <0.10 0.79 1.91
IR single(0) =2.0 <0.10 0.81 2.00
IR single(0) = 3.0 <0.10 0.83 2.08
IR single(0) = 6.0 <0.10 0.91 2.11

at the positions of both maxima decreases with increasing tissue depth, but the intensity in the
center between the two maxima increases. For a tissue depth of d = 5 mm, the two intensity
peaks have already merged into a single, broad intensity peak.

(a), . , (b) (c)
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Fig. 11. (a) Emission profile and intensity distributions at a tissue depth from the diffuser
surface of d = 0 mm, 0.1 mm, 0.8 mm, 1.5 mm, 2.2 mm and 5 mm for two intensity
peaks added to a homogeneous emission profile. The peaks were simulated to have a height
of IR double(0) = 2.0 and a width of wrwpgwm = 1.0 mm, separated by a peak-to-peak distance
of Ax = 5 mm. The evolution of I gouble(d) With increasing tissue depth d is shown for
different initial peak-to-peak distances, Ax = 2 mm, 3 mm, 4 mm, 5 mm, and 10 mm and for
two different fixed peak widths, wpwpwm = 0.2 mm (b) and 1.0 mm (c).

To provide a deeper insight into the interplay of two adjacent intensity peaks, their distance
and width and wrwnm was varied. The intensity ratio Ir double(d) = % was calculated and
plotted as function of the tissue depth d for wpwpgm = 0.2 mm and 1.0 mm (Fig. 11(b) and

(c)). The intensity peaks become indistinguishable when the intensity ratio Ir gouble reaches 1.
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The corresponding “peak coalescence tissue depths” dp gouple are listed in Table 2 for different
separations Ax of the two peak maxima. It becomes obvious, that for one parameter setting
(WrwuMm = 0.2 mm and Ax = 2 mm), the two peaks become indistinguishable within 1 mm of
tissue depth, while for an initial peak distance of Ax = 10 mm, the two intensity peaks remain
distinguishable over the full range of investigated tissue depths, independently of the initial peak
width wpwpm. Comparing the differences between narrower (Fig. 11(b)) and wider intensity
peaks (Fig. 11(c)), it can be noted that narrower intensity peaks lead to a faster attenuation of
IR double- The tissue depth d}, goule at which both peaks merge does not differ for the two different
peak width values investigated.

Table 2. “Peak coalescence tissue depth” dj, gounie at Which two intensity peaks become
indistinguishable.

“Peak coalescence tissue depth” dp gouble [Mm] Ax=2 mm Ax=3mm Ax=4mm Ax=5mm Ax=10mm
WEWHM = 0.2 mm 1.3 2.3 34 4.8 -
WEWHM = 1.0 mm 1.0 1.9 3.3 46 -

Overall, it can be suggested that emission profiles consisting of several intensity maxima with
a peak-to-peak distance below 2 mm lead to a homogeneous light distribution within the first 1 to
2 mm of tissue depth.

4. Discussion

In this investigation, the influence of local inhomogeneities in the emission profile of fiber
diffusers on the light distribution within tissue after interstitial insertion was studied. This was
assessed by dedicated MC-simulations based on reproducing experimental measurements.

The experimental measurements were performed using an imaging and a non-imaging camera
method [32]. This made it possible to describe the emission behaviour of the diffuser more
precisely. While the imaging method could describe the intensity distribution on the surface, the
direction of the emission was measured with the non-imaging method. Both measurements were
performed in air and the light distribution in tissue was deduced by means of a MC-simulation.
Although the simulation was validated by measuring the light distribution in tissue, the question
of a measuring method continuously and easily accessing the light distribution in tissue still
arises.

Although the MC simulation presented was calibrated and validated by measurements, some
assumptions were made. The emission angle was set to § = 0°. However, this provides a good
approximation only for volume-scattering diffusers with a reflecting mirror at the fiber end. The
mirror causes light to propagate in both fiber directions, away from and towards the light source.
The emission should therefore be almost symmetrical about the angle §=0°. For diffusers
without mirrors or surface scattering diffusers, this assumption loses its validity and forward
directed emission (f > 0°) must be expected.

Furthermore, the refractive index mismatch between tissue phantom and the surrounding
medium air was neglected in the simulation. However, it can be estimated that the angle a = 25°
used here would be increased to 33° by a refractive index mismatch. As a consequence, the
emission profile, including potential inhomogeneities, would appear broadened. However, the
calibration performed in Fig. 6 shows that the intensity distribution for an emission angle of
a = 30° deviates only slightly from that for the selected angle o =25°.

Other approaches to air-based measurement include integrating sphere measurement setups
[20,32], goniometric approaches [27,34] or photodiode-based measurement methods [35]. A
description of the radiation profile by an integrating sphere and photodiode-based method
would theoretically lead to similar results as the imaging and non-imaging camera method. An
experimental validation will be left to further investigations. A complete description of the light
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distribution in air can only be obtained by goniometric imaging of the radiation pattern. In
addition to the intensity distribution on the fiber surface, the goniometric representation can also
directly measure the directional radiation [34]. The disadvantage of this method is the difficulty
in aligning the diffuser in the measurement setup coupled with sophisticated mathematical
evaluation procedures [34].

The vanishing of single and multiple intensity maxima during light penetration through a
scattering tissue phantom were examined. It was shown, that the light distribution is mainly
influenced by the width wrwrm. Intensity peaks with a width in the range of one millimetre have
an approximate “50%” and “peak coalescence” tissue depth d, of one millimetre in tissue. An
explanation might lie in the light propagation originating from point and line sources. Since the
light intensity flux of point and line sources decreases geometrically by I ~ r% and/ ~ % [36],
respectively, narrow intensity peaks, representing point sources, decay faster with increasing
distance to the diffuser surface compared to wide peaks, representing line sources [33,37]. An
analytical solution proves to be difficult, as the transition between point source to elongated line
source is continuous. The deeper penetration depth of extended light sources is also used in
Diffuse Reflectance Spectroscopy [38—40]. Here, light emitted by one fiber is detected by another.
If the distance between the fibers, or the fiber radius itself, is increased, deeper tissue regions can
be monitored [38—40].

Comparing the simulated results to emission profiles in literature, an evaluation of the profiles
with regard to the width wgwrm of the intensity peaks has to be performed. The emission profiles
presented in [27,30,31] have pronounced, however, narrow intensity peaks at the distal and/or
proximal diffuser end. While the height /g(0) can reach up to three times the average emitted
intensity, the width wpwpgwm of the intensity peaks does not exceed a width of wpwpm = 1 mm.
Therefore, it can be concluded, that the influence towards the light distribution is limited to the
first millimetre of tissue depth from the diffuser surface.

The light distribution of a diffuser in tissue phantom shown in [41] slightly differs from the
results presented here. An emission of a width of 5 mm showed a reduction of the intensity to
50% of the original intensity after only 0.9 mm. The faster decrease might be due to the fact
that sinusoidal intensity peaks were used and thus the geometry differs from the here presented
Gaussian inhomogeneities.

The investigation on the influence of two narrow peaks in the emission profile on the light
distribution within the tissue showed that two peaks with an initial peak-to-peak distance of
Ax = 2 mm become indistinguishable after approximately 1 mm tissue depth. For larger
peak-to-peak distances Ax, the two peaks remain separate, and each of them acts as a single
intensity peak propagating into the tissue. Applying the gained knowledge to the field of diffuser
production, it can be concluded that after only a few millimetres of tissue, an emission profile
composed from multiple close intensity peaks over the full diffuser length exhibits an equivalent
behavior comparable to homogeneous emission profiles. Other emission profiles, composed from
multiple intensity peaks over the full diffuser length, showed a peak-to-peak distance between the
intensity maxima of Ax = 0.5 mm [19,25]. Therefore, the light distribution has a homogeneous
intensity distribution after less than 1 mm of tissue depth.

The light distribution in tissue and the attenuation of single and multiple intensity peaks on
emission profiles was extensively discussed. While it is difficult to make a statement about the
biological influences, a conclusion about spatial allocation of potential tissue damage can be
done. The local excess intensity within the tissue induced by local maxima in the emission
profile is largest close to the diffuser surface. Thereby, the first cell layers close to the diffuser
are affected by strong intensity peaks. This can affect about 2 to 20 cell layers since each cell
layer has an approximate size of 5 - 50 um. However, the simulation model lacks a description of
actual damage to tissue or the diffuser itself due to thermal overtreatment. Therefore, the thermal
properties of the targeted tissue has to be examined, the calculated light intensities transferred to
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temperature, and the thermal diffusion considered. Exceeding 42°C in brain tissue can lead to
cellular damage causing side effects to the treatment [17].

While in the present work the influence of inhomogeneities on the light distribution in brain
tissue was presented, their influence on other tissue types must be critically discussed, since the
optical as well as the thermal properties of different tissue types strongly differ from each other. A
decrease in absorption and/or scattering may lead to an enhanced penetration of inhomogeneities
to deeper tissue regions, which is the case for skin and prostate tissue at a wavelength of A = 635
nm [42]. Furthermore, a variation in thermal properties can influence the temperature distribution
in the targeted tissue region. For increased heat capacity, a lower temperature rise is expected,
while for increased thermal conductivity, a locally induced temperature rise fades away effectively
into the surrounding tissue.

Further investigations will evaluate the effect of certain light doses on the temperature increase
in various types of tissue. Mathematical approaches could be built on the solution of Penne’s
bio-heat equation [16,27,43,44]. Thereby, an applied diffuser power could be defined at which
the temperature increase is limited to a total temperature of 42°C. Thus, quality criteria for the
homogeneity of diffusers could be defined.

5. Conclusion

Inhomogeneities in the measured emission profile of cylindrical light diffusers in air affect the
light distribution in the surrounding tissue. The observed effects are mainly dependent on the
width of the local intensity peaks.

Narrow intensity peaks with a width smaller than one millimeter in the emission profile have
only a minor effect on the light distribution somewhat deeper within the tissue, while broader or
a multitude of intensity maxima can maintain a strong effect also at larger distances from the
diffuser. Potential overheating near narrow intensity maxima should be avoided, in particular
in case of tissue with strong absorption and scattering and/or low heat capacity and/or low
heat conductivity. Clinically, strong local intensity maxima constitute a potential risk factor for
sensitive tissue structures in this area.
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The observed changes of NMR and optical properties were compared to each other.

Results: By adjusting the NMR relaxation times and optical tissue properties of the tissue phantoms to literature
values, recipes for human brain tumor, white matter and grey matter tissue phantoms were obtained that mimic
these brain tissues simultaneously in both properties. For porcine brain tissue, it was observed that with
increasing water concentration in the tissue, both NMR-relaxation times increased, while p, decreased and pg’
increased at 635 nm. The addition of blood to porcine brain samples showed a constant T;, while Ty shortened
and the absorption coefficient at 635 nm increased.

Conclusions: In this investigation, by changing sample contents, notable changes of both NMR relaxation times
and optical tissue properties have been observed and their relations examined. The developed dual NMR/optical
tissue phantoms can be used in iPDT research, clinical training and demonstrations.

NMR relaxation times
Interstitial photodynamic therapy

1. Introduction

Interstitial photodynamic therapy (iPDT) for malignant gliomas
[1-3] is currently under development and undergoing clinical trials. For
this treatment, a precursor is administered to the patient, which leads to
accumulation of a photosensitizer in the target tissue. The photosensi-
tizer is excited by light irradiation and creates reactive oxygen species
(ROS) via interaction with intracellular oxygen. In case of 5-aminolevu-
linic acid (5-ALA) mediated iPDT, the photosensitizer is protoporphyrin
IX (PpIX), which is excited at a wavelength of 635 nm. [1,2,4]

As part of the treatment planning, the trajectories for the placement

of the light applicators in the brain are defined based on estimates about
the light dosimetry [1]. These estimations are based on analytical cal-
culations using diffusion theory under the assumption of homogeneous
optical tissue properties [5-7]. In this approximation, the individual
optical tissue properties of tumor, white matter, and grey matter are
neglected. Currently, more elaborate simulation approaches are under
development, using, e.g., Monte Carlo techniques [8]. Here, individual
optical tissue properties of different tissue types can be considered and
included in the light dosimetry calculations to optimize the light
applicator positions in the tissue [8-10].

For the analytical light dosimetry calculations and/or simulations,
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fixed optical tissue properties may be used, but these properties are
actually patient-individual and differ from case to case. In literature, a
broad range of optical tissue properties can be found for the same tissue
type [11]. This uncertainty can be handled by making worst-case as-
sumptions about the unknown properties or by applying a higher light
dose than needed to induce cell death. In case of 5-ALA mediated iPDT, a
light overdosage would not affect non-tumor tissue. 5-ALA induced PpIX
is mainly selectively accumulating in the tumor tissue and only very low
photosensitizer amounts are present in the non tumor tissue [12-14].
Due to destruction of the photosensitizer during the iPDT irradiation
(photobleaching process of the photosensitizer), a letal production of
ROS is not reached in the non-tumor tissue and healthy tissue is
preserved.

Nevertheless, additional tools are desirable that can provide more
insight into the patient’s individual optical tissue properties. Spectral
online monitoring is highly important, as it provides not only insight
into the photosensitizer accumulation by measurement of its fluores-
cence but also into the actual optical conditions by measurement of the
treatment light transmission through the tissue [13,15-17]. Using
spectral online monitoring (SOM) measurements between two light
applicators, one of which emits treatment light while the other one is
connected to a spectrometer and used for light detection, it is possible to
analytically calculate the optical attenuation in the tissue region be-
tween the light applicators and thus within the entire treated tissue
volume [5]. Unfortunately, the inhomogeneity of the tissue and the
related optical tissue properties had to be neglected so far [18]. A big
advantage of SOM is that it provides insight into processes that may alter
the optical tissue properties during the ongoing iPDT irradiation. There
are indications that oxygenated hemoglobin is actively deoxygenated by
iPDT or directly transmuted into methemoglobin [19-21].

Next to the optical light application and monitoring, medical imag-
ing like X-ray computed tomography (CT) and magnetic resonance im-
aging (MRI) are an essential part of the iPDT procedure. Currently, these
are used for therapy planning, guidance, and follow-up disease moni-
toring. In particular, the target volume of the therapeutic intervention is
defined by these imaging modalities [1,22,23].

For the further development of iPDT procedures, light dosimetry and
online monitoring, MRI plays an important role. Based on MRI data,
different tissue types in the target region can be identified, and indi-
vidual optical properties can be assigned to them [24,25].

MRI may not only give insight into the localization of different tissue
types. The signal intensities visible in MRI are related to the individual
relaxation times of the tissues [26]. Important factors influencing the
NMR relaxation times in the brain are the lipid content and the free
water content of the tissue [27]. The ratio between free and bound water
is individual for each tissue and has a strong effect on the differences in
the NMR relaxation times between the different tissue types and within
the same tissue type.

Next to NMR relaxation in the brain, optical properties are directly
related to the water and lipid content of the tissue. In the visible
wavelength range, the water content indirectly affects the concentration
of the photon absorbing and scattering substances in the sample with
higher water content leading to lower optical absorption and scattering.
In addition, the optical scattering is related to the lipid content, as lipids
are the dominant optical scatterers in biophotonics [28,29].

In addition to lipids, water and blood content also have an influence
on optical tissue properties. Furthermore, both are well known to affect
the MRI signal intensities, e.g., in edema or hemorrhage, which are
related to changes of the NMR relaxation times in the respective regions
[30-32].

This leads to the assumption that changes or differences in MRI
signal intensities and relaxation times might be an indicator for changes
or differences in optical tissue properties in corresponding tissue
regions.

To test this assumption, experiments were conducted on optical tis-
sue phantoms with varying compositions and on porcine brain tissues
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with different amounts of additives by measuring the NMR relaxation
times T; and T, along with the optical absorption and reduced scattering
coefficient. Out of this, recipes were created for producing tissue
phantoms with MRI relaxation times and optical properties similar to
those of different types of brain tissue (white matter, grey matter, ma-
lignant glioma) encountered in the target zone during iPDT of malignant
brain tumors. First indications for a correspondence of changes in NMR
relaxation times and optical properties have been found.

2. Material and methods
2.1. Samples

2.1.1. Dual NMR/optical tissue phantoms

Artificial optical tissue phantoms were used as their properties can
be easily adjusted by changing the ingredient concentrations, and they
are well known and frequently used in research [33]. Solid homoge-
neous optical tissue phantoms were manufactured based on agar (Agar,
A7002, Sigma-Aldrich, St. Louis, Missouri, USA) and gelatin (Gelatin
from porcine skin, G2500, Sigma-Aldrich, St. Louis, Missouri, USA). For
adjustment of the optical tissue properties, a 20 % lipid emulsion based
on Lipoveneous (Lipovenos® MCT 20 %, Fresenius Kabi Deutschland
GmbH, Bad Homburg, Germany) and black ink (brilliant black, no.
4001, Pelikan Holding AG, Schindellegi, Switzerland) were used. To
further adjust the T; relaxation times of the optical tissue phantoms,
gadobutrol, a gadolinium-based contrast agent (GBCA, Gadovist® 1.0
mmol/ml, Bayer AG, Leverkusen, Germany) was added to the artificial
tissue phantoms.

To manufacture the tissue phantoms, distilled water was boiled to
95 °C with the corresponding amount of agar. In the case of gelatin, the
solution was boiled up to 50 °C. The required amount of Lipoveneous
was added in small portions into the solution after it cooled down to
38 °C, where the temperature was kept constant. The temperature of the
mixture was controlled with a thermocouple during the process. (In case
of Lipoveneous, the pure amount of lipid contained in the 20 % lipid
emulsion was used to calculate the Lipoveneous fraction in the
phantom.)

After the Lipoveneous was stirred entirely into the solution, the black
ink was added to adjust the optical absorbance. If needed, after stirring,
the black ink was dissolved in the solution of the GBCA, and both were
added to the tissue phantom. Before complete hardening, the tissue
phantom was split into two parts. The first part was filled into the
cuvette for the integrating sphere measurements (filling quantity 3 ml,
CM-A130 2 mm ST, Konica Minolta, Japan). The second part was filled
into the cuvette used for MRI measurements.

To reduce edge artefacts in the MRI at the cuvette walls, large vol-
umes cuvetttes (diameter 2.75 mm; filling quantity 50 ml, Sarstedt AG &
Co. Kg, Sarstedt Schraubrohre, Niimbrecht, Germany) were used.
Occurring edge artifacts in the MRI, usually affect a distance of up to
1.5-1.75 mm distance from the border zone between two tissues or
materials [34]. Using the large volumes cuvettes, in the center of the
sample a nearly homogeneous signal is obtained, that is not affected by
artefacts.

By varying the agar, Lipoveneous and ink fractions, the effects of
these ingredients on the optical tissue properties and NMR relaxation
times were determined, and suitable compositions to create brain-
mimicking tissue phantoms were derived. The finally developed artifi-
cial dual NMR/optical phantoms with brain tissue like properties were
manufactured four times and measured to investigate their reproduc-
ibility in manufacturing.

2.1.2. Porcine tissue samples

Porcine brain was used as tissue samples to compare the effects of
additives on optical properties and NMR relaxation times. The porcine
tissue was obtained from the butcher. All samples were mixed using a
hand blender until a visually homogeneous tissue sample was obtained.
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After this mixing process, additional supplements (water, Lipoveneous,
or human blood) were added into the tissue sample so that specific ad-
ditive volume fractions: Cadgitive = Vadditive/ (Vtissue+ Vadditive) Were ob-
tained and the overall volume of the measured sample remained
constant.

In case of Lipoveneous, Vyqgitive Was defined as the volume of the
lipid emulsion added to the tissue, not the volume of the pure lipid
contained therein. For each supplement concentration, the sample was
split and filled into the corresponding cuvettes for the optical and NMR
measurements.

The usage of human blood was approved by the Ethics Committee of
Ludwig-Maximilians-University, Munich, Germany (reference number
18-144). For the usage of porcine tissues, no ethical approval was
required as tissues of animals from the food industry were used.

2.2. MRI measurement and analysis

2.2.1. MRI sample mount and protocol

To determine the T; and T, relaxation times of the samples, a clinical
3-tesla whole-body MRI system (Magnetom Prisma, Siemens Healthi-
neers AG, Erlangen, Germany) was used. A 32-channel head coil
(Siemens Healthineers AG, Erlangen, Germany) was used for all MRI
measurements. The samples were positioned in the isocenter of the coil
using a self-made sample holder. The sample holder consisted of a box in
which the 50 ml sample cuvettes were placed and held in a frame at the
bottom and top of the box. The box was filled with water doped with 1 %
GBCA to remove artefacts from the surrounding air. The sample holder
was placed in the isocenter of the scanner to obtain the best possible
sample signals.

To determine parameter maps of the longitudinal relaxation time
constant, Ty, a standard inversion recovery half-Fourier-acquired single-
shot turbo spin-echo (HASTE) pulse sequence was utilized. This inver-
sion sequence was recorded in 2D slices with single-slice acquisition
mode, using a repetition time Ty = 8420 ms and an echo time Tg = 80
ms. Inversion recovery measurements were performed with 13 different
inversion times, T, from 50 ms to 8000 ms (50, 150, 250, 500, 750,
1000, 1500, 2000, 3000, 4000, 5000, 6000, 8000 ms). The image res-
olution of the inversion sequences was 0.6875 x 0.6875 x 4.4 mm®.

To determine parameter maps of the transverse relaxation time
constant, Ty To-weighting HASTE acquisitions with T = 3100 ms and a
total of 20 echo times, Tg, from 25 ms to 500 ms in steps of 25 ms, were
used. The image resolution of the To-mapping sequences was 0.2083 x
0.2083 x 6 mm?3. The MRI sequences for the determination of T1 and T2
were set in such a way, that the best possible image resolution was
achieved to identify inhomogeneities in the samples, while highest
possible signal to noise ratio for this resolution is maintained.

For comparison, the finally developed tissue-like dual NMR/optical
phantoms were additionally measured with clinical T;-weighted (T
TSE; T = 6.4 ms; Tg = 600 ms; 0.351x0.351x3.6 mmg) and To-
weighted (T TSE; T = 89 ms; Tg = 5000 ms; 0.4688x0.4688x3.3
mm?) pulse sequences.

2.2.2. NMR relaxation time evaluation

The image intensities required in the fit procedure were determined
from the MRI images using the software ITK-Snap (version 3.8, Uni-
versity of Pennsylvania, Philadelphia, USA) [35]. For this purpose, the
sample volume visible in the MRI image in the isocenter of the scanner
was segmented manually for each sample (segmentation volumes 5.1
cm®/~2500 voxels for T1 detemination and 4.9 cm®/~19,000 voxels for
T2 determination). The segmentation was done manually to exclude
possible sample inhomogeneities from the following intensity analysis.
The mean MRI intensity (I;mean) and the standard deviation (Istp) were
calculated for each sample based on the segmentation. The MRI
T1-mapping and Ty-mapping sequences were analyzed based on this
procedure. Based on the inversion recovery acquisitions, for each T; an
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individual intensity value Iy ean(T7) was obtained. Similarly, based on the
To-mapping acquisitions, mean intensity values Imean(Tr) were obtained.

To determine Ty from the intensities Iiean(Ty), the following model
function was used [36,37]:

T
a—be

Eq. (1) describes a 3-parameter model that is fitted to Iean(T1) of
each sample with free parameters a, b, and T;.

To determine T, from the intensities Inean(TE), the following equa-
tion from Ts-relaxometry was utilized [38,39].

Imean(Tl) = (1)

Imean(TE) = SO e(iﬁ> (2)

The mono-exponential model curve given by eq. (2) describes the
decrease of the spin-echo signal intensity with increasing Tg, depending
on T, and the proton density signal, Sy, as free fit parameters. The data
fitting procedures were implemented in Matlab (Matlab R2018b,
MathWorks Inc., Natick, MA, USA). A non-linear least-square model
with the iteratively reweighted least squares method was used for the
curve fitting procedure, and the individual signal intensities Iyean Were
weighted by their variance calculated from the corresponding Isrp. The
statistical errors of the obtained values of Ty and Ty were derived from
the confidence interval (95 %) of the fit.

2.3. Measurement of optical tissue properties

The optical tissue properties of the used samples, i.e. the absorption
coefficient p,(A) and the reduced scattering coefficient pg’(A), were
characterized using an integrating sphere setup [40]. By measurement
of the diffuse reflection and diffuse transmission of the sample, its op-
tical tissue properties were determined via the inverse adding doubling
(IAD) procedure [41].

The sample cuvette containing the sample was placed in front of one
port (port diameter 25.5 mm) of the integrating sphere (sphere diameter
101.6 mm, Labsphere, North Sutton, USA) and irradiated with a colli-
mated light beam of a xenon arc lamp (D-light 201,332 20, Karl Storz,
Tuttlingen, Germany). The spectral data were collected with a detection
fibre (core diameter 400 um, NA: 0.37) inserted into the integrating
sphere through the detection port (diameter 3.2 mm). The detection
fibre was connected to a spectrometer (52000, Ocean Optics/Ocean
Insight, Ostfildern, Germany). The spectral measurements consisted of
three parts. The first part was the measurement of the diffuse trans-
mission signal, Tsig(A): the sample faced the incident light beam under
perpendicular irradiation. The collimated, un-scattered part of the light
transmitted through the sample leaves the integrating sphere through
the exit port (diameter 25.5 mm) opposite the sample. Only the scattered
and finally transmitted light, Tsig(A), was detected, without the unscat-
tered transmitted light. The second part was the measurement of the
diffuse reflection signal, Rsijg(A): the sphere was turned by 180°
compared to the diffuse transmission, so only the light scattered and
finally reflected by the sample, Rsig(A), was recorded, without the
unscattered reflected light. The last part was the recording of the
reference signal of the light source, Refs;g()), obtained by direct irradi-
ation of the inner surface of the integrating sphere.

From these three spectral datasets, the diffuse transmission Tq(\) and
the diffuse reflectance Rq(\) of the sample were calculated using the
known reflectivity of the integrating sphere, Rig(A), with the following
formula:

TSig (/D

Td (A) - RCfSig (ﬂ.)

Ris(4) 3)
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Rsig (1)

Rd (l) - RCfSi‘g (ﬂ)

Ris(4) (€]
The two spectral datasets calculated by Eqs. (3) and (4) were further
evaluated with the IAD procedure [41,42], which allows to iteratively
determine the spectrally resolved optical parameters u,(1) and ps’ (1) of
the artificial sample for the wavelength array from 400 to 700 nm.
The mean and error of the optical tissue properties were determined
by three separate measurements and evaluation procedures.

2.4. Reference data from literature

The optical tissue properties as well as the NMR relaxation times of
the dual NMR/optical tissue phantoms were compared to the literature
values seen in Table 1. The optical tissue properties, used for the com-
parison, were taken for the wavelength 635 nm [43,44]. The wavelength
635 nm was selected as it corresponds to the treatment wavelength of
clinical 5-ALA-based iPDT of malignant brain tumors [4]. The NMR
relaxation times were taken from literature providing a range for the
relaxation times of the brain tissues white matter and grey matter
[45-47]. The T; and T, relaxation times for malignant glioma have not
been explicitly reported in the literature. However, they can be assumed
to be equal to or longer than those of white matter, as observed in
clinical images of malignant gliomas and the directly surrounding white
matter [48].

2.5. Data analysis and statistics

All further data analysis and plotting was performed using Matlab
(Matlab R2018b, MathWorks Inc., Natick, MA, USA). No statistical tests
were performed.

3. Results
3.1. Dual NMR/optical tissue phantoms

Based on the concentration-dependent measurements shown in
Figs. S1 through S5 in the supplement to this article, the finally chosen
phantom mixtures were tuned manually to obtain optical coefficients
and NMR relaxation times that are, at least for the present study, suffi-
ciently close to the reference values listed in Table 1. Three phantom
recipes for artificial dual NMR/optical brain tissue phantoms were
created. These tissue phantoms have optical properties (u, and pg’ at 635
nm) and NMR relaxation times (T; and T at 3 T) similar to white matter,
grey matter, and malignant glioma tissue. Table 2 lists the recipes of the
three artificial tissue phantoms and their properties p,, ps” at 635 nm
wavelength, and NMR relaxation times T; and T2 at 3 T. All three
phantoms were produced in four separate manufacturing processes to
test the reproducibility. To investigate the contrast, the three tissue
phantoms were filled into the measurement cuvettes as multi-layered
phantoms composed of the three different tissue phantoms (see Fig. 1
for an example).

The experimentally determined mean values of the optical tissue

Table 1

Reference values for optical tissue properties, ua and ps’ at 635 nm wavelength,
and NMR relaxation times, T; and T, at 3 T, for different types of brain tissue
according to literature. These literature values serve as a reference for com-
parison with the values experimentally obtained within this study [43-47].

1

tissue pa [mm~1] pe’ [mm~1] T; [ms] T, [ms]

grey matter 0.02 1.00 1342 102
[<0.01-0.03] [0.88-1.20] [1122-1763] [88-132]

white matter 0.08 6.00 818 72
[0.07-0.09] [5.60-7.04] [699-927] [69-84]

malignant glioma 0.02 2.00 >818 >72
[0.01-0.06] [1.00-5.80]
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coefficients at 635 nm of the three prepared phantoms (Table 2) were all
located within the range of the reference values obtained from the
literature (Table 1), except for the mean value pg’=5.37 mm~! of the
white matter phantom. Here, s’ is 11 % smaller than the reference value
(s’ ref=5.6 mm™1Y), but the error ranges of these two s’ values show a
small overlap ([5.6-6.5 mm’l] vs. [4.69-5.78 mm’l]).

The mean value of T; measured at 3 T on the grey matter tissue
phantom was consistent with the corresponding literature range of Ty
(1122-1763 ms), whereas the mean value of T, measured on that tissue
phantom was about 20 % higher than the upper boundary of the cor-
responding literature values. The mean value of T; measured on the
white matter tissue phantom was 3 % shorter than the corresponding
lower boundary of the literature range. In contrast, the mean value of T
measured on that tissue phantom was consistent with the corresponding
literature range. The mean values of T; and T, measured in the tumor
phantom were 19.4 % and 6.2 %, respectively, larger T, than those
measured on the white matter phantom.

Reproducibility tests have shown that the optical tissue properties at
635 nm could be reproduced within a maximum deviation of 11 % and
the NMR relaxation times within a maximum deviation of 14 % for all
three phantoms.

In the representations in Fig. 1, the three different phantom layers
can be clearly distinguished when combining the information from both
NMR imaging modalities (T;-weighted and T»-weighted MRI). In T;-
weighted MRI, the white matter layer and the tumor phantom layer
appear brighter than the grey matter due to shorter relaxation time, with
the white matter phantom having the highest image intensity of the
three phantoms. In the To-weighted MRI, shorter relaxation times lead to
a lower image intensity. The grey matter phantom layer has the longest
T, time, resulting in the highest image intensity, leading to the strong
contrast visible in the To-weighted image in Fig. 1. With similar T times,
there is only a minimal difference in image intensity between the white
matter and tumor phantom layers.

3.2. Porcine tissue samples

To simulate the effects of edema, a haemorrhage and varying lipid
content in tissue, measurements have been performed on porcine brain
tissue with different amounts of water, human blood, or Lipoveneous
added as an additive to the tissue.

The addition of water to porcine brain tissue showed, with increasing
volume fraction cyater Of added water, a decrease of the optical ab-
sorption coefficient p, at 635 nm. At the same time, both NMR relaxation
times T; and Ty at 3 T were prolonged (see Table 3). The reduced
scattering coefficient pg’ at 635 nm showed no clear tendency for
increasing Cyater- In Figure S6 in the supplement, the complete measured
wavelength-dependent arrays of the absorption and the reduced scat-
tering coefficient are shown for the different cyater values.

The addition of Lipoveneous to porcine brain tissue showed that the
absorption coefficient p, at 635 nm decreases while the reduced scat-
tering coefficient pg’ at 635 nm increases with increasing Lipoveneous
volume fractions cripoveneous (Table 4). (Figure S7 in the supplement
shows the complete measured wavelength-dependent arrays of the ab-
sorption and the reduced scattering coefficient for the different values of
CLipoveneous-)

The NMR relaxation times T7 and T, at 3 T show a non-neglectable Ty
and T, prolongation only for the highest Lipoveneous volume fractions
CLipoveneous of 30 %.

In contrast to Lipoveneous’ the addition of blood shows, with higher
blood volume fraction, an increase of the absorption coefficient u, and a
decrease of the reduced scattering coefficient ys’ at 635 nm. In Figure S8
in the supplement, the wavelength dependence of the absorption and
reduced scattering coefficient are shown for the different cpjp0q values.

The transverse NMR relaxation time Ty shortens with higher cpjood,
whereas the longitudinal relaxation time T; does not show any relevant
changes (Table 5).
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Table 2
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Recipes for three brain tissue phantoms with mean optical tissue properties at 635 nm and mean NMR relaxation times at 3 T similar to 3 different types of brain tissue,
based on manual analyses of the data from 4 manufacturing processes shown in Figs. S1 through S5 in the supplement of this article. In brackets, the statistical standard
error of the corresponding value is shown, determined by four repetitive manufacturing and measurement cycles.

tissue phantom type agar Lipoveneous black ink gadobutrol Ma [T T, Ty
[%] [%] [%] [%] [mm '] [mm ] [ms] [ms]
grey matter 1 1.5 0.01 0.01 0.020 (0.001) 1.34 (0.04) 1194 (46) 158 (19)
white matter 2 10.5 0.08 0.0167 0.087 (0.009) 5.36 (0.51) 680 (16) 81 (12)
Malignant glioma 2 3.5 0.01 0.0167 0.022 (0.002) 2.39 (0.22) 812 (39) 86 (6)
. - Table 5
visible T1-weighted T2-weighted

Fig. 1. Visible as well as T;- and T»-weighted MRI-appearance of phantoms for
mimicking the human brain tissue types malignant glioma/tumor (T), white
matter (WM) and grey matter (GM). The red dotdashed lines indicate the
interface positions between the different tissue types/phantoms. (The grey
value in the NMR images corresponds to the signal intensity in the sample. A
shorter T; time appears brighter in the T;-weighted image, while a shorter T,
time appears darker in the T-weighted image [26]).

Table 3
Absorption coefficient u, and reduced scattering coefficient us’ at 635 nm as well
as NMR relaxation times T; and T, shown for different water volume fractions

cwater~
Cwater [%] pa [mm~'] ps* [mm™] T; [ms] T, [ms]
0 0.069 + 0.001 3.77 £ 0.05 1119+ 71 93+7
5 0.069 + 0.001 4.32 £ 0.08 1181 + 62 95+ 5
10 0.064 + 0.0006 3.84 £ 0.03 1226 + 40 102 + 4
15 0.062 + 0.001 3.95 £ 0.02 1275 + 57 109 +£ 3
20 0.057 + 0.002 3.62 £+ 0.006 1332+ 75 115+ 3
30 0.049 + 0.001 3.27 £ 0.02 1450 + 74 132+ 2

Table 4

Absorption coefficient u, and reduced scattering coefficient us’ at 635 nm as well
as NMR relaxation times T; and T, shown for different Lipoveneous volume
fractions ¢y jpoveneous- (Here, the Lipoveneous volume fraction corresponds to the
ratio of the volume of the added lipid emulsion and the total volume of the final
sample).

CLipoveneous [%]  pa [mm™'] ps [mm~] T; [ms] T, [ms]
0 0.068 + 0.001 4.06 £ 0.10 1124 + 59 91 +6
5 0.065 + 0.002 4.38 + 0.09 1106 + 58 87 +6
10 0.067 + 0.002 4.93 £+ 0.08 1114 + 54 91+6
15 0.066 + 0.003 5.23 £ 0.04 1123 + 70 94 +5
20 0.068 + 0.002 5.67 £ 0.10 1132 + 80 97 +£5
30 0.052 + 0.004 6.01 + 0.04 1226 + 106 105+ 5

When comparing the water-induced trends observed on the prepared
tissue samples regarding the absorption and the reduced scattering co-
efficient at 635 nm with those regarding the NMR relaxation times T,
and Ty at 3 T, it is observed that a prolongation of relaxation times takes

Absorption coefficient u, and reduced scattering coefficient us’ at 635 nm as well
as NMR relaxation times T; and T, shown for different blood volume fractions

Cblood-

Chlood [%] pa [mm™] b [mm™'] T; [ms] T2 [ms]
0 0.04 + 0.002 3.95 £+ 0.05 1227 + 100 102 + 4
2 0.10 £+ 0.001 3.92 £0.03 1246 + 55 81+7

4 0.15 + 0.002 3.90 + 0.04 1245 + 127 70 + 10
6 0.20 + 0.002 3.86 = 0.01 1249 £ 125 62+ 11
8 0.25 4+ 0.004 3.69 £+ 0.07 1231 + 119 56 + 14
10 0.32 £ 0.01 3.74 + 0.08 1219 + 102 50 + 15

place along with a decrease of absorption and scattering (Fig. 2). An
increase of the reduced scattering coefficient at 635 nm by the addition
of Lipoveneous was accompanied by a prolongation of T; and T», when
neglecting the sample without added Lipoveneous (CLipoveneous=0 %)
(Fig. 3).

Upon adding human blood, an increase of the absorption coefficient
at 635 nm and a decrease of the reduced scattering coefficient were
accompanied by a shortening of the NMR relaxation time T, at 3 T
(Fig. 4).

4. Discussion
4.1. Dual NMR/optical brain tissue phantoms

The central ingredient for solid tissue phantoms is the matrix
ingredient. For most solid tissue phantoms, hydrogels such as agar,
gelatin or nonionic surfactants are used. It was observed that with
increasing hydrogel fraction, yg’, T1 and T decrease (see Figure S1 and
Figure S2 in the supplement to this article). It is well known from the
manufacturing of optical tissue phantoms that when increasing the
hydrogel concentration, additional scattering medium is needed to
maintain a specific scattering power [49]. This is related to the
increasing water binding capacity and the decreasing fraction of un-
bound water within the phantom [50], which is further linked with an
increasing storage modulus and stiffness. As a result, it is seen that with
increasing hydrogel concentration, T; and T, are reduced due to the
lower fraction of unbound water and decreasing diffusion in the tissue
phantom [51].

When comparing agar and gelatin, it was observed that agar had a
substantially stronger effect on T5, which is reduced to 40 ms at 6 %
agar, but only to 300 ms at 20 % gelatin (see Figures S1 and S2 in the
supplement to this article). For T; the effects of agar and gelatin were
comparable. The differences between the two hydrogels, e.g. the much
higher gelatin fraction required for a given change in NMR relaxation
times, may be explained by the different hydrogel mechanisms of agar
and gelatin. In agar, the solidification is activated by agarose, a poly-
saccharide [52]. In contrast, the solidification in gelatin is based on
protein chains [53]. In addition, the protein chains are also responsible
for the stronger dependence of the resulting phantom properties on the
temperature during the manufacturing process [54]. In order to realize
the NMR relaxation times T; and T» in the range 72 - 102 ms listed in
Table 1, agar was chosen as matrix for the final tissue phantoms.

Concerning the optical tissue properties, for agar phantoms,
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Fig. 2. Absorption coefficient p, at 635 nm measured on porcine brain tissue, plotted in relation to the NMR relaxation times T; (left) and T, (right) for different

water volume fractions used to modify the sample properties.
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fractions used to modify the sample properties.

reductions of p, were observed when increasing the agar concentration
to 4 % and 6 %. At these two concentrations, however, problems in the
manufacturing process were observed as the viscosity of the base me-
dium for the tissue phantom is already very high during the cooking
process. This problem becomes worse with higher Lipoveneous fractions
because the amount of plain water added to the phantom has to be
reduced to compensate for the water included in the used 20 % lipid
emulsion.

With increasing Lipoveneous fraction in the tissue phantoms, an in-
crease in p’ has been observed previously [55]. It is expected that with

increasing Lipoveneous fraction, which is comparable to oil and fat, the
NMR relaxation times T; and Ty shorten [27,32]. This was only observed
to a minor extent in the solid tissue phantoms based on agar or gelatin.
Thus, it can be hypothesized that, regarding T; and T the influences of
the mechanical properties of the hydrogels agar and gelatine dominate
over those of dissolved fats and oils, such as Lipoveneous. This reduces
the effect of Lipoveneous on T; and T» when increasing the hydrogel
fraction.

Black ink was used to adjust the absorbance in the tissue phantoms.
An increasing concentration of black ink resulted in an increase of p,,



M. Aumiller et al.

whereas no systematic changes in ps’ were observed. As the respective
measurements were conducted on a gelatin-based hydrogel, the
observed changes of ys’ could be due to the gelatin itself, since prepa-
ration of gelatin-based phantoms is highly sensitive to the exact heating
procedure, which can strongly affect the resulting optical properties
[54]. No effect on the NMR relaxation times was seen using black ink. As
the constituents of black ink are unknown, it is unclear if black ink has
no effect at all on the NMR relaxation times or if the effect was not
notable due to the low concentration of blank ink in the tissue phantom.

It was possible to reach T, values similar to those of human brain
with agar-based phantoms, but not with gelatin-based phantoms. To
shorten T; while keeping T, almost constant, gadobutrol, a gadolinium-
based contrast agent, was used. In terms of NMR relaxation times,
gadobutrol had similar effects on the hydrogel-based phantoms as on
tissue. The used gadobutrol concentration was below 0.01 % - 0.0167 %.
This corresponds to gadobutrol weight fractions of 0.073 ug/g — 0.123
ng/g within the phantom, which is in the range of values found for
gadobutrol accumulation in tumor tissue (0.034 ug/g — 0.627 pug/g)
[56].

It has to be noted that the NMR relaxation times T; and T5 of brain
tissue observed in individual patients are spread over wide ranges. For
the developed tissue phantoms, T; and T relaxation times longer than
those of white matter were chosen for tumorous tissue, as this is a
common finding, but the prologation is dependent on the presence
edema, the level of necrosis, and other factors [57,58]. For tumor re-
gions, that have the ability to take up contrast agent, T; values in the
range of grey matter have been reported.

The obtained tissue phantoms can easily be reproduced, but for
easier manufacturing, experience showed that it is helpful to mix the
additional ingredients (gadolinium, Lipoveneous and ink) in a separate
beaker and add the mixture in small parts into the agar. When adding
one ingredient after the other, problems may occur during preparation
of the tumor phantom or white matter phantom as the mixture to be
processed has a relatively high viscosity.

In the end, recipes for the preparation of dual phantoms mimicking
brain tissue with both optical and MR relaxation times close to literature
values are presented. In addition, the measurements and results can
easily be adapted to create phantom recipes to mimic other tissues, with
individually tunable optical and NMR properties. Each of the added
ingredients was used to adjust mainly one property of the artificial
phantom, without having a significant effect on the other properties. An
exception to this is the hydrogel whose concentration defines the basic
properties on which the whole tissue phantom is built on, so this is the
first component to be chosen, including its concentration. In this case,
the agar concentration was used to adjust the T time of the tissue
phantom. Afterwards, with Lipoveneous and ink the optical tissue
properties can be adjusted. In the end, the needed amount of gadobutrol
is added to reduce T; to the desired value. Within the relevant concen-
tration range, To was not significantly affected by the addition of
gadobutrol.

Of course, one may also use other ingredients to prepare tissue
phantoms. For example instead of Lipoveneous other fat-based scat-
tering media like Intralipid and Lipofundin, metal oxides like Titanium
dioxide (TiO3), Barium sulfate (BaSO4) or polysterenes may be used,
which are all already being used for manufacturing tissue phantoms [33,
54,55,59-61]. For the adjustment of T; and T5, also other metal-based
contrast agents may be used [62]. The compatibility between the in-
gredients has to be tested in each case. Thereafter optical character-
ization measurements and MRI scans have to be performed to
characterize and monitor the different effects on relaxation times and
optical properties of the artificial tissue phantom.

Overall, artificial phantoms were developed that simultaneously
exhibit optical properties and NMR relaxation times of different types of
brain tissues relevant during iPDT. These artificial tissue phantoms may
be combined to simulate iPDT a realistic inhomogeneous tissue envi-
ronment and to investigate and develop simultaneous MRI and spectral
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online monitoring systems. Furthermore, such artificial phantoms may
be used for the development of devices for training and demonstrations.

4.2. Optical properties and NMR relaxation times

In addition to the investigations on artificial tissue phantoms, ex-
periments on porcine brain tissue with different additives were per-
formed to compare their effects on optical properties and NMR
relaxation times.

To simulate a tumor-induced edema, water was added to the porcine
brain tissue. A brain edema is normally caused by the disruption and
leakage of the blood-brain barrier, which causes an accumulation of
plasma in the brain parenchyma, which in turn leads to more unbound
water in the tissue [58,63]. This causes a prolongation of relaxation
times in the edema. This prolongation of T; and T, was also observed
when the water fraction added to the porcine brain tissue was increased.
At the same time, a decrease of the absorption coefficient at 635 nm was
observed, due to the dilution of tissue constituents strongly absorbing at
that wavelength (in particular blood, melanin and lipofuscin). For the
reduced scattering coefficient, a systematic decrease was only observed
at high water content. The results for the addition of water could indi-
cate that in brain edema surrounding the tumor, the prolongation of
relaxation times might be an indicator for a decrease of the absorption
coefficient compared to the surrounding tissue not affected by the
edema.

Next to the occurrence of edema, it is known that a malignant gli-
oma/glioblastoma also affects the lipid metabolism and the lipid content
in the tissue [64,65]. Higher lipid content not only results in a short-
ening of NMR relaxation times [27,32], it typically also results in an
increase of optical scattering [55]. To simulate the reported change of
lipid content, Lipoveneous was added to the porcine brain. A shortening
of T; and T, was only seen for 5 % Lipoveneous fraction. With higher
fractions, the T; and T2 were prolonged, in contrast to the expectable
opposite behaviour just mentioned. This could be because pure Lip-
oveneous was not available by the manufacturer, but only a diluted 20 %
MCT emulsion. Therefore, with the increase of the Lipoveneous fraction,
the water fraction in the sample is also increased. This may lead to a
domination of the relaxation time prolongation by the higher water
content in the sample compared to the effects of the higher lipid content.
In conclusion, a systematic increase of optical scattering at 635 nm was
observed with increasing Lipoveneous fraction, whereas changes of the
optical absorption at that wavelength were negligible and changes of the
NMR relaxations times were difficult to interpret. In future experiments,
the used Lipoveneous emulsion may be replaced by fat or other lipids
without water to simulate changes in lipid content in the tissue more
purely.

Next to the tumor-related occurrence of edema or changes in lipid
metabolism, the blood content in tissue plays an important role as blood
is one of the main optical absorbers in biological tissue [29]. The blood
volume in tumor tissue is usually increased due to enhanced angiogen-
esis. Dependent of the grade of angiogenesis, the relative cerebral blood
volume (rCBV) ot tumor, i.e. the ratio of the cerebral blood volume
between tumor and white matter, lies in the range 0.82 - 6.26 [66,67].
In some cases, an rCBV higher than 16 was measured [68,69]. To
simulate this, blood was added to the porcine brain tissue, which lead to
a shortening of Ty while the absorption at 635 nm increased and T;
stayed approximately constant with increasing blood fraction. So, in
case the changes are blood-related, a shortening of T with constant T; in
the examined tissue region might be an indicator for higher absorption
at 635 nm, which would result in a lower optical penetration depth of
the iPDT treatment light.

In addition to T; and T, mapping to monitor the blood content in the
brain, perfusion MRI may give more detailed information as it is sensi-
tive to the cerebral blood flow and volume. Differences in the perfusion
may then indicate differences in absorption between the different areas
of the brain.
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In this investigation, results were presented mainly for 635 nm as this
wavelength is used for the 5-ALA-mediated iPDT of malignant gliomas.
When using another photosensitizer with a different excitation wave-
length, the respective absorption and scattering properties must be ex-
pected to change. Depending on the wavelength dependencies of the
absorption and scattering coefficients of the investigated base tissue and
the additives, the optical coefficients of the modified tissue may change
in a different manner at different wavelengths (which not only refers to
the magnitude of the change, but also the direction of the change with
increasing additive fraction). It has also to be noted that the observed
changes will differ for different tissue types such as brain, liver and
prostate, depending on the individual water/lipid/blood content of the
tissue.

Altogether, a direct translation from T; and T, values to optical
properties is not possible, but for the treatment planning it is already of
high value to identify regions with differing optical tissue properties, e.
g., higher absorption and scattering. Knowledge about these areas could
already be included in the treatment planning and irradiation concept. It
could be shown as a first step that changes (or differences) of the NMR
relaxation times T; and T5 could indicate changes (or differences) in the
absorption and scattering properties.

Future work should also investigate the possibility to extract changes
of optical tissue properties with increasing additive fraction based on
curve fitting. This may also lead to transfer functions and/or parameters
that allow for a translation from changes and differences in T; and Ty
relaxation times to temporal changes and local differences in optical
properties.

A transfer of MRI to assumptions for differences in optical tissue
properties would lead to an individualization of iPDT light dosimetry.
This could be implemented in light dosimetry concepts that are able to
take into account different tissue types and inhomogeneities with
different optical properties in the tissues. By incorporating such indi-
vidual optical tissue properties, areas that do not receive enough light
due to high absorption, for example, can be identified and taken into
account in light dosimetry planning. This could ensure the optimal
distribution of the light dose at the beginning of the irradiation and
possibly lead to a better response of the tumor to the therapy and thus
may lead to a longer patient survival.

5. Conclusion

Dual NMR/optical tissue phantoms were designed to mimic simul-
taneously NMR relaxation times and optical tissue properties of different
types of brain tissue. The obtained tissue phantoms can be used not only
for iPDT research and development, but also for demonstration and
training. In addition, the phantom properties can also be easily adjusted
by slight changes of the additive concentrations. By addition of fluo-
rophores, the phantoms could also be further developed to mimic the
fluorescence observable during 5-ALA-based iPDT irradiation.

Furthermore, the obtained results from the measurements of porcine
tissue samples with addition of water, lipid or blood seem to be a
promising first step for further developing iPDT treatment planning
concepts based on local differences in optical tissue properties extracted
from differences in NMR relaxation times. This possibility is confirmed
by the measurements carried out and the indications observed. In future
research, these indications should be further investigated so that by
using look-up tables or parametrized functions, differences in NMR
relaxation times within the same tissue type may be used to identify the
grade of change in optical absorption or scattering. This information
could be included in the light-dosimetric calculations and the treatment
planning to further individualize the iPDT concept.
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Simple Summary: Malignant glioma has a poor prognosis, especially in recurrent situations. Intersti-
tial photodynamic therapy (iPDT) uses light delivered by implanted light-diffusing fibers to activate
a photosensitizing agent to induce tumor cell death. This study examined iPDT for the treatment
of malignant glioma recurrences. Forty-four patients treated at one institution were retrospectively
analyzed and patient-, tumor- and treatment-related factors were retrieved from hospital charts.
Most of the patients (37) had glioblastomas, the most aggressive type of glioma. Brain swelling or
small bleedings caused worsening of symptoms in 18 patients, but only in one case severe symptoms
persisted for more than six weeks. After iPDT, tumors recurred after a median of 7.1 months and
patients lived for a median of 13.0 months. Two years after iPDT treatment, 25% of the patients were
still alive. These promising results should be evaluated further in a prospective study.

Abstract: Interstitial photodynamic therapy (iPDT) using 5-aminolevulinic acid (5-ALA)-induced
protoporphyrin IX (PpIX) as a cytotoxic photosensitizer could be a feasible treatment option for
malignant gliomas. In a monocentric cohort of consecutive patients treated between 2006 and
2018, a risk profile analysis of salvage iPDT for local malignant glioma recurrences and associated
outcome measures are presented here. It was considered indicated in patients with circumscribed
biopsy-proven malignant glioma recurrences after standard therapy, if not deemed eligible for
safe complete resection. A 3D treatment-planning software was used to determine the number
and suitable positions of the cylindrical diffusing fibers placed stereotactically to ensure optimal
interstitial irradiation of the target volume. Outcome measurements included the risk profile of the
procedure, estimated time-to-treatment-failure (TTF), post-recurrence survival (PRS) and prognostic
factors. Forty-seven patients were treated, of which 44 (median age, 49.4 years, range, 33.4-87.0
years, 27 males) could be retrospectively evaluated. Recurrent gliomas included 37 glioblastomas
(WHO grade IV) and 7 anaplastic astrocytomas (WHO grade III). Thirty (68.2%) tumors were O-6-
methylguanine-DNA methyltransferase (MGMT)-methylated, 29 (65.9%)—isocitrate dehydrogenase
(IDH)-wildtype. Twenty-six (59.1%) patients were treated for their first, 9 (20.5%)—for their second, 9
(20.5%)—for the third or further recurrence. The median iPDT target volume was 3.34 cm? (range,
0.50-22.8 cm?). Severe neurologic deterioration lasted for more than six weeks in one patient only.
The median TTF was 7.1 (95% confidence interval (CI), 4.4-9.8) months and the median PRS was
13.0 (95% CI, 9.2-16.8) months. The 2- and 5-year PRS rates were 25.0% and 4.5%, respectively. The
treatment response was heterogeneous and not significantly associated with patient characteristics,
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treatment-related factors or molecular markers. The promising outcome and acceptable risk profile
deserve further prospective evaluation particularly to identify mechanisms and prognostic factors of
favorable treatment response.

Keywords: malignant glioma; glioblastoma; recurrence; photodynamic therapy; 5-ALA; stereotactic
surgery; outcome

1. Introduction

Despite recent advances in the treatment of malignant glioma, prognosis remains
poor with a median overall survival (OS) of less than two years in IDH-wildtype glioblas-
tomas [1,2]. Upon inevitable tumor recurrence, median post-recurrence survival (PRS) is
limited to 7-12 months in most recent studies [3-12]. Salvage treatment options include
resurgery, reirradiation protocols, chemotherapy and any combination thereof. Each of
these treatment options offers specific advantages and limitations. While salvage surgery
can be of advantage in selected cases, only complete resection of the contrast-enhancing
tumor mass seems to prolong post-recurrence survival [10,13-15]. In the case of elo-
quent, diffuse and/or multifocal tumor recurrences, reirradiation and/or second-line
chemotherapy regimens may be preferable [16,17]. No randomized controlled study, how-
ever, has been able to show a relevant survival benefit for any of the treatment regimens
tested [18-25]. This also concerns the use of recently introduced tumor-treating fields [6]
and some early results from immunotherapy [26]. Accordingly, no standard treatment
for progressive/recurrent malignant gliomas exists, and therefore, management has to be
optimally tailored to the individual patient [27].

Photodynamic therapy (PDT) has been introduced as a local surgical treatment option
which is based on cytotoxic effects induced by a photosensitizing agent that is accumulated
within malignant glioma tissue and activated by light of an appropriate wavelength [28].
PDT for malignant glioma was developed alongside fluorescence-guided resection with
5-aminolevulinic acid (5-ALA) [29] which provides highly tumor-specific fluorescence in
combination with minimal side effects: in an approval study [29] as well as in a more recent
assessment [30], safety concerns with respect to drug application or morbidity caused by
fluorescence-guided resection did not exceed the ones of standard surgery. PDT can be
applied as surface PDT within a resection cavity [31-33]. At our institution, PDT is applied
as interstitial PDT (iPDT) by cylindrical diffusing fibers that are stereotactically inserted to
ensure a spatially precise interstitial irradiation of the target tumor volume. In a former
iPDT series of 10 patients with local recurrence of a malignant glioma after multimodal
therapy, we demonstrated the feasibility and tolerability of iPDT [28]. In addition, cases of
remarkably long tumor control have been observed [34]. Here, results of salvage iPDT of
patients (N = 44) suffering from local malignant glioma recurrences after standard therapy
are presented. Special attention is given to the risk profile of iPDT and associated outcome
parameters in this selected patient cohort.

2. Patients and Methods
2.1. Patient Selection

At our institution, salvage iPDT was considered in adult patients with a Karnofsky
performance score (KPS) of at least 70 who presented with a unifocal circumscribed ma-
lignant glioma recurrence after standard multimodal therapy. Local tumor recurrence or
progressive disease as suspected by contemporary measurements [35,36] must not exceed
a maximum extension of 3 cm defined by the contrast-enhancing tumor volume in gadolin-
ium T1-weighted magnetic resonance imaging (MRI). As part of clinical routine, viable
tumor tissue was always histologically verified upfront by minimally invasive stereotactic
biopsy procedures [37] to exclude treatment-associated effects or pseudoprogression. Use
of iPDT was considered indicated in consensus by the neurooncological tumor board when
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other local therapy options such as (re-)resection or (re-)radiotherapy alone were deemed
not to be safely feasible or refused by the patient who qualified for novel experimental
treatment options.

For this single-center retrospective analysis, all 47 consecutive patients who underwent
salvage iPDT for malignant glioma recurrences between 2006 and 2018 were included. In
three patients, however, no follow-up data were availableAll patients provided written
informed consent to treatment. This retrospective investigation was approved by the ethics
committee of the Ludwig Maximilian University, Munich, Germany (reference number
19-650).

2.2. Magnetic Resonance Imaging Protocol

Magnetic resonance imaging always included three-dimensional gadolinium-enhanced
T1- (1 mm slices) and T2-weighted (2 mm slices) scans preoperatively and thereafter. Early
postoperative MRI was routinely performed within 48 h after iPDT treatment and addition-
ally included diffusion-weighted imaging (DWI) and apparent diffusion coefficient (ADC)
to assess early treatment effects.

2.3. Neuropathological Analysis

Neuropathological diagnosis of tumor recurrence was performed according to the
respective valid WHO classification from the years 2007 and 2016 [38,39]. After 2009,
pyrosequencing was performed routinely to determine isocitrate dehydrogenase (IDH)
mutational status and microsatellite analysis for 1 p/19 q codeletion status. In all patients
for whom materials were available, IDH mutations were analyzed retrospectively. O-6-
methylguanine-DNA methyltransferase (MGMT) promoter methylation was analyzed by
methylation-specific PCR and sequencing.

2.4. Interstitial PDT Protocol

Interstitial illumination was performed using a diode laser (Ceralas Diode Laser, Bi-
olitec AG, Jena, Germany) and cylindrical diffusing fibers as described before [25]. The
target volume was defined after multimodal image fusion of the intraoperative stereotactic
CT (contrast-enhanced scans, 0.6 mm axial slices) with the preoperative MRI and, if avail-
able, O-(2-['8F]fluoroethyl)-L-tyrosine (18F-FET)-PET scan. A spatially precise interstitial
irradiation of the individual tumor volumes was planned using the @target 1.19 software
(Brainlab, Munich, Germany) [29].

The patients were administered 20 mg/kg body weight of 5-ALA three to five hours
before the start of iPDT illumination. Depending on tumor geometry, cylindrical diffusing
fibers with an active diffuser length of, optionally, 20 mm or 30 mm were selected. The
fibers had an outer diameter of 1600 pm (CeramOptec GmbH, Bonn, Germany) (first 26
treatments) and 1560 um (Light Guide Optics, Rheinbach, Germany) (last 18 treatments),
respectively. The fibers were stereotactically inserted with 6 to 12 mm interfiber distances
using a modified Riechert stereotactic frame system (Medical High Tech GmbH, Bad-
Krozingen-Biengen, Germany). Prior to fiber placement, a mandrin was inserted into
the brain along the trajectory to the target to prepare a channel for the fibers and to
serve as a reference for an accurate implantation procedure by means of an orthogonal
C-arm X-ray evaluation (Siemens Healthineers, Erlangen, Germany). Correct positioning
of the light diffusers within the target volume was then ensured using metallic X-ray
markers integrated at the distal and proximal ends of the active segment of the cylindrical
diffusing fibers. During therapy, patients received mechanical ventilation with 100%
oxygen to ensure adequate oxygen supply for the production of free radicals. Interstitial
PDT irradiation was performed with a laser light of 635 nm wavelength at the illumination
power of 200 mW /cm diffuser length for a treatment time of 60 min. In cases where the
treatment plan resulted in small interfiber distances, the illumination power was decreased
and the illumination time was prolonged. Illumination was stopped after the scheduled
time if no residual fluorescence was observed. Intraoperative spectral online monitoring
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was performed prior to and after iPDT illumination as described previously [33,40]. In
brief, one after the other, each cylindrical diffusing fiber was used as an emitter, while
each of the other fibers sequentially served as an optical detection probe connected to
a spectrometer (S2000 or USB2000+, Ocean Optics/Ocean Insight, Ostfildern, Germany)
measuring the detected light in the wavelength range of 550 nm to 800 nm. After iPDT
irradiation, the cylindrical diffusing fibers were removed.

2.5. Spectral Online Monitoring Analysis

The acquired spectral online monitoring data were analyzed for detectable transmit-
ted treatment light at 635 £ 3 nm and protoporphyrin IX (PpIX) fluorescence signals at
705 £ 3 nm. To distinguish between signal artifacts and the true signal, a signal threshold
of three times the signal-to-noise ratio was assumed. In addition, only fiber pairs less
than 19 mm apart were used for spectral analyses. If at least 75% of all transmission or
fluorescence signals of a patient showed a true signal, the patient was graded as good,
otherwise—as poor.

2.6. Perioperative Management and Risk Assessment of iPDT

AlliPDT procedures were performed under general anesthesia. In order not to inhibit
antitumor immunological effects, no cortisone was administered peri- and postoperatively
except in case of uncontrolled edema causing severe neurological deterioration.

Any perioperative sequelae resolving within six weeks were considered transient, all
others—as permanent complications of this kind of iPDT treatment. Severity was classified
according to the Common Terminology Criteria for Adverse Events Version 5 (CTCAE) [41].

2.7. Treatment after iPDT and Follow-Up Evaluation

The decision to perform iPDT as standalone treatment or in combination with addi-
tional salvage treatment was made individually by the interdisciplinary neurooncological
tumor board considering each patient’s risk profile, previous therapies, as well as molecular
tumor characteristics.

Patients were followed in the outpatient clinic for six weeks after therapy and in three-
month intervals thereafter. Radiologic tumor recurrence was defined according to Mac-
Donald or after the response assessment in neuro-oncology (RANO) 2010 criteria [35,36].
Once validated FET-PET data had become available [42,43], FET-PET examination was
used, partially in combination with rebiopsy, to rule out pseudoprogression in unclear
non-palliative cases.

2.8. Statistical Evaluation

The reference point for overall survival (OS) was the date of the initial tumor diagnosis.
Time-to-treatment failure (TTF) and post-recurrence survival (PRS) were calculated from
the date of iPDT. Patients had been followed until the last patient died. The distribution of
continuous (categorical) variables was analyzed by means of the Wilcoxon test (X2 statistics).
Survival was analyzed with the Kaplan-Meier method. A Cox proportional hazards
model was used to identify epidemiologic and molecular prognostic factors. Differences
between responders and non-responders were analyzed using logistic regression models.
The complete statistical analysis was performed with the use of SPSS Statistics 25 (IBM,
Armonk, New York, USA). The significance level was set to p < 0.05.

3. Results
3.1. Patient Characteristics

This study included 44 patients (27 (61.4%) males) (Table 1) between 2006 and 2018.
The median age at the time of iPDT was 49.4 years (range, 33.4-87.0 years) and the median
KPS was 90 (range, 70-100) (Table 1). The median time between initial tumor diagnosis
and salvage iPDT was 16.9 months (range, 3.5-192.4 months). Twenty-six (59.1%) pa-
tients were treated for their first, 9 (20.5%)—for their second, 9 (20.5%)—for the third or
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further recurrence. Thirty-six (81.8%) patients had undergone open tumor resection, 43
(97.7%) patients had been treated with percutaneous irradiation and 39 (88.6%)—with
chemotherapy before salvage iPDT for circumscrbed tumor recurrences was considered.
At the time of salvage iPDT, 37 (84.1%) of the recurrent tumors were classified as WHO
grade IV glioblastomas, 7 (15.9%)—as WHO grade III anaplastic astrocytomas. Six (13.6%)
patients suffered from a malignant transformation of an initially diagnosed WHO grade
II diffuse astrocytoma. Twenty-nine (65.9%) of the tumors were IDH-wildtype tumors, 9
(20.5%) had an IDH mutation. For six patients, residual tumor material was insufficient
for retrospective analysis of the IDH status. A methylated MGMT promoter status was
recorded for 30 (68.2%) tumors as part of the integrated histopathological diagnosis.

Table 1. Summary of patients’ characteristics.

Characteristics at iPDT All Patients (N = 44)
Age (years)
Median 494
Range 33.4-87.0
Gender, n (%)
Male 27 (61.4)
Female 17 (38.6)
KPS, n (%)
100 3(6.8)
90 29 (65.9)
80 9 (20.5)
70 3(6.8)
Symptoms, n (%)

Seizures 27 (61.4)
Aphasia without paresis 12 (27.3)
Paresis without aphasia 4(9.1)

Aphasia and paresis 123)!
Side, n (%)
Right 20 (45.5)
Left 24 (54.5)
Localization, n (%)
Deep-seated involvement 31 (70.5)
Eloquent lobar localization 17 (38.6)
Stage of disease, n (%)
First tumor recurrence 26 (59.1)
Second tumor recurrence 9 (20.5)
Third tumor recurrence 6 (13.6)
Later stages 3(6.8)
WHO grade, n (%)
v 37 (84.1)

I 7 (15.9)
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Table 1. Cont.

Characteristics at iPDT

All Patients (N = 44)

WHO grade at initial diagnosis, n (%)
v
I
I
MGMT promoter methylation status, n (%)
Methylated
Unmethylated
IDH mutation, n (%)
Wildtype
Mutated
Unknown (no material left)
1p/19 q codeletion, n (%)
1p/19 q codeletion
No 1 p/19 q codeletion
Not tested

30 (68.2)
8 (18.2)
6 (13.6)

30 (68.2)
14 (31.8)

29 (65.9)
9 (20.5)
6 (13.6)

1(2.3)
20 (45.5)
23 (52.3)

! Percentages may not total 100.0 due to rounding.

3.2. Interstitial PDT Treatment

The median iPDT target volume was 3.34 cm? (range, 0.50-22.8 cm®), targeted with a
median of 4 (range, 3-8) cylindrical diffusing fibers (Table 2). The minimum irradiation time
of 60 min (range, 60-167 min) was received by 29 patients. The median applied light power
per cm diffusor length was 200 mW (range, 82-210 mW). The median energy dose applied
during iPDT illumination was 8996 J (range, 5760-17,388 J), largely depending on the iPDT
target volume and the corresponding adapted number of cylindrical diffusing fibers.

Table 2. Treatment characteristics.

Treatment Algorithms

All Patients (N = 44)

Treatment before iPDT, n (%)
Tumor resection
Irradiation
Chemotherapy
Interstitial PDT characteristics
Target volume (cm?)
Median
Range
Number of cylindrical diffusing fibers (range)
Applied light power per diffuser length
(mW /cm)

Median
Range
Treatment dose (J)

Median
Range
Treatment time (minutes)
Median
Range
Salvage treatment with iPDT, n (%)
Chemotherapy
Radiotherapy
Radiochemotherapy
Treatment after iPDT failure, n (%)
Any chemotherapy
Any (re-)radiotherapy
Any tumor resection/debulking

36 (81.9)
43 (97.7)
39 (88.6)

3.34
0.50-22.8
4 (3-8)

200
82-210

8883
5760-17,388

60 (N = 29)
60-167

20 (45.4)
7 (15.9)
4(9.1)

31 (70.5)
20 (45.5)
4(9.1)

The bold cells are sub-headlines.
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3.3. Imging after iPDT

Early postoperative imaging within 48 h after iPDT showed a decrease or effacement
of contrast enhancement in all cases. Typically, diffusion restriction occurred in the treated
area (Figure 1). A transient increase in edema surrounding the tumor treatment volume
was seen in 12 cases, six of which caused transient neurological deterioration (two—paresis,
four—aphasia).

T1 with contrast T2 image Diffusion-weighted image

18 months postoperative MRI Early postoperative MRI Preoperatove MRI

Figure 1. Exemplary case of a 41-year-old female patient suffering from a left frontal glioblastoma re-
currence causing mild aphasia. Post-iPDT MRI showing characteristic changes such as disappearance
of contrast enhancement, diffusion restriction within the treatment volume and mild perifocal edema.
Peri-interventionally, there was transient worsening of aphasia, which then resolved completely in
subsequent weeks.

3.4. Complications after iPDT

Complications after iPDT are listed in Table 3. Overall, 18 patients (40.0%) experienced
transient worsening of the usually preexistent neurological deficits, i.e., mainly incomplete
aphasia and/or hemiparesis. One patient developed malignant edema and underwent
emergency decompression within 24 h after iPDT treatment. In this case, only slight
word-finding difficulties (CTCAE °2) persisted. After six weeks, most deficits resolved or
would not inhibit activities of daily life (N =9, CTCAE °1). Three patients (6.8%) suffered
from residual deficits; in one case, self-care was affected (CTCAE °3). Postoperative
complications were not found to correlate with the patients” TTF (p = 0.841) and PRS
(p=0.492).
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Table 3. Complications after iPDT.

Complications after iPDT All Patients (N = 44)
Postoperative CTCAE grade, N (%)

0 26 (59.1)

1 4(9.1)
2 10 (22.7)

3 3(6.8)

4 1(2.3)

5 0(0.0)

CTCAE grade at six weeks, N (%)

0 32(72.7)

1 9 (20.5)

2 2(45)

3 1(2.3)

4 0(0.0)

5 0(0.0)

Type of complications, N (%)

Aphasia 7 (15.9)

Paresis 6 (13.6)

Paresis and aphasia 4(9.1)

Hyp-/dysaesthesia only 1(2.3)
None 26 (59.1)

The bold cells are sub-headlines.

3.5. Treatment after iPDT

As part of a predefined combined treatment algorithm, iPDT was immediately fol-
lowed by chemotherapy in 20 cases (45.5%; temozolomide, N = 14, 31.8%; procarbazine/
lomustine, N = 6, 13.6%) and by re-radiotherapy with/without chemotherapy in 11 (25.0%)
cases (Table 2). At the time of tumor progression after iPDT treatment, all patients were
found eligible for additional multimodal treatment (31 (70.5%) patients were treated with
chemotherapy, 20 (45.5%) received re-radiotherapy and 4 (9.1%) underwent open tumor
debulking for space-occupying recurrences before salvage chemotherapy was initiated). No
immediately palliative case (usually confined to best supportive care only) was observed.
Patients with MGMT-methylated tumors did not receive more or less often radiotherapy
(p = 0.81) or chemotherapy (p = 0.92) in the further course of their disease.

3.6. Outcome

The median follow-up duration was 13.0 months (range, 4.7-105.6 months). In three
patients, however, no follow-up data were available. Within their individual follow-up
duration, all the remaining patients experienced tumor progression and died, with all
recorded deaths being tumor-related. Here, the median OS from the first tumor diagnosis
was 39.7 months (range, 9.8-199.0 months). The median time between the first diagnosis
and salvage iPDT was 16.9 months (range, 3.5-192.4 months), median TTF after iPDT was
7.1 months (range, 0.6-93.9 months; 95% confidence interval (CI), 4.4-9.8) and median
PRS was 13.0 months (range, 4.7-105.6 months; CI, 9.2-16.8) (Figure 2). When the three
patients lost to follow-up were also included in the analysis (as part of the intended-to-treat
population), median TTF was 6.8 months and mean PRS was 12.5 months (Supplementary
Figure S1). As can be derived from Figure 2, six- and twelve-months recurrence-free
survival rates after salvage iPDT were 59.1% and 34.1%, respectively. Six- and twelve-
months survival rates after iPDT were 88.6% and 63.6%, respectively. Two years after iPDT
treatment, eleven (25.0%) patients were alive, seven (15.9%) of them recurrence-free.
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Figure 2. Survival curves. (a) Overall survival of the study population after initial tumor diagnosis; (b) time-to-treatment

failure (TTF) of the study population after iPDT treatment; (c) post-recurrence survival (PRS) of the study population after

iPDT treatment.

3.7. Prognostic Factors

In Table 4, the correlations of prognostic factors with regard to PRS after iPDT are
summarized. Univariate analysis showed a significant influence of KPS on PRS (p = 0.019).
No significant influence of age, MGMT promoter methylation or IDH mutational status,
target volume, time to iPDT treatment or any salvage treatment modality on PRS could
be found. Time between initial diagnosis and iPDT did not correlate with PRS (Pearson’s
coefficient, —0.112, p = 0.469) or TTF (Pearson’s coefficient, —0.169, p = 0.274). No salvage
treatment regimen was associated with an additional survival benefit, neither in the com-
plete study cohort nor in the subgroup of patients with a methylated MGMT promoter
sequence. No known prognostic factor was found to correlate with TTF (Supplementary
Table S1). FET-PET imaging before treatment was available for 12 patients (median maxi-
mum Standardized Uptake Value (SUVmax), 2.95, range, 2.2-8.2) and after treatment for
15 patients (median SUVmax, 2.7, range, 1.5-7.4). Post-therapeutic decrease in SUVmax
was associated with longer TTF (p = 0.081).
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Table 4. Prognostic factors for PRS after iPDT in uni- and multivariate models; HR—hazard ratio, CI—confidence interval.

Characteristic HR U;;;:léalte p-Value HR Mt;lstlll/‘:acnlate p-Value
Post-recurrence survival (after iPDT)

Age atiPDT 1.006 0.981-1.033 0.635 1.023 0.968-1.080 0.424
KPS at iPDT 0.936 0.886-0.989 0.019 1.961 0.755-5.092 0.167
MGMT methylation 0.751 0.392-1.438 0.388 1.000 0.339-2.946 1.000
IDH mutation 0.878 0.405-1.904 0.742 1.018 0.326-3.178 0.976
Target volume 1.019 0.956-1.086 0.557 1.017 0.943-1.096 0.666
Time to iPDT 1.003 0.996-1.010 0.392 1.003 0.992-1.015 0.553
Further chemotherapy 0.811 0.421-1.561 0.530 1.030 0.443-2.392 0.946
Further radiotherapy 0.999 0.540-1.849 0.999 1.005 0.317-3.189 0.994
Further surgery 0.782 0.276-2.212 0.643 1.303 0.258-6.568 0.748

The bold cells are sub-headlines.

3.8. Intraoperative Spectral Online Monitoring

Intraoperative transmission and fluorescence data could be evaluated for 18 patients.
A total of 300 pre- and postoperative spectra each were analyzed, with one spectrum
recorded for each possible fiber pair. The median number of spectra per patient was 24
(range, 12-84). Overall, insufficient postoperative transmission was detected in 21.7% of the
spectra and preoperative fluorescence in 15.8%. Of the 18 patients, 13 (72.2%) showed good
postoperative transmission rates between two fibers (of 75% or more), indicating sufficient
illumination over the complete duration of treatment. Ten (55.6%) also showed PpIX
fluorescence over a threshold of 75%. In three (16.7%) cases, only preoperative fluorescence
was graded as good, but not the postoperative transmission. In all patients, no residual
PpIX fluorescence could be detected after the iPDT. Good postoperative transmission
and preoperative fluorescence were associated with longer TTF and PRS, although the
differences were not highly significant (Table 5).

Table 5. Results of statistical tests of the association of intraoperative spectral online monitoring
with time-to-treatment failure (TTF) and post-recurrence survival (PRS), including 95% confidence
intervals (CI).

Spectral Data Median TTF (CI) Median PRS (CI)

(N =18) (Months) p-Value (Months) p-Value
Transmission < 75% 9.63 (.978; 18.28) 12.97 (12.03; 13.92)
Transmission > 75% 15.73 (4.71; 24.96)) 0.196 19.70 (4.32; 35.08) 0.130
Fluorescence < 75% 9.63 (4.20; 15.06) 16.57 (7.83; 25.31)

Fluorescence > 75% 12.13 (3.84; 20.42) 0.427 17.47 (4.20; 30.74) 0.326

4. Discussion

This study’s main findings are: (1) iPDT was technically feasible in all patients; (2)
iPDT can be performed with acceptable risk even in highly eloquent tumor localizations; (3)
iPDT appears to be associated with favorable treatment effects even in heavily pretreated
malignant glioma recurrences; (4) iPDT as part of a salvage treatment concept is associated
with considerable long-term survival (PRS > 2 years) in a—so far—poorly defined subpop-
ulation of malignant glioma patients; (5) treatment success was not associated with any of
the known conventional and molecular prognostic factors of malignant gliomas.

Interstitial PDT is a technically demanding form of local treatment that is used for
various tumor diseases [44]. Malignant glioma cells are characterized by a selective and
effective uptake of systematically administered 5-ALA with subsequent intracellular con-
version into the red fluorescent, phototoxic PpIX by exploiting the enzymatic machinery
of heme synthesis [45]. As a photosensitizer, PpIX mediates energy transfer from light
photons to oxygen molecules to generate reactive oxygen species that lead to oxidation
and destruction of membranes, proteins and other vital intracellular structures [46,47].
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Some of the cell death mechanisms initiated in this manner effectively stimulate the im-
mune response, adding an intriguing systemic effect to this otherwise local treatment
modality [48,49].

These characteristics of 5-ALA in combination with the possibility of a spatially precise
interstitial illumination by means of a stereotactic frame-based installation of the respective
light diffusers make iPDT an attractive tool for local malignant glioma recurrences after
standard therapy. This minimally invasive procedure might be of advantage over the
technical alternative of a surface PDT, in which an illumination source is introduced
directly into the resection cavity at the end of surgery to illuminate any residual tumor
tissue. The disadvantage of this method is that the extent of the residual tumor tissue
cannot be determined with certainty and the penetration depth of illumination is limited
to a few millimeters. However, since a spatially precise illumination of the target tumor
volume seems to be fundamental to achieve full treatment effects, the image-guided
stereotactic iPDT may be preferred. Moreover, iPDT is not limited to resectable tumors.
Only few centers, however, have gained some preliminary clinical experience with iPDT
in malignant brain tumors so far (yet unpublished personal communications). To date,
just one prospective study has been published which suggested 5-ALA-based iPDT to
be safe and feasible for a selected patient population with glioblastoma recurrences [28].
No permanent procedure-related morbidity was seen in the 10 patients treated and select
patients survived surprisingly long, possibly thanks to immunological effects known from
PDT treatment [50].

This manuscript presents clinical experiences in a large cohort of 44 multimodally
pretreated patients who underwent iPDT for small, unifocal and circumscribed malignant
glioma recurrences with a maximum extension of 3 cm. This size limitation was based
on the maximum number of light fibers per laser and the experimental data, which have
shown optimal spacing of light diffusers of about 7-9 mm for accurate tissue illumination
without causing critical thermal effects [28].

Based upon intense interdisciplinary and collaborative efforts, dedicated equipment
had been made available so that treatment planning, diffusing fiber insertion and light
application were technically feasible in all intended cases. By means of the intraoperative
spectral online monitoring technique, transmission of treatment light between fibers and
PpIX fluorescence light could be monitored. During most treatments, PpIX fluorescence
was characterized as good before starting the illumination and vanished during irradiation,
which, at least in cases with good postoperative light transmission grading, indicates
substantial consumption of PpIX as expected due to photobleaching of this photosensitizer.
The technique of spectral online monitoring seems to be a promising tool to monitor 5-
ALA administration, PpIX accumulation and fiber placement and potentially to estimate
treatment effectiveness. In addition, it was observed that the portion of spectral data
indicating good treatment light transmission decreased during treatment. This can be used
as an indicator that optical tissue properties change such that the light penetration depth
is reduced during iPDT illumination, commonly leading to partial and, in some cases,
complete transmission signal loss. The reasons for these changes in the in vivo situation
have not yet been investigated and understood in detail. However, this observation is in
accordance with a previous study [51], where a reduction of treatment light transmission
during iPDT was already reported.

Transient clinical deterioration was recorded in about 40% of patients and was mainly
due to exaggerated edema and/or some hemorrhagic imbibition. The latter observa-
tions could not be attributed to direct interference of individual catheter trajectories with
intratumoral vascular structures.

Only one patient experienced a grade 3 neurological deterioration persisting for more
than six weeks. In this retrospective iPDT study, symptoms usually resolved within six
weeks after iPDT even without steroid treatment, which was held back so as not to impede
possible immunological effects. The development of perioperative complications was
independent of the density of previous tumor treatments, tumor volume and the number
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of laser fibers implanted. This may be due to the limitation to tumors not exceeding 3 cm
in extension suggested by earlier studies [33].

Comparison of these complication rates to those reported after other local treatments
is challenging because of differences in patient selection, especially regarding tumor size
and potentially eloquent location. In the de novo unselected setting, the current gold
standard local treatment, fluorescence-guided resection, has reported adverse events in
about 40% of the cases, with grade 3 or worse aphasia in up to 6% and hemiparesis in up
to 4% of the treatments [52]. For resection in eloquent location, neurological deterioration
in up to 60% of the treatments has been reported [53]. In the recurrent setting, complica-
tion rates for open resection have been suggested to even increase sequentially in each
recurrence situation [54,55]. As an adjunct or alternative to reresection, re-radiotherapy
(with/without bevacizumab) emerged as an increasingly used salvage treatment option
after 2011. Notably, toxicity rates of grade III or higher aphasia have been described in
between 4% [56] and 32% [57] of the treatments. In summary, in an often multimodally
pretreated and symptomatic patient population, any local treatment is associated with an
increased risk of at least transient morbidity.

The observed median PRS of 13.0 months is in the upper range of the median PRS orig-
inated by other treatment modalities, ranging mostly between seven and nine months [17].
In the DIRECTOR study where first glioblastoma recurrences were treated with different
temozolomide dose regimens, PRS ranged between 7.9 months for MGMT-unmethylated
and 12.5 months for MGMT-methylated tumors [58]. In that cohort, complete resection of
contrast enhancement was associated with a more favorable PRS of 12.9 months, compared
to incomplete resection (PRS, 6.5 months) and no resection (PRS, 9.8 months), indicating,
like the present study, a benefit of local treatment if possible [10].

In the present iPDT cohort, no influence of molecular markers such as MGMT and
IDH on response to iPDT with or without adjuvant therapy including temozolomide can be
observed. Different numbers and types of pretreatments and a heterogeneous patient popu-
lation may explain the lack of an observable effect or a still too low total number of cases, as
other studies also did not uniformly observe a prognostic effect of MGMT promoter methy-
lation or lack thereof in recurrent situations [58,59]. Due to different treatment groups
in different studies, a direct meaningful comparison of outcome data is rather difficult.
Interestingly, though, more than 20% of patients in the iPDT series survived more than two
years after malignant glioma recurrence irrespective of time to PDT and later salvage treat-
ments and even with MGMT-unmethylated primary glioblastomas. This high percentage of
long-term survivors warrants further investigation. As shown, common prognostic factors
in malignant glioma patients did not differ between long-term and short-term survivors in
this cohort, based on a threshold PRS of two years. Possibly, immunological factors may
play a role, as has been suggested in experimental settings [60,61]. One of the key factors
stimulating the immune response may be the heat shock protein HSP-70 as it was shown
that sublethal 5-ALA PDT upregulated HSP-70 by up to 50-fold in glioma cells [49]. The
upregulation of HSP-70 and the fact that 5-ALA PDT on glioma spheroids attracted and
matured coincubated dendritic cells was experimentally confirmed [62]. The cell death
mechanisms glioblastoma cells in a patient treated with iPDT undergo are expected to
be very heterogeneous, as both light distribution and photosensitizer distribution are not
homogenous. Therefore, parts of the tumor may undergo direct necrosis, others—apoptotic
cell death and some cells in the periphery may survive. However, the plethora of cell death
mechanisms initiated may be advantageous for an efficient stimulation of immune response
with presentation of damage-associated molecular patterns, production of inflammatory
cytokines such as interleukin 6 and attraction and maturation of dendritic cells, altogether
leading to recruitment of effector T cells as reviewed in [63]. These authors suggested
a combined therapeutic approach of PDT with immune checkpoint blockade. Further
research, especially into immunological processes surrounding glioblastoma treatment, is
required to gain more detailed and specific knowledge to benefit most from iPDT.
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In addition, standard MRI images after iPDT showed loss of contrast and FET en-
hancement and a change in the diffusion restriction precisely confined to the treatment
volume. The interpretation of such findings with regard to mechanisms and clinical rele-
vance will be addressed in future studies. Importantly, data interpretation in this study
is not hampered by immunologically induced imaging effects as tumor recurrence was
histologically verified in all non-palliative cases.

5. Conclusions

Interstitial PDT of gliomas remains a challenging procedure due to limited light
penetration depth in brain tissue, a complex planning and implantation procedure and
potential risk of clinical deterioration especially after treatment in eloquent areas. Never-
theless, in experienced hands, iPDT may be a promising treatment option in a high-risk
patient population combining acceptable, mostly transient morbidity with the possibility
of long-term survival. It does not critically interfere with but may rather complement
other treatment options in the recurrent disease such as re-radiotherapy and/or salvage
chemotherapy regimens. These data strongly support further investigation in a controlled
prospective setting.
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population after iPDT treatment; (c) post-recurrence survival (PRS) of the intention to treat population
after iPDT treatment; Table S1: Prognostic factors for TTF after iPDT in uni- and multivariate models
HR—Hazard ratio, CI—confidence interval.
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Abstract

Purpose Innovative, efficient treatments are desperately needed for people with glioblastoma (GBM).

Methods Sixteen patients (median age 65.8 years) with newly diagnosed, small-sized, not safely resectable supratentorial
GBM underwent interstitial photodynamic therapy (iPDT) as upfront eradicating local therapy followed by standard chemo-
radiation. 5-aminolevulinic acid (5-ALA) induced protoporphyrin IX was used as the photosensitizer. The tumors were
irradiated with light at 635 nm wavelength via stereotactically implanted cylindrical diffuser fibers. Outcome after iPDT
was retrospectively compared with a positively-selected in-house patient cohort (n=110) who underwent complete tumor
resection followed by chemoradiation.

Results Median progression-free survival (PFS) was 16.4 months, and median overall survival (OS) was 28.0 months. Seven
patients (43.8%) experienced long-term PFS >24 months. Median follow-up was 113.9 months for the survivors. Univariate
regression revealed MGMT-promoter methylation but not age as a prognostic factor for both OS (p=0.04 and p=0.07) and
PFS (p=0.04 and p=0.67). Permanent iPDT-associated morbidity was seen in one iPDT patient (6.3%). Patients treated with
iPDT experienced superior PFS and OS compared to patients who underwent complete tumor removal (p<0.01 and p=0.01,
respectively). The rate of long-term PFS was higher in iPDT-treated patients (43.8% vs. 8.9%, p<0.01).

Conclusion iPDT is a feasible treatment concept and might be associated with long-term PFS in a subgroup of GBM patients,
potentially via induction of so far unknown immunological tumor-controlling processes.

Keywords S-aminolevulinic acid - Interstitial photodynamic therapy - Glioblastoma - Overall survival - Postoperative
morbidity - Progression-free survival

Introduction chemotherapy with temozolomide [2], possibly augmented
by tumor-treating fields [3]. Despite this aggressive treat-
Glioblastoma (GBM) is the most common malignant brain ~ ment regimen, median survival is limited to 15-20 months
tumor [1]. Current treatment concepts comprise maximal [2—4]. Unfavorable outcome must be particularly expected

safe resection followed by a combination of radiotherapyand if the tumor cannot be resected completely due to eloquent
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location [5, 6], and/or if an unmethylated O6-methylgua-
nin-DNA-methyltransferase (MGMT) promoter hampers
response to chemotherapy [7]. Thus, alternative treatment
concepts need to be evaluated.

Photodynamic therapy (PDT) is a local treatment concept
used for a variety of neoplastic [8, 9] and non-neoplastic
conditions [10]. It is based on the light-induced activation of
a photosensitizer leading to the formation of reactive oxy-
gen species and subsequent apoptosis and necrosis of the
affected cells [11]. The photosensitizer protoporphyrin IX
is preferentially synthesized within malignant glioma cells
after oral application of its precursor 5-aminolevulinic acid
(5-ALA). This highly specific accumulation makes 5-ALA a
well-suited photosensitizer predrug for PDT [12]. The good
tumor-to-background-ratio of protoporphyrin IX synthesis
is regularly exploited in fluorescence-guided resection [13].
For tumors unamenable to safe complete resection, intersti-
tial PDT (iPDT) has been explored as a minimally invasive
procedure where treatment light is applied through stereo-
tactically implanted optical fibers. IPDT was found to be a
feasible salvage treatment option in small malignant glioma
case series [14—16]. Recently, a larger series of recurrent
malignant gliomas reported a post-recurrence survival lon-
ger than 24 months for 25% of the treated patients [17].

Based on these promising results in GBM recurrences, we
offered iPDT as an alternative local treatment option upon
specific demand to patients with small-sized, unifocal, not
safely resectable, newly diagnosed GBM. In here, we share
our experiences and outcome data, focusing on progression-
free survival (PFS), overall survival (OS), and treatment-
associated morbidity in a series of 16 adult patients with
untreated GBMs undergoing iPDT as primary treatment.
All patients received postoperative standard treatment with
radiation therapy plus concomitant and adjuvant temozolo-
mide. Outcome data after iPDT were put into perspective
with an in-house cohort of GBM patients having undergone
complete tumor resection followed by a complete course of
radiochemotherapy according to the EORTC/NCIC proto-
col [2].

Patients and methods
IPDT patient cohort

All patients were discussed in advance in our local inter-
disciplinary neurooncological tumor board. The decision to
perform iPDT in selected cases was triggered by the patients’
specific demand as well as our prior experiences with iPDT
treated malignant glioma recurrences. Eligibility criteria for
patients undergoing iPDT on specific demand consisted of
(1) small-sized (diameter <4 cm), circumscribed, untreated

@ Springer

GBMs without or moderate midline shift without signs of
transtentorial herniation or contact to the ventricular system,
(2) unifocal, supratentorial, and (3) patients should rate on
the Karnofsky performance scale (KPS) with values>70.
All patients were informed in detail about the procedure and
its associated risks, and about the fact that iPDT is not the
established standard treatment for newly diagnosed GBMs
and is considered an individual treatment attempt. Writ-
ten informed consent was obtained from all patients. The
institutional review board approved the protocol for the ret-
rospective analysis (ethics approval no. 335-16, Ludwig-
Maximilians-University, Munich, Germany).

Study cohort for comparative analyses

An in-house patient cohort was used for comparative out-
come analyses. This cohort included 110 highly selected
patients who had received the optimal available first-line
treatment for newly-diagnosed GBMs consisting of com-
plete resection (as proven by early post-operative MRI)
followed by a full course of adjuvant radiochemotherapy
according to the EORTC/NCIC protocol.

Treatment procedure

All tumors were diagnosed histologically according to
the current WHO classification at the time of treatment
[18]. MGMT methylation status, isocitrate dehydrogenase
(IDH) mutation status and LOH1p/19q were determined as
described previously [19]. Interstitial photodynamic ther-
apy was performed in a standardized fashion as reported in
detail before [14, 17]. In brief, a three-dimensional treat-
ment volume was defined using preoperative MRI with
contrast-enhanced T1 and, when available, O-2-['* F]flu-
oroethyl-L-tyrosine-positron emission tomography (FET-
PET). These images, together with T2-weighted images and
contrast-enhanced MR-angiography, were fused to the intra-
operatively acquired stereotactic computerized tomography
(CT) to plan the trajectories of the cylindrical light diffusors
(CYD 600, Light Guide Optics, Rheinbach, Germany). Fig-
ure 1 shows an implantation schematic. Three hours after
systemically administering 5-ALA (medac GmbH, Wedel,
Germany) at a standard dose of 20 mg/kg bodyweight (max-
imum: 30 mg/kg), the light diffusors were implanted ste-
reotactically under general anesthesia. Light irradiation was
performed at a wavelength of 635 nm (median total dose:
12,240 J, range 7200-20,520 J; median dose per treatment
volume: 2.400 J/cm?, range 969—5760 J/cm?; median light
power per diffusor length: 200 mW/cm, range: 100-200
mW/cm; Ceralas PDT Diode Laser, biolitec AG, Jena, Ger-
many). The median duration of irradiation was 1.0 h (range:
1.0 to 2.0 h, elongated irradiation times were compensated
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Fig. 1 Exemplary case illustrating
three-dimensional planning of
the light diffusor trajectories. The
patient (IPDT 02) presented with
seizures and aphasia leading to
the diagnosis of glioblastoma in
the left angular gyrus

by a reduced radiant flux). Prior to and after the irradiation,
intraoperative spectral online monitoring measurements
were performed to document the transmission of the treat-
ment light through the tissue and the amount of PpIX fluo-
rescence generated therein as well as to monitor for potential
treatment-related or treatment-relevant effects [20, 21].

Adjuvant treatment and follow-up

In accordance with Stupp protocol [2], all but one patient
received concomitant radiochemotherapy and adjuvant
cycles of temozolomide chemotherapy. One patient (IPDT
11) was treated by adjuvant radiotherapy only because of an
unmethylated MGMT-promoter status in combination with
advanced age>65 years. Adjuvant treatment was initiated
within two weeks after iPDT in all patients. Any treatment-
associated morbidity was documented. The last clinical
follow-up for this specific cohort was January 12th, 2022.

Evaluation and statistical analyses

The two study endpoints, PFS and OS, were calculated
from the date of iPDT or tumor resection (reference cohort).
Long-term survival was defined as a PFS of >24.0 months
as calculated by Kaplan-Meier method. Follow-up was
assessed by the reverse Kaplan-Meier method. Survival
was evaluated with the Kaplan-Meier method and com-
pared by the log-rank test. As potential prognostic factors,
MGMT methylation status and age were assessed by uni-
variate regression because of the lesser number of events in
the iPDT cohort. Categorical variables were analyzed using
the y* test and age with Student’s t-test. A p-value<0.05
was considered significant. All calculations were performed
using SPSS Statistics 25 (IBM, Armonk, New York, USA).

Results

Patient population

Sixteen patients were consecutively treated with iPDT
between 2008 and 2014. Their median age at iPDT was 65.8
years (range 29.7-76.5), and all had a KPS of 90. Clinically,
epilepsy (n=12), aphasia (n=3), and hemiparesis (n=1)
led to the tumor diagnosis. The treated tumors were local-
ized in the temporal lobe (n=38), the frontal lobe (n=3), the
parietal lobe (n=4), and central gyrus and subcentral lobe
(n=1). Fourteen tumors were located in the dominant hemi-
sphere. A methylated MGMT-promoter status was seen in
8/16 (50.0%) and an /DH mutation in 2/16 (12.5%) of iPDT
patients. No tumor had a 1p/19q codeletion (LOH1p/19q).
The median tumor volume was 6.1 cm® (range: 1.4-21.8
cm?); the number of implanted light diffusors ranged from
three to ten per tumor. Table 1 details histopathological pro-
files at the time of iPDT and outcome data for the iPDT
patient cohort.

Survival after iPDT

Median follow-up for the survivors was 113.9 months.
Within this follow-up, 13 patients succumbed to their dis-
ease. Median PFS was 16.4 months; median OS was 28.0
months (see Fig. 2). One-year and two-year PFS rates
were 56.3% and 43.8%, one-year and two-year OS rates
were 75.0% and 62.5%, respectively. Univariate regres-
sion revealed MGMT-promoter methylation but not age as
a prognostic factor for both OS (p=0.04 and p=0.07) and
PFS (p=0.04 and p=0.67). At the time of recurrence, the
patients received bevacizumab/irinotecan (n=>5), re-radio-
therapy (n=3), brachytherapy (n=3), temozolomide rechal-
lenge (n=3), procarbazine/lomustine chemotherapy (n=2)
or a combination thereof. Four patients presented with
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Table 1 Patient characteristics including biomarker status and follow-up

Patient number sex Age at MGMT promoter IDH mutation  Ki67 PFS (months) OS (months)  status

iPDT* methylated proliferation

(years) index
IPDT 01 m 29,7 yes yes ? 64,7 102,4 deceased
IPDT 02 m 40,6 no no 10% 59,2 95,0 deceased
IPDT 03 f 50,3 yes no 10% 127,1 127,5 alive
IPDT 04 m 69,9 no no 30% 8,3 15,0 deceased
IPDT 05 m 68,2 no no 15% 12,0 16,1 deceased
IPDT 06 m 63,7 no no 20% 43 9,0 deceased
IPDT 07 m 70,1 yes no 25% 110,1 110,3 alive
IPDT 08 f 74,1 no no 25% 60,6 66,4 deceased
IPDT 09 m 333 partially yes 85% 113,6 113,9 alive
IPDT 10 f 74,3 no no 30% 16,4 28,0 deceased
IPDT 11 m 68,8 no no 21% 6,0 8,5 deceased
IPDT 12 m 68,0 yes no 7% 6,5 8,0 deceased
IPDT 13 f 57,3 partially no 15% 9,5 25,2 deceased
IPDT 14 m 54,3 yes no 15% 35,7 439 deceased
IPDT 15 m 76,5 no no 10% 7,4 9,2 deceased
IPDT 16 m 53,4 yes no 28% 17,8 36,4 deceased

* {PDT =interstitial photodynamic therapy; MGMT=06-methylguanin-DNA-methyltransferase; /DH =isocitrate dehydrogenase; PFS =pro-

gression-free survival; OS =overall survival; m =male; f=female.

MGMT promoter methylation status was determined as described before [22].

Fig. 2 Progression-free survival
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cognitive deterioration at first recurrence and received best
supportive care; no patient underwent open tumor resection.

Comparison to reference population

Patients in the reference cohort resembled iPDT patients
with respect to age (median 56.1 years (range: 17.2-86.6
years) vs. 65.9 years, p=0.21), MGMT promoter methyla-
tion (methylation rate: 48/99 (48.5%) vs. 8/16 (50.0%),
p=0.91), and IDH mutation rate (3/40 (7.5%) vs. 2/16
(12.5%), p=0.55). KPS was higher in the iPDT treated
group (90 for all iPDT patients, median 80, range 60-90
in the reference cohort, p<0.01). MGMT methylation, but
not age were associated with a prolonged OS (p<0.01 and
p=0.12) and PFS (p<0.01 and p=0.07).

Patients treated with iPDT experienced superior progres-
sion-free and overall survival compared to patients who had
undergone complete tumor resection (p<0.01 and p=0.01,
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respectively). The rate of patients with long-term PFS (>24
months) was higher in iPDT treated patients (43.8% vs.
8.9%, p<0.01, see also Table 2).

Among patients with MGMT-methylated tumors,
62.5% of iPDT treated patients experienced long-term PFS
(>24 months), compared to 16.7% in the reference group
(p <0.01).

Postoperative morbidity

Perioperative transient morbidity within the first 30 days
after iPDT included new aphasia (n=2), worsening of a pre-
existing aphasia (n=2), new hemiparesis (n=_2), worsening
of a preexisting hemiparesis (n=1), and pulmonary embo-
lism (n=1). Since two patients were affected by multiple
postoperative symptoms/complications, a patient-based
analysis resulted in a total treatment-associated morbidity
rate of 37.5% (6/16 patients). Most neurological symptoms
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Table 2 Comparison between iPDT and reference cohort

iPDT Reference  p-value
cohort cohort
Median age 65.8 years  56.1 years 0.21
(range) (29.7-76.5 (17.2-86.6
years) years)
MGMT promoter methylated 8/16 48/99* 0.91
50.0% 48.5%
IDH mutant 2/16 3/40* 0.55
12.5% 7.5%
Median PFS 16.4 9.9 months  <0.01
(95% CI) months
Median OS 28.0 20.4 months  0.01
(95% CI) months (17.9-22.9)
(6.0-50.0)
Long-term PFS (>24 7/16 11/110 <0.01
months) (43.8%) (8.9%)

* Molecular analyses were unavailable for some patients in the refer-
ence cohort.

MGMT=06-methylguanin-DNA-methyltransferase; ~ IDH=isoci-
trate dehydrogenase; PFS=progression-free survival; Cl=confi-
dence interval; OS =overall survival.

were edema-related and improved with oral dexametha-
sone treatment except for one patient with a permanent new
aphasia after iPDT. No long-term steroid treatment or delay
of adjuvant treatment was necessary. Thus, a permanent
morbidity rate of 6.3% (1/16 of iPDT patients) was recorded
over the course of follow-up.

Discussion

Adjuvant radiochemotherapy according to the EORTC/
NCIC protocol has shown to improve the outcome of glio-
blastoma patients with a methylated MGMT-promoter sta-
tus; however, overall survival remains limited [23]. Besides
the incremental focus on biomarker profiling leading to more
personalized treatment strategies, there remains an increas-
ing need for the evaluation of more effective treatment con-
cepts. One of these possible novel treatment concepts is
iPDT for which this study provides a detailed outcome data
analysis in comparison to the best available conventional
treatment option. It is shown that iPDT, although requiring
a careful planning procedure, is a feasible concept with an
acceptable side effect profile for patients with untreated,
small-sized, unresectable GBMs. A remarkable number
of patients, in particular those with a methylated MGMT-
promoter status, experienced long-term survival after iPDT.
Furthermore, iPDT did not interfere with any further adju-
vant treatment options.

One iPDT treated patient suffered a permanent treat-
ment-associated morbidity. All other side effects were
edema-associated and could be sufficiently treated by
oral dexamethasone administration. Whenever possible,

dexamethasone was waived so as to not impair potential
immune-modulatory effects. No patient had to undergo
long-term anti-edematous therapy and no delay of adjuvant
treatment due to treatment-associated complications was
recorded.

When assessing the resulting Kaplan-Meier survival
curves for PFS and OS, the observed patterns for the iPDT
patient cohort were found to reach a plateau indicating
long-term PFS and OS for a subgroup of iPDT patients.
This favorable course of disease cannot be attributed to
additional adjuvant treatment since all patients, with the
exception of one case merely receiving radiotherapy, only
underwent initial radiochemotherapy in analogy to the
EORTC/NCIC protocol with up to nine cycles of TMZ at
most. Thereafter, a treatment-free period up to the first sign
of tumor recurrence was initiated in all patients. Thus, the
burden of adjuvant treatment could be kept to a minimum
for a good proportion of these iPDT patients in the initial
stages of the disease. No exceptionally aggressive recur-
rence treatment was noted, either. In this patient series very
promising PFS and OS rates one year and two years after
iPDT treatment could be recorded. Most surprisingly, a sig-
nificant proportion of seven patients (43.8%) experienced
a PFS >24.0 months not linked to very aggressive salvage
treatment.

Two iPDT-treated patients harbored IDH-mutant tumors
and would therefore, under the current WHO classification
[24], be grouped as astrocytoma, IDH mutant, CNS WHO
grade 4. Possibly, this molecular profile is in part respon-
sible for the favorable outcome in these cases, although the
value of iPDT for this subgroup is not clear. IDH mutant
tumors were found in the reference group in comparable
numbers. Another limitation of our study cohort is the selec-
tion of small tumor volumes, so as to minimize the risk of
patient harm due to space-occupying increase in edema.
Whether this treatment may also benefit the many cases of
larger tumors cannot be answered at this point. The patients’
excellent clinical status and prompt initiation of adjuvant
therapy may have also contributed to the positive result.

A methylated MGMT-promoter status was associated
with improved outcome parameters in both treatment
groups, as is also seen in other treatment settings [7, 25].
The remarkably large survival benefit of iPDT-treated
patients with positive MGMT-promoter methylation sta-
tus, however, can most likely not only be explained by the
known increased chemosensitivity by itself. Patients with
an unmethylated MGMT-promoter profile showed out-
comes similar to resected patients. Meanwhile the subgroup
with methylated MGMT-promoter responded even better
than resected patients. This response might be mediated
through an immune-modulatory effect. The observed out-
come improvement may thus be seen as a surrogate marker
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of biologically different inflammatory/immunological re-
sponses to iPDT.

The precise mechanisms of tumor inactivation by iPDT,
reflected in the recorded favorable PFS rate, are not entirely
understood yet. Ex vivo experimental data have shown
that PDT does have the ability to induce ROS in glioma
cell spheroids causing consecutive necrosis [26]. It is now
believed that through these events PDT does not only cause
a local effect on the directly treated tumor volume but
may also trigger a systemic immunological/inflammatory
response which significantly contributes to the observed
long-term tumor control [11, 27]. In mouse models, follow-
ing PDT, an immediate infiltration of the tumor tissue by
neutrophil granulocytes, mast cells, monocytes, and macro-
phages has been observed [28]. Preliminary ex vivo studies
also suggest that iPDT impacts the adaptive immune system
by increasing the cytotoxic potential of human CD8 + T-cells
by alterating the cells’ mRNA and protein expression pro-
files [29]. These findings point to a potential iPDT-related
induction of so far unknown tumor-controlling processes
possibly overcoming the limitations of other local treatment
concepts.

Based on our experiences, we do believe that iPDT is an
appealing treatment concept for patients with newly diag-
nosed small-sized GBMs and deserves further evaluation in
prospective clinical trials such as NCT03897491.

Conclusion

We here show that iPDT is a promising local treatment con-
cept for patients with newly diagnosed small-sized GBMs.
Notably, despite eloquent tumor localizations, a tolerable
risk profile was seen. A considerable proportion of patients,
especially those with methylated MGMT-promoter status,
experienced long-term PFS after iPDT. This might point to
the induction of so far, at least in detail, unknown tumor-
controlling processes, e.g. inflammatory/immunological
responses. Patients treated by iPDT compared favorably in
terms of PFS and OS to the cohort of patients who received
the optimal conventional treatment, which is an especially
impressive finding as the iPDT-treated tumors were not
safely resectable. Future clinical and experimental studies
should be performed to improve the understanding of the
underlying cellular and serological mechanisms and, conse-
quently, to help to identify the subset of patients most suit-
able for iPDT.
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Simple Summary: Glioblastomas are the most common primary malignant brain tumors, with a
devastating survival perspective. The treatment concept of interstitial photodynamic therapy (iPDT)
enables the light-induced destruction of tumor cells based on the combination of a photosensitizer
that selectively accumulates in the tumor and light to activate the photosensitizer. The tumor region
is illuminated by minimally invasively inserted optical fibers. Under this approach, prolonged
overall survival was observed. An analysis of the patient characteristics and the evolution of the MRI
data before treatment and during follow-up was performed to identify potential predictors of an
improved survival outcome. It was found that the methylation status of the DNA-repair enzyme
MGMT is an important factor regarding survival. Other commonly assessed parameters, such as
the tumor volume, necrosis—tumor ratio, and contrast enhancement after therapy, did not seem
to significantly affect survival. Overall, the iPDT-treated patients showed very promising results
regarding a sustained absence of their tumors and prolonged overall survival.

Abstract: Background: The treatment of glioblastomas, the most common primary malignant brain
tumors, with a devastating survival perspective, remains a major challenge in medicine. Among the
recently explored therapeutic approaches, 5-aminolevulinic acid (5-ALA)-mediated interstitial photo-
dynamic therapy (iPDT) has shown promising results. Methods: A total of 16 patients suffering from
de novo glioblastomas and undergoing iPDT as their primary treatment were retrospectively analyzed
regarding survival and the characteristic tissue regions discernible in the MRI data before treatment
and during follow-up. These regions were segmented at different stages and were analyzed, espe-
cially regarding their relation to survival. Results: In comparison to the reference cohorts treated with
other therapies, the iPDT cohort showed a significantly prolonged progression-free survival (PFS)
and overall survival (OS). A total of 10 of 16 patients experienced prolonged OS (>24 months).
The dominant prognosis-affecting factor was the MGMT promoter methylation status (methy-
lated: median PFS of 35.7 months and median OS of 43.9 months) (unmethylated: median PFS of
8.3 months and median OS of 15.0 months) (combined: median PFS of 16.4 months and median OS of
28.0 months). Several parameters with a known prognostic relevance to survival after standard
treatment were not found to be relevant to this iPDT cohort, such as the necrosis—tumor ratio, tumor
volume, and posttreatment contrast enhancement. After iPDT, a characteristic structure (iPDT rem-
nant) appeared in the MRI data in the former tumor area. Conclusions: In this study, iPDT showed its
potential as a treatment option for glioblastomas, with a large fraction of patients having prolonged
OS. Parameters of prognostic relevance could be derived from the patient characteristics and MRI
data, but they may partially need to be interpreted differently compared to the standard of care.
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1. Introduction

Glioblastoma multiforme (2016 WHO CNS, grade IV) is the most frequent primary
malignant neoplasia of the CNS [1]. With its devastating median overall survival (OS) of
14.6 months [2], based on a variety of therapeutic resistances [3,4] and its highly invasive
growth [5,6], its treatment remains a formidable challenge in modern medicine.

The current standard of care (SOC) involves maximal safe resection followed by
chemoradiation [2,7]. Despite the recent advances in resection with fluorescence-guided
surgery [8,9], the prognosis remains daunting. Additionally, patients with tumors located in
eloquent or deep-seated areas are often excluded from receiving that form of treatment [10].
To address this issue and to potentially prolong survival while preserving an adequate
quality of life, several new approaches were explored based on minimally or noninvasive
procedures, such as brachytherapy, tumor-treating fields, radiosurgery, and definitive
chemoradiation [10-13].

Among these approaches, 5-aminolevulinic acid (5-ALA)-mediated interstitial pho-
todynamic therapy (iPDT) was identified as a promising option building on standard
stereotactic procedures [14-17]. Patients receive 5-ALA as a prodrug to achieve the in-
tracellular synthesis of a photosensitizing molecule (protoporphyrin IX, PpIX). Due to
an impaired blood-brain barrier within the tumor region and a derailed metabolism in
the tumor cells, PpIX accumulates selectively in the malignant cells [18-20]. After the
minimally invasive placement of optical diffusor fibers, the target tissue is illuminated with
laser light. To activate the photosensitizer, light of a wavelength adopted to the absorption
characteristic of the photosensitizer has to be applied. In the case of PpIX, a wavelength of
635 nm is recommended [21]. The light-based excitation of PpIX induces the production
of reactive oxygen species (especially singlet oxygen), which damages and, finally, kills
the neoplastic cells [22]. In comparison with the SOC, no craniotomy is required. Instead,
the devitalized tumor mass remains harmlessly in situ. Another advantage is that the
healthy tissue is preserved due to the tumor-selective accumulation of PpIX [18]. After
iPDT, prolonged median OS (>24 months) has been observed [14,17,23], although the
reasons for this encouraging observation are not yet fully understood.

The effects of iPDT on a tumor and its environment are still under investigation due
to the plenitude of involved processes. An immunogenic response may be involved as
suggested in a variety of applications of photodynamic therapy (PDT) [24-30].

To understand the complex processes induced by iPDT, the available data need to be
assessed and analyzed systematically. In this study, imaging data, patient characteristics,
and molecular biological information were collected and evaluated retrospectively. Due
to the fundamentally different principle of iPDT compared to the SOC, quite different
findings in the imaging data may be expected. Therefore, an inspection of the peculiarities
in the MRI data obtained after iPDT was performed. The characteristic differences from the
typical imaging findings after performing conventional therapies were described. To deter-
mine potentially survival-related factors, various accessible parameters were examined for
correlations with the survival data. With this, the study also strived to explore the potential
of iPDT, to motivate further research on this important topic, and to lay a foundation for
future investigations.

2. Patients and Methods
2.1. Patients

The retrospectively analyzed cohort consisted of 16 patients who underwent 5-ALA-
mediated iPDT [17]. This procedure was offered to patients suffering from biopsy-proven
de novo glioblastomas for whom an SOC treatment was impossible due to the location
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of the tumor or other contraindications. Instead of definitive chemoradiation [10], iPDT
combined with a fractionated 60 Gy radiation therapy and temozolomide (according to
Stupp [2]) was offered as salvage treatment [17].

These procedures were performed between 2008 and 2014, providing the opportunity
to observe the patients’ course over the long term. This retrospective analysis of the
available data was approved by the institutional review board of the Faculty of Medicine
at the Ludwig-Maximilians—Universitdt Miinchen, Munich, Germany (ethics approval
No. 335-16).

The presented patient cohort features a median age at diagnosis of 65.8 years (range:
[29.7; 76.5] years) and a median tumor volume of 6063 mm? (range: [1362; 21,825] mm?).
The last follow-up date included in the present analysis was 12 January 2022. At that time,
there were three survivors with a median follow-up after diagnosis of 113.9 months (range:
[110.3; 127.5] months). All three remained progression-free during that period. Patient
information and individual outcomes are summarized in Table 1.

Table 1. Patient characteristics and individual outcomes (values rounded, contains selected and, on
the other hand, partially extended information in comparison to Table 1 of Quach et al. [17]).

IPDT No. Sex Age at PDT PFS 0oS PPS

(C PFS, 1 08) (/f) (Years) (Months) (Months) (Months) ot
(GI I;15),T+ %2) m 29.7 64.7 1024 37.4 t
( é%%ﬂ"g%) m 40.6 59.2 95.0 355 t
IP(lljzg)0 ? f 50.3 127.1* 127.5* - A
(CI;”PB,T+0156) m 68.2 12.0 16.1 3.5 t
IP(]1:)1T0)07 m 70.1 110.1* 1103 * - A
(C;PQ,TJrOgé) f 74.1 60.6 66.4 5.4 t
11’(11351 )09 m 333 113.6 * 113.9* - A
(CI*PE,TJrlgS) f 74.3 16.4 28.0 10.9 t
(ICI;D7,T+1§) m 68.0 65 8.0 12 H\REC
10,125 f 73 > w2 o '
(ICI;D7,T+195) m 76.5 7.4 9.2 15 t
(C;PB,T+1366) m 234 178 o4 182 !
Median 65.8 1642 28.0° 63°
Average 59.5 43.12 5292 1152
Max 76.5 127.1 1275 37.4
Min 29.7 43 8.0 12

PFS = C = progression-free survival, OS = t = overall survival, PPS = postprogression survival, m = male,
f = female, + = deceased with recurrence, 1\REC = deceased without recurrence (palliative discharge), A = alive,
* = last follow-up (survivors are still progression-free), and ® = value calculated through Kaplan-Meier survival
analysis in SPSS.
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Further clinical aspects regarding these patients can be found in Quach et al. [17].
Details about tumor characteristics and the applied adjuvant therapy are summarized
in Table 2.

Table 2. Tumor characteristics and additional therapy regimes (contains selected and, on the other
hand, extended information in comparison to Table 1 of Quach et al. [17]).

IPDT No. MGMT . . . TMZ during TMZ Cycles
(C PFS, + OS) Methylation ® IDH1 IDH2 Ki67 Tumor location Side Radiation after Radiation
IPDT 01 es es no n/a frontal right es 7
(C 65, 1102) ¥ y supraventricular & Y
(é,PS]gTJrOQZE_)) no no no 10% temporoparietal left partially 2
IPDT 03 o temporo-
(128) yes no no 10% occipital left yes 9
((I:F ]SDTF (g) no no no 30% temporal left yes 0
( éPBT_rOlS 6) no no no 10-15% frontal left yes 2
(Ié]ZT+096) no no no 20% temporal right yes 0
IPDT 07 es no no 25% temporal left es 0
(110) ¥ P y
IPDT 08 o median frontal
(C 61, + 66) no no no 25% gyrus left yes 3
IP(?;;)O ? partially yes no 85% temporal left yes 4
IPDT 10 o central gyrus and
(C 16, 1 28) no no no 30% subcentral lobe left yes 0
IPDT 11 o superficial
(©6,19) no no no 21% parietal gyrus left no 0
(ICI;BTJrlsz) yes no no 7% parieto-occipital left yes 2
(OIPBT'rlZ?’S) partially no no 15% temporoparietal left partially 4
(CI}I)?)[G)T:L) yes no no 15% parieto-occipital left partially 8
(g]gT_'_lgS) no no no 10% temporal/ parietal left n/a n/a
(él’llg:l"-rl; 6) yes no no 28% parietal left yes 5

PFS = C = progression-free survival, OS = t+ = overall survival, n/a = data not available, and ? = grouping: MGMT
unmethylated vs. MGMT methylated (partially and fully).

Glioblastomas show a variety of therapeutic resistances due to their heterogeneous
genetic profiles [3,4]. Consequently, new classification criteria were released recently
(WHO CNS5) [31]. Since not all tumor characteristics were determined at the time of
treatment for the patient cohort reported, the previous classification scheme (2016 CNS
WHO) was applied [32], tolerating conceivable changes in classification. The available
tumor characteristics of the cohort are shown in Table 2.

Among the regularly recorded MRI scans (in general, every three months), imaging
datasets recorded at five specific points of time were selected for this analysis: before treat-
ment, twenty-four hours after treatment, three months after treatment, three months prior
to relapse (preceding follow-up, defined retrospectively), and at diagnosis of recurrence. At
each instance, the results of three different MRI sequences were analyzed: noncontrast and
contrast-enhanced T1-weighted imaging and T2-weighted imaging. Volumes and volume
ratios derived from these images are summarized in Supplementary Table S1.
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2.2. Methods
2.2.1. Survival Analysis

Progression-free survival (PFS) was defined as the shortest of the three periods from
treatment to radiologically identified progression, palliative discharge, or (censored) end
of follow-up. Overall survival (OS) was defined as the shortest of the two periods from
diagnosis to death (with or without progression) or (censored) end of follow-up. Postpro-
gression survival (PPS) was defined as the period from diagnosis of progression to death or
(censored) end of follow-up.

In the literature, no consistent definition of long-term survival for patients with de
novo glioblastomas can be found. Suggested values range from 18 to 60 months [33,34]. In
numerous publications, the two-year mark is used as a threshold criterion [35-39]. Based
on this, the term “prolonged OS” was decided to be used for patients surviving for at least
24 months after diagnosis (OS) or without progression after iPDT (PFS), respectively. The
validity of the chosen term was reaffirmed through a meta-analysis reporting a two-year
OS for only 18% (95% CI = [0.14; 0.22]) of the treated glioblastomas [40].

Within the iPDT cohort, the patients’ survival, based on their MGMT-methylation
status, was examined. In addition, a comparative evaluation was performed with regard
to other patient cohorts who, instead of iPDT, received SOC treatment, a sole chemora-
diation treatment, CyberKnife® (Accuray, Sunnyvale, CA, USA) surgery, and stereotactic
radiosurgery, respectively [2,10-12].

2.2.2. MRI Analysis

Prior to analyzing the images, different preprocessing routines were applied. First,
MRI data recorded at different time points were positionally registered to each other. This
was performed automatically using the ANTs software package (v2.3.2, University of
Pennsylvania, Philadelphia, PA, USA; University of Virginia, Charlottesville, VA, USA; and
University of lowa, Iowa City, IA, USA) [41] followed by manual checks and adjustments.
Subsequently, the MRI datasets were semiautomatically segmented using ITK-SNAP (v3.8,
University of Pennsylvania, Philadelphia, PA, USA) [42]. All images, adjustments, and
segmentations were checked by two experienced neuroradiologists from the Institute
of Neuroradiology of the LMU Hospital, Munich (R.F. and K.B.). Volumes of interest
are shown exemplarily for one patient (IPDT 14) in Figure 1, such as the tumor volume
(consisting of a T1-contrast-enhancing region and a necrotic region), edema, and iPDT
remnant. This iPDT remnant appears after treatment and is described and discussed
below. For one patient (IPDT 07), the iPDT treatment needed to be performed in two
separate sessions, one week apart, due to the tumor’s volume and morphology. Due to this
peculiarity, this iPDT treatment did not qualify for the combined analysis of MR images
recorded on the first day after treatment. For all other patients, the MR images recorded at
this time point could be included in the analysis.

pre iPDT post iPDT post iPDT

T2

T1 native T2

Figure 1. Segmented volumes indicated by color overlays in MR images (T1 and T2 sequences), and
separate images indicate 3D volume (1: T1-contrast-enhancing volume) (2: necrotic volume) (1 + 2:
tumor volume) (3: edema) (4: iPDT remnant), exemplarily shown for one patient (IPDT 14).
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Segmented volumes were rounded to full mm? since a higher accuracy is not mean-
ingful based on the physical imaging resolution. The necrosis—tumor ratio (NTR) was
calculated for the pretreatment situation by dividing necrosis volume by tumor volume,
corresponding to Henker et al. [43].

2.2.3. Statistics

Information about the segmented volumes, the patients” individual courses, and
clinical parameters was collected in a database. Patients were then divided into subcohorts
by recurrence type (local vs. distant) and the methylation status of the MGMT promoter
(full/partial methylation vs. no methylation). A double-sided log-rank test was applied
to evaluate the statistical significance of differences between each pair of survival curves.
Survival analysis was performed using SPSS (v29, IBM Corp., Armonk, NY, USA) [44]. Due
to the relatively small number of patients, extensive correlational testing was not feasible.
To identify potentially important parameters and relations, the obtained parameters were
plotted against survival values using the statistical programming language R (v4.2.1, R Core
Team, Vienna, Austria) [45] and the R visualization package GGPLOT?2 (v3.3.6, Wickham,
2016) [46]. Data plots that seemed to contain an important message were selected for display
and further analysis. Univariate Cox regression analysis was performed to investigate the
validity of the visually derived conclusions. Along with the p-values, the hazard ratios
(HR) are shown in Supplementary Table S2.

Since the decease was seen as the most relevant endpoint for the patients, it was
decided to restrict the investigations regarding survival-related factors to OS, or PFS in
exceptional cases. An analysis primarily focused on PFS and long-term PFS (>24 months)
of the iPDT cohort can be found in Quach et al. [17]. For all comparisons, significance level
o = 0.05 was appointed.

The survival data of some of the compared patient cohorts had to be extracted from
published Kaplan-Meier graphs as numeric data using Engauge Digitizer [47] and had
to be subsequently reconstructed into a per-patient format using the programming lan-
guage R [45]. After a plausibility check, a statistical analysis was performed in compar-
ison to the iPDT cohort. A limitation of this approach was that censored survival data
could not be identified and included in survival analysis. Hence, the respective p-values
should be seen as an estimation. A comparison of the published survival parameters and
the corresponding parameters recalculated based on reconstructed data can be found in
Supplementary Table S3. Besides this limitation, this method enabled a comparison with
other patient cohorts for which the detailed original data are unavailable. Whenever origi-
nal per-patient data of other patient cohorts were available, they were used directly for the
comparative analyses.

3. Results
3.1. Survival

The iPDT-treated cohort showed a median PFS of 16.4 months (95% CI: [5.1; 27.6]
months) and a median OS of 28.0 months (95% CI: [6.0; 50.0] months) [17]. The median PPS
was 6.3 months (95% CI: [1.6; 11.0] months); see Figure 2 and Table 3. Three patients are
still alive (IPDT 03: 128 months) (IPDT 07: 110 months) (IPDT 09: 114 months), and none of
them have experienced a recurrence [17]. The survival times (OS, PFS, PPS) obtained with
iPDT are compared with those of the patient cohorts treated with other methods in Table 3,
and the p-values obtained through the pairwise log-rank testing of the differences among
some of these survival times are listed in Table 4.
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Figure 2. Kaplan—-Meier plots related to PFS, OS, and PPS of the (a) iPDT cohort as a whole and
(b) stratified by MGMT methylation status.

Table 3. Survival times, OS, PFS, and PPS (median, [95% CI]), obtained for the iPDT cohort in this
study, overall and split according to MGMT promoter methylation, in comparison to survival times
reported for other therapeutic methods in the literature.

iPDT iPDT MGMT iPDT MGMT St 2] ¢ Chemoradiation CyberKnife® Stereotactic
All Cases Unmethylated Methylated upp [10]4 [12]4 Radiosurgery [11] ¢
Subjects 16 8 8 287 56 12 30
(1)
PFS Median 16.4 8.3 35.7 6.9 8.0 16.0 8.2
(months)  [95% CI] [5.1; 27.6] [1.9;14.7] [0.0; 100.7] [5.8;8.2] [5.6; 10.4] [10.4; 21.6] [4.6; 10.5]
(O3] Median 28.0 15.0 43.9 14.6 12.0 18.0 14.8
(months) [95% CI] [6.0; 50.0] [5.3; 24.7] [0.0; 135.4] [13.2; 16.8] [9.6; 14.4] [10.9; 25.1] [10.9; 19.9]
PPS Median 6.3 3.8 15.3 n/a 4.0 3.0 n/a
(months)  [95% CI] [1.6;11.0] [1.3;6.4] [0.0; 31.4] [3.0; 5.0] [2.0;4.0]
PFS = progression-free survival, OS = overall survival, PPS = postprogression survival, CI = confidence interval,
n/a = data not available, ¢ = values from publication, and d — yalues calculated.
Table 4. p-values according to pairwise log-rank testing (SPSS) of differences among some of the
survival times listed in Table 3. Significant differences are highlighted with boldface formatting.
Methylated vs.  iPDTvs. Stupp (2], IPDT S IPDT vs Stercotacic
y ’ - StupPP Chemoradiation [10] CyberKnife® [12] .
Unmethylated Radiosurgery [11]
PFS 0.030 <0.001 0.005 0.341 n/a
(OF] 0.031 0.017 0.022 0.280 0.036
PPS 0.192 n/a 0.516 0.237 n/a

PFS = progression-free survival, OS = overall survival, and PPS = postprogression survival.
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Stratifying the iPDT cohort by the MGMT promoter methylation status revealed signifi-
cantly superior PFS in the case of a methylated MGMT promoter (median of methylated
MGMT of 35.7 months vs. median of unmethylated MGMT of 8.3 months; p = 0.030).
Similarly, OS was significantly longer in the case of a methylated MGMT promoter (median
of methylated MGMT of 43.9 months vs. median of unmethylated MGMT of 15.0 months;
p = 0.031). PPS appeared to be more favorable for the methylated group, but the differ-
ence was not statistically significant according to log-rank analysis (median of methylated
MGMT of 15.3 months vs. median of unmethylated MGMT of 3.8 months; p = 0.192).
Through a univariate Cox regression analysis, as in Quach et al. [17], the MGMT status
was found to be a potentially survival-related parameter with a significant reduction in
the risk of death for patients with a methylated MGMT promoter (p = 0.042; hazard ratio
(HR) = 0.280; 95% CI of HR = [0.082; 0.956]).

When comparing the entire iPDT cohort with the standard-of-care (SOC) cohort accord-
ing to Stupp et al. (n = 287) [2], the iPDT cohort showed superior PFS (median of iPDT of
16.4 months vs. median of Stupp of 6.9 months; p = < 0.001) and OS (median of iPDT of
28.0 months vs. median of Stupp of 14.6 months; p = 0.017). For the Kaplan—-Meier plots,
see Supplementary Figure S1.

A comparison of iPDT with a sole chemoradiation treatment (n = 56) [10] also revealed
superior PFS (median of iPDT of 16.4 vs. median of chemoradiation of 8.0 months; p = 0.005)
and OS (median of iPDT of 28.0 months vs. median of chemoradiation of 12.0 months;
p = 0.022) for the iPDT cohort. No significant difference in the PPS values was found
(median of iPDT of 6.3 months vs. median of chemoradiation of 4.0 months; p = 0.516).

In comparison with the CyberKnife® surgery (n = 12) [12], no significant differences
could be discovered (median PFS of iPDT of 16.4 months vs. median PFS of CyberKnife®
surgery of 16.0 months; p = 0.341) (median OS of iPDT of 28.0 months vs. median OS of
CyberKnife® surgery of 18.0 months; p = 0.280) (median PPS of iPDT of 6.3 months vs.
median PPS of CyberKnife® surgery of 3.0 months; p = 0.237).

Lastly, in comparison with the stereotactic radiosurgery (n = 30) [11], iPDT featured
superior OS (median of iPDT of 28.0 months vs. median of stereotactic radiosurgery of
14.8 months; p = 0.036).

Side effects mainly consisted of transient health restrictions such as aphasia. In one
case, a pulmonary embolism was seen [17,48]. However, it is important to note that iPDT
is not necessarily accountable for the embolism. Brain tumor patients generally bear
significant risk factors for thromboembolic events, such as the preexisting malignancy itself,
often having an advanced age, and immobilization due to the disease or treatment [49].

3.2. Volumetric Assessments

The time courses of contrast-enhanced T1-weighted MRIs are exemplarily shown
for two patients in Figure 3. Both patients experienced prolonged OS and also a PFS of
more than 24 months. The first patient (IPDT 02, PFS of 59.2 months, OS of 95.0 months)
exhibited a tumor volume of 1362 mm3. Before treatment, the tumor comprised a T1
contrast enhancement (CE) volume of 878 mm? and a necrosis volume of 484 mm?3. At24 h
after iPDT, a small CE volume (22 mm?) remained. Three months after iPDT, no evidence
of CE was found. The second patient (IPDT 14, PES of 35.7 months, OS of 43.9 months)
featured a tumor volume of 15,335 mm?> (CE volume of 8929 mm? and necrosis volume of
6406 mm?). At 24 h after iPDT, a CE volume of 4720 mm? remained. Three months after
iPDT, no evidence of CE was found in this patient.

The statistical information (median, average, minimum, maximum, and standard
deviation) on the volumes of these and other distinguishable tissue regions is collected in
Table 5. The individual values for each patient are provided in Supplementary Table S1.
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IPDT 02

IPDT 14

pre iPDT postiPDT 3 monthspost iPDT

Figure 3. Two exemplary courses of MR images (T1-weighted with contrast agent) recorded before
iPDT, twenty-four hours after iPDT, and three months after iPDT (patient IPDT 02 and IPDT 14).

Table 5. Course of different tumor-related volumes of interest for the iPDT-treated patient cohort
(values rounded to full mm?).

iPDT iPDT iPDT

Tumor CE Necrosis Pre CE 1 Day Remnant Remnant Remnant R;Eg:nt Rfrf::;r:rm
Volume Pre iPDT Pre iPDT iPDT Post iPDT 1 Day Post 3 Months 3 Months Pre at Recurrence at Recurrence
(mm?®) (mm®) (mm®) (mm®) iPDT Post iPDT Recurrence curs curs
(mm3) (mm3) (mm3) (mm ) (mm )
Median 6063 3533 1350 535 12,426 5585 4036 3914 5893
Average 7622 5180 2442 1108 19,166 7151 4474 4556 6645
Max 21,825 12,362 9463 4720 66,857 20,027 12,254 9607 17,177
Min 1362 878 118 0 2062 370 305 157 6
SD 5849 3761 2579 1463 16,571 5395 3188 2917 6115

CE = contrast enhancement; SD = standard deviation.

The median tumor volume to be treated was 6063 mm? (range: [1362; 21,825] mm?),
consisting of a contrast-enhancing region (median volume of 3533 mm?3; range of [878;
12,362] mm?) and a necrotic region (median volume of 1350 mm?; range of [118; 9463] mm?).
At 24 h after iPDT, 13 patients showed residual CE. Collectively, over all 15 evaluable cases,
the median volume of residual CE was 535 mm? (range: [0; 4720] mm?). In seven patients,
residual CE at the former tumor location was still present after three months.

In the MR images recorded 24 h after iPDT, morphological changes appeared in
the native T1- and T2-weighted images around the former tumor location (labelled as
volume “4” in Figure 1). The affected region (presenting as circumscribed predominantly
T1 hypointensity and T2 hyperintensity) was defined as an “iPDT remnant”, representing
the devitalized tumor residing in situ. This region featured a median volume of 12,426 m?
(range: [2062; 66,857] mm?>). In 14 patients, the iPDT remnant was larger than the original
tumor; in 1 patient, the remnant was smaller.

At the first follow-up (typically 3 months after iPDT), the median iPDT remnant
volume decreased to 5585 mm?3 (range: [370; 20,027] mm?). In four cases, the remnant
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remained larger than the original tumor. In eight cases, the remnant shrank to a volume
smaller than the original tumor. In the remaining four cases, no MRI data were available at
this point of time. Among the 12 patients who experienced a recurrence, 3 months prior
to the relapse, the median iPDT remnant volume decreased even further to 4036 mm?
(range: [305; 12,254] mm3). In 2 of these 12 cases, the remnant was larger than the original
tumor; in 7 cases, the remnant was smaller. The median iPDT remnant volume at the time
of recurrence amounted to 3914 mm?3 (range: [157; 9607] mm?). In three cases, the iPDT
remnant at this time point was found to be bigger than the original tumor; in the remaining
nine cases, the remnant was smaller.

The median volume of the 12 recurrent tumors was 5893 mm? (range: [6; 17,177] mm?3),
consisting of 8 local and 4 distant relapses. The distant recurrences had a median distance
of 29.5 mm to the margin of the iPDT-treated tumor (IPDT 06: 39 mm) (IPDT 08: 31 mm)
(IPDT 13: 26 mm) (IPDT 14: 28 mm) (values rounded).

3.3. Relations between Observations

In Figure 4, the selected graphs are displayed to illustrate the possible relations between
the different parameters and observations. For further information, see Tables 1,2 and S1 (for
univariate Cox regression results, see Supplementary Table S2).

Figure 4a (for numeric values, see Table 1) displays the age at diagnosis vs. OS. Pro-
longed OS was seen in all the patients with an age under 60. For patients older than
60 years, three of nine cases still showed prolonged OS. (p = 0.067; HR = 1.038; 95%
CI =[0.997;1.080].) Although slightly missing significance, the resulting hazard ratio still
suggests a worse OS prognosis for patients with a higher age at diagnosis.

Figure 4b (for numeric data, see Table 2) displays the number of TMZ cycles after
chemoradiation vs. OS. OS below 24 months was only seen in the case of two or less TMZ
cycles (typical cycle period of 1 month). Within this subgroup of two or less cycles, three
of eight cases still showed prolonged OS. All the other patients showed prolonged OS
(p = 0.146; HR = 0.859; 95% CI = [0.700; 1.055]).

Figure 4c (for numeric values, see Supplementary Table S1) displays the necrosis—tumor
ratio (NTR) vs. OS. No pattern indicating a systematic relation could be derived in this case
(p = 0.540; HR = 0.279; 95% CI = [0.005; 16.533]). The high p-value and the broad 95% CI
also suggest that this cohort shows no correlation between the NTR and OS.

Figure 4d (for numeric values, see Table 1) displays the PPS vs.PFS values. It was
observed that longer PFS was accompanied by longer PPS and vice versa (p = 0.053;
HR = 0.938; 95% CI = [0.879; 1.001]). It is to be noted that only four of the seven patients
with PFS > 24 months are included in this graph because three of them have not experienced
progression. No further systematic trends could be found.

Six examples of tumor-related volumes lacking a clear trend in relation to OS are shown
in Figure 5 (see also Supplementary Table S2), namely for the tumor volume (Figure 5a;
p =0.653; HR = 1.020; 95% CI = [0.935; 1.112]) and the contrast-enhancing volume 24 h after
iPDT (Figure 5b; p = 0.599; HR = 1.096; 95% CI = [0.779; 1.541]). In addition, the volumes
of the iPDT remnant are shown at the time points 24 h after iPDT (Figure 5c¢; p = 0.401;
HR = 0.986; 95% CI = [0.954; 1.019]), 3 months after iPDT (Figure 5d; p = 0.341; HR = 0.946;
95% CI = [0.845; 1.060]), 3 months before recurrence (Figure 5e; p = 0.051; HR = 1.318; 95%
CI =[0.998; 1.740]), and at recurrence (Figure 5f; p = 0.156; HR = 1.144; 95% CI = [0.950; 1.377]).

In Figure 6 (see also Supplementary Table S2), the distribution of the PFS and OS
values is shown, stratified by MGMT promoter methylation and the presence of CE three
months after iPDT. No correlation between the presence of CE and survival (PFS and OS)
could be discerned (e.g., with regard to OS, p = 0.223, HR = 2.259, and 95% CI = [0.610;
8.363]). Additionally, the MGMT methylation status did not show any correlation with CE
three months after iPDT.
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Figure 4. Plots of several parameters for the iPDT cohort vs. OS, (a) age at diagnosis, (b) number
of TMZ cycles, and (c) necrosis-tumor ratio (NTR), and vs. PFS, (d) postprogression survival (PPS).
The dashed vertical line in panels (a—c) marks the 24-month threshold value introduced to define
prolonged OS. The dotted horizontal line in panel (c) represents the lower cutoff NTR value associated
with a detrimental influence on survival in standard of care (SOC) as suggested by Henker et al. [43].
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Figure 5. Plots of segmented volumes vs. OS, (a) tumor volume, (b) contrast-enhancing volume, and
(c—f) iPDT remnant volume, determined at four different time points. The dashed vertical line marks
the 24-month threshold value introduced to define prolonged OS.



Cancers 2023, 15, 2603

12 0f 23

a) contrast-enhancement vs. PFS

b) contrast-enhancement vs. OS

no enhancement enhancement

X X X g X X X
% 5 o Qo
o H R
£
X g i X X
o Q £ O i o o
o S :
0 12 24 36 48 60 72 84 96 108 120 132 0 12 24 36 48 60 72 84 96 108 120 132
PFS (months) OS (months)

<OMGMT unmethylated ; X MGMT partially or fully methylated

Figure 6. (a) Progression-free survival (PFS) and (b) overall survival (OS) stratified by the presence
or absence of contrast enhancement 3 months after iPDT.

4. Discussion
4.1. Survival Comparison

Compared to the cohort of Stupp et al. [2], the iPDT cohort exhibited significantly
longer median PFS and OS. This comparison to a prospective study with randomized arms
must be interpreted cautiously due to the following limitations: The control of potential
confounders was not sufficient in the iPDT cohort (e.g., age, symptomatology, the size of
the tumor, and the impact of other molecular biological markers). Treated individuals were
not selected randomly, and the overall number of treatments was small. Nonetheless, this
comparison can help to estimate the survival outcome of iPDT treatments and motivates
further investigations due to these promising results.

In comparison to the chemoradiation-treated cohort [10], the iPDT cohort also showed
promising results. Again, these results must be interpreted cautiously, as the iPDT study
lacked a prospective design. The patients were treated with iPDT due to the nonresectability
of their tumors. The promising results after iPDT in this rather desperate clinical situation
provide an outlook on the potential of iPDT treatments.

In comparison with stereotactic radiosurgery [11], prolonged OS could be confirmed
for the iPDT cohort, outliving the SOC comparison cohort by an additional 13.2 months
(based on the median OS values). This comparison can be seen as quite meaningful and
relevant since both cohorts represent highly selected groups with a small number of cases.
Still, the differences in the patient characteristics are apparent and need to be addressed in
further studies.

Compared to the CyberKnife® treatment, the iPDT cohort outlived the SOC comparison
cohort by an additional 10 months (based on the median OS values), although this result
did not reach statistical significance. These cohorts did match well since a good overall
status, a lack of randomization, and a small number of patients (1 = 12) were shared by
both cohorts.

Overall, it can be concluded that this specific iPDT cohort showed promising sur-
vival. This is a favorable fact which is highly worthwhile to be corroborated in further
clinical trials such as NCT03897491. In further investigations, other minimally invasive
therapy approaches should also be included in the survival comparison. Examples are
seed-based brachytherapy [13,50] and laser-induced thermal therapy [51,52]. In contrast
to iPDT, these therapies do not comprise tumor selectivity but rely on the optimal tai-
loring of the therapeutic effect to a predefined treatment volume that is to be destroyed
entirely [13,50-52].

The MGMT status played a significant role in the treatment outcome of the iPDT
cohort [17]. The iPDT patients with a methylated MGMT promoter outlived those with an
unmethylated MGMT promoter by an additional 28.9 months (based on the median OS
values), and they remained progression-free for an additional 27.4 months (based on the
median PFS values).
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Such survival advantages in the case of a methylated MGMT promoter have been
reported for many other treatment approaches [10,53-56]. This is commonly attributed to a
higher sensitivity of the tumor cells to adjuvant chemotherapy with temozolomide [54,57].
In the case of iPDT-treated recurrent glioblastomas, no survival benefit was found for a
methylated MGMT promoter compared to an unmethylated MGMT promoter [16]. This
might be due to a higher resistance of these patients’ tumors to chemotherapy due to
the inhibition of apoptosis [58] or an upregulation of the genes causing multidrug resis-
tance [59,60]. Still, the cohort with recurrent glioblastomas showed promising survival [16].
Additionally, in comparison to the patient cohort suffering from newly diagnosed glioblas-
tomas and being treated with chemoradiation as reported by Hegi et al. [56] (see Table 6),
the iPDT cohort reported here showed superior survival both for methylated and unmethy-
lated MGMT promoters. In conclusion, it seems that iPDT shows promising survival
with an even stronger improvement in prognosis when the tumor has a higher sensitivity
to temozolomide.

Table 6. Median survival values obtained separately for unmethylated and methylated MGMT
promoters for iPDT in this study and for sole chemoradiation treatment [56] (values rounded).

iPDT Chemoradiation [56]
MGMT MGMT MGMT MGMT
Unmethylated Methylated Unmethylated © Methylated ©
PFS median
(months) 8.3 35.7 53 10.3
OS median 15.0 439 12.7 21.7
(months)

PFS = progression-free survival, OS = overall survival, and ¢ = values from publication.

4.2. Posttreatment CE

For the evaluation of the standard therapies, the course of posttreatment CE was an
important aspect [61,62]. First, the observation that, 24 h after iPDT, CE was apparent in
some patients is discussed with regard to its impact on the survival of the iPDT-treated
patients and in relation to the common findings after the SOC.

After the SOC, the residual CE in the MRI data recorded within the first 72 h after
open resection is associated with remaining vital tumor tissue [63]. This indicates an
incomplete resection, suggesting that the complete resection of contrast-enhancing tumors
(CRET) failed, which is associated with a significant reduction in OS [64-68]. Likewise,
in case of iPDT, the residual CE in the early imaging after iPDT may, at first sight, be
interpreted as an incomplete response, which, in turn, is generally considered as a negative
predictive factor for survival [23]. However, no correlation of this observation in the MRI
data with the therapy outcome could be derived from the present study (see Figure 5b),
which is contrary to the respective statements in the review by Leroy et al. [23]. In the
iPDT patient cohort of the present study, residual CE less than 72 h after iPDT was not
significantly associated with inferior survival. This suggests that residual CE may not
necessarily indicate residual vital tumor tissue but rather some remaining disturbance of
the vasculature and the blood—-brain barrier (BBB) after iPDT. This assumption relies on
the core principle of the contrast agent that various conditions (e.g., tumors, ischemia, and
autoimmune diseases) affect the BBB, thus allowing the agent to emerge [69,70]. In the case
of residual CE after iPDT, it might indicate a remaining local alteration of the BBB in the
treated tissue volume. This hypothesis is affirmed by the knowledge that 5-ALA mediated
PDT has the potential to temporarily disrupt the BBB [71]. This may possibly help to enable
immunogenic effects. The general role of the involvement of the immune system is known
from other applications of the PDT [24-30]. The affected BBB might support or even enable
the immune system to react on the glioblastoma tissue. A detailed understanding of this
complex topic requires further investigation.
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In any case, it must be concluded that the presence of CE 24 h after treatment is not
well suited as a predictor of the completeness of response in the case of iPDT, at least not
in the case of this particular iPDT-treated patient cohort. This can be seen as a paradigm
shift for physicians and radiologists since a formerly clearly negative predictor is now to be
interpreted more carefully.

Three months after iPDT, CE was found in seven patients around the former location of
the tumor. Generally, CE beyond the 72-h threshold can either be associated with a reaction
to the treatment or can indicate residing /progressive tumor tissue. This complicates the
differentiation between a therapy reaction and tumor progression by means of conventional
MRI sequences [63]. Similarly, in 20% to 30% of the SOC-treated patients, small changes in
the contrast-enhancing regions or the edema were observed within the first 3 to 6 months
after treatment [72]. This phenomenon of pseudoprogression is supposed to be based on
postsurgical changes, radiation necrosis [73], and/or inflammation [74]. To differentiate
these changes from a progressive disease, response assessment criteria for high-grade
gliomas were developed based on the SOC data [61,62]. Since the role of CE after iPDT
remains uncertain, an adjustment of the evaluation criteria for the case of iPDT should
be pursued.

The role of residual CE after iPDT should also be examined regarding the supposed
immunogenic response as observed in other applications of PDT [24-30].

4.3. iPDT Remnant

The composition of the iPDT remnant will remain unclear as long as the systematic
analyses of posttreatment biopsies are lacking. Generally, it was found that the PDT treat-
ment induces a mixture of apoptosis and necrosis [29,30,75-77]. Consequently, signatures
of both processes may be expected in the iPDT remnant region. Investigating the iPDT
remnant for apoptosis- and necrosis-related effects would be desirable for an enhanced
understanding of the involved processes.

4.4. Recurrence Patterns

According to the literature, 90-95% of all glioblastomas reoccur within 2 cm from the
primary tumor’s margin as observed in a plenitude of other glioblastoma cohorts [78-82].
The remaining 5-10% of recurrences outside of that 2 cm margin may be termed distant
recurrences. The high number of local recurrences might be due to insufficient local tumor
cell eradication. One explanation could be that the tumor margins apparent in conventional
MRI do not include the tumor cells spread into the local environment [83]. In the analyzed
iPDT-treated cohort, 4 of the 12 recurrences (33%) were distant recurrences according to the
criterion mentioned above. It may be concluded that a smaller fraction of local recurrences
is observed after iPDT compared to other treatments. This suggests a superior sustained
local tumor control (the permanent absence of vital tumor cells within the former tumor
location and its surroundings) compared to other approaches. No correlation between the
distance of the recurrence from the primary tumor and any other evaluated parameter
could be found in this study. Potential reasons would need to be further investigated, for
example, a better (or even complete) eradication of tumor cells due to the induction of
an immunogenic response [24-30]. Besides the involvement of the immune system, there
might be another explanation: Due to the oral application of 5-ALA, the photosensitizer
PpIX could accumulate in all the tumor cells regardless of their location [18]. An uptake of
the photosensitizer outside of the CE-based tumor margins, indicated by photosensitizer-
specific fluorescence, was also observed in fluorescence-guided resection [84]. This means
that the tumor cells in the surrounding of the MRI-based tumor volume also accumulated
the photosensitizer, which made them vulnerable to illumination, while the physiological
cells were preserved [22]. Although the used target fluence (18.72 ]/ mm? [15]) may not
be reached in that tissue region, the photosensitizer may still become activated and cause
cell damage and/or death to some extent. These two aspects may mutually reinforce each
other. A detailed assessment and analysis of the immunogenic response to iPDT would be
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desirable, especially in combination with examining other parameters, e.g., the supposedly
compromised BBB (see Section 4.2).

4.5. Examination of Possibly Survival-Related Factors

In the case of resection, the following aspects are considered to be of prognostic
importance: the patient’s age, tumor volume, extent or completeness of tumor resection,
degree of necrosis, involvement of the eloquent cortex or a deep structure, and pretreatment
uptake of the contrast agent [68,85,86]. Additionally, the necrosis—tumor ratio (NTR) was
also regarded as relevant for the prognosis [43].

For iPDT, a preoperative Karnofsky performance scale (KPS) score over 70, a well
circumscribed roughly spherical lesion, and strong PpIX accumulation were seen as fa-
vorable factors [23]. Additionally, a complete response according to early posttreatment
brain imaging (a major reduction in CE 24 h after iPDT) and a small tumor volume before
treatment (<5000 mm?3) were reported to be beneficial to survival [23].

In the analyzed iPDT cohort, it was seen in Figure 4a that a younger age at diagnosis
(<60 years) led to prolonged OS in all cases. This suggests that a younger age is a favorable
predictive factor, which is consistent with the equivalent findings of the SOC [68,85,86].
Nonetheless, 3/9 patients (33%) with an age over 60 years experienced long-term survival.
It can be concluded that an age < 60 is a positive predictive factor, but a higher age still does
not rule out a prolonged OS. Thus, iPDT seems to provide a favorable survival perspective
for all age groups.

Concerning the number of TMZ cycles after iPDT (see Figure 4b), a higher number of
cycles also seems to have a positive influence on the outcome. Here, longer OS might be
confounded by an otherwise good health status and a correspondingly better toleration
for chemotherapy. However, prolonged survival was also seen in combination with a low
number of TMZ cycles, affirming considerable tumor eradication with iPDT by itself.

Surprisingly, the necrosis—tumor ratio (NTR) (see Figure 4c) does not seem to have any
influence on the outcome. This observation is contrary to the SOC, where an NTR above
0.33 is seen as a negative predictor regarding OS [43]. As an explanation, a higher NTR is
supposed to be associated with a more invasive and more resistant type of glioblastoma [43].
However, the NTR does not seem to be relevant to iPDT, at least for the present patient
cohort. This, again, suggests good local tumor control with iPDT, even in the case of more
invasive tumors.

Patients with long progression-free survival (PFS) (see Figure 4d) also tended to show
long postprogression survival (PPS), which might be explainable by a better overall health
state and/or good tumor control in the respective cases.

The tumor volume (Figure 5a) showed no correlation with OS. This is in contradiction
to common experiences in the treatment of glioblastomas. However, it has to be kept in
mind that the tumor diameter was limited to 4 cm by the inclusion criteria for the iPDT
cohort (see Quach et al. [17]). Specifically, a tumor volume < 5000 mm?> was postulated to
be a favorable factor for prolonged OS after iPDT [23]. When comparing this value to the
median tumor volume of the present iPDT cohort of 6063 mm? (range: [1362; 21,825] mm?),
the suggested threshold was clearly exceeded. Nevertheless, a large fraction of the patients
showed prolonged OS (10/16 patients overall (62.5%) and 6/9 patients with a tumor
volume > 5000 mm? (67%). The postulated threshold tumor volume of 5000 mm?> was
apparently based on the research of Kaneko et al. [87]. This work did not involve dosimetry
calculations, so an incomplete illumination of the tumor tissue cannot be ruled out. As
a consequence, the iPDT effects may have been triggered insufficiently, particularly in
the case of larger tumors. Hence, a nonnegligible number of vital tumor cells may have
survived the therapeutic intervention, resulting in a situation comparable to an incomplete
resection in the SOC. Therefore, it is crucial that the iPDT procedure is well planned to
properly illuminate the target volume [88] since iPDT relies on the interaction of light
with the photosensitizing drug [89]. The obtained results suggest that thorough treatment
planning allows one to avoid a deterioration of iPDT’s success with increasing tumor
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volume [90,91]. Additionally, advances in dosimetry planning [92-94] and intraoperative
monitoring [21] should make it possible to treat larger tumors in the future.

Like the primary tumor volume, the volume of the iPDT remnant (Figure 5¢c—f) also did
not show any correlation with survival. Despite the low p-value in the univariate Cox
regression analysis three months before recurrence, a causal relationship with survival
in this case seems unlikely. Considering that no significant correlation of OS was found
with respect to the iPDT remnant volume shortly after iPDT treatment and three months
after iPDT treatment, the low p-value might be explained by the time-dependent decrease
in the iPDT remnant: the longer overall survival is, the longer the iPDT remnant volume
can decrease. This would result in a smaller remnant if recurrence occurred after a long
survival period. This implies a correlation but not causality.

Furthermore, no connection with OS was found for the CE volume 24 h after iPDT
(Figure 5b) or for the observation of CE 3 months after iPDT (Figure 6).

All in all, these results for iPDT differ in several ways from the common experience in
resection, where the complete resection of the contrast-enhancing tumor volume (i.e., van-
ished CE in postoperative imaging) is a well-accepted predictor of prolonged OS [68,86,95].
In conclusion, the reactions to the iPDT intervention seem to be different from the reactions
to the other therapy approaches.

4.6. Quality Assessment of the Performed Treatment

It appears trivial that the quality of the iPDT treatment must have a crucial influence
on survival. From this study, no specific quality criterium can be derived. Further research
is needed to define specific criteria for a deeper evaluation in that respect. For now, spectral
online monitoring allows for the measuring of PpIX-fluorescence within the tumor volume
to confirm the availability of the photosensitizer at the start of the iPDT-illumination
process [21,96].

4.7. Discussion of Materials and Methods

When critically evaluating the used materials and methods, establishing an artificial-
intelligence-based segmentation method would be desirable to facilitate the evaluation
of larger patient cohorts in future studies. Additionally, a larger patient cohort would
have been helpful for testing the statistical significance of the more survival-related factors.
As further means to evaluate and potentially improve the success of iPDT, advanced
MRI techniques (e.g., diffusion-weighted imaging (DWI), MR perfusion imaging, and MR
spectroscopy) as well as positron emission tomography (PET) imaging may be helpful, as
they allow one to assess tumor spreading and to identify the regions associated with a high
risk of tumor recurrence and progression [97].

4.8. Limitations

Although the median tumor volume of the iPDT cohort was comparatively small, this
does not necessarily reduce the relevance of the general success of the performed iPDT
treatments. It is to be noted that the presented iPDT cohort was a highly-selected cohort,
especially in comparison to the patient cohorts treated according to the Stupp protocol [2]
or with chemoradiation [10]. Nonetheless, without iPDT, the treated individuals, with
their nonresectable tumors, would have had a daunting prognosis [10,85,86]. With iPDT,
10/16 patients (62.5%) experienced prolonged OS, suggesting that the treated individuals
strongly benefitted from the offered salvage treatment.

Despite the truly encouraging outcome in this small patient cohort, the potential
pitfalls of iPDT in general might contribute to the fact that early recurrence was still
observed, especially in the cases with an unmethylated MGMT promoter. PDT induces
hypoxia, which stimulates the proliferation of glioblastoma stem cells [98] and might
activate angiogenic factors [99]. It is well established that PpIX is a substrate for some
of the multidrug-resistance-associated membrane transporters, such as ABCB1 [100] or
ABCG2 [101,102]. As the expression of these transporters is associated with the stemness
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of cells, PDT might, therefore, lead to the preferential survival of glioblastoma stem cells,
although it has been shown that glioblastoma stem cells are susceptible to 5-ALA based
treatment [103]. Nitric oxide (NO) production was observed in glioma cells treated with a
sublethal dose of 5-ALA-PDT [104], which led to increased proliferation and migration. As
far as resistance to repetitive PDT is concerned, the reports are controversial: while Madson
et al. [105] did not find a buildup of 5-ALA-PDT resistance in glioma spheroids, PDT-
resistant cells could be induced with multiple PDT treatments as found by Casas et al. [106].
More caveats to consider in GBM-PDT have recently been reviewed by Miretti et al. [107].
It appears worthwhile to investigate which of the above-mentioned potential restrictions
are clinically relevant in order to develop targeted mitigation strategies that might improve
the clinical outcome of 5-ALA based iPDT even further.

This investigation was intentionally focused on volumetric MRI analyses during
longtime follow-ups. Priority was given to the clinically relevant Response Assessment
in Neuro-Oncology (RANO) criteria, such as the contrast-enhancing volume and necrosis
post-iPDT [97]. Advanced MRI techniques (e.g., quantitative analyses of contrast-enhanced
T1 signal intensities and diffusion-weighted imaging (DWI) with a quantitative evaluation
of the apparent diffusion coefficient) were not part of the present nonexhaustive analysis
but might depict significant correlations with the overall outcome or at least with local
tumor control [108].

4.9. Recapitulation and Outlook

1.  The presented data indicate that the first results obtained through the iPDT-treatment
of patients with de novo glioblastomas are promising, e.g., in terms of OS. The
possibility of treating nonresectable tumors should especially be highly appreciated,
as it would greatly improve the prognosis of the affected patients. For recurrent
glioblastomas, iPDT was already tested on a larger number of patients, showing the
feasibility and safety of the treatment [16].

2. It appears that the good performance of iPDT regarding survival is not only due to a
good local tumor-debulking effect but is also based on immunogenic effects. This can
be concluded from the observed unusual recurrence pattern characterized by a lower
rate of local recurrence than that seen in a plenitude of other glioblastoma patient
cohorts [78-82].

3. The confirmation of the importance of the MGMT methylation status [17] can be
seen as an important step in the improvement of the patient selection of iPDT for de
novo glioblastomas.

4.  The assessment of MRI data showed peculiarities compared to the SOC treatment. In
the case of residual or increasing CE after iPDT, advanced imaging techniques (e.g.,
DWI, MR perfusion and spectroscopy, PET) should be considered to enable better
differentiation between vital tumor reactions and tissue reactions/pseudoprogression.

In the future, iPDT could also be combined with other therapies to eliminate as many
neoplastic cells as possible and to initiate a broad variety of processes that can help to
combat this invasive malignancy. To improve the distant tumor control, a combination
with a sonodynamic approach might be interesting to better eliminate disseminated tumor
cells [109-113].

In glioblastomas, the first trials of the therapies with immune checkpoint inhibitors
did not show very encouraging outcomes [114,115]. However, in the other applications, a
combination of 5-ALA-mediated PDT with immune checkpoint inhibitors revealed promis-
ing results [116]. This could lead to an enhanced response of glioblastoma cells to these
new treatment drugs. Likewise, the variety of glioblastomas’ therapeutic resistances may
be addressable by combining the current iPDT protocol with chemoradiation-enhancing
substances [117]. These approaches are to be tested in future studies.

To improve the perspectives for glioblastoma patients, a large repertoire of therapies
should be provided against the burden of glioblastomas in the future. This study explored
the potential of iPDT to contribute to the fight against this deadly disease and to provide
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motivation for scientists and physicians all over the world to further investigate this
promising therapy option.

5. Conclusions

In this study, iPDT has shown its potential based on a large fraction of patients
(63%) experiencing prolonged OS, although this patient cohort was faced with an a pri-
ori very daunting prognosis due to the nonresectability of their tumors. In these indi-
viduals, the treatment was capable of debulking the tumor burden while only causing
transient morbidity.

Furthermore, this investigation demonstrated that survival-related parameters could
be derived from commonly available patient data. However, it is to be noted that some of
these parameters may need to be interpreted differently compared to the standard treatment.
Likewise, a paradigm shift seems to be required with regard to the established interpretation
of imaging data since the known predictive factors suitable for other treatments do not
seem to be directly transferable to the case of iPDT.

In conclusion, iPDT presents promising survival perspectives and broad applicability,
even in the case of problematic tumor locations. With its minimally invasive nature, iPDT
carries a notable potential to contribute to the combat against glioblastomas. This potential
should certainly be explored further.
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Abbreviations

5-ALA represents 5-aminolevulnic acid, CE represents contrast enhancement, CI
represents confidence interval, DWI represents diffusion-weighted imaging, iPDT rep-
resents interstitial photodynamic therapy, MGMT represents O(6)-methylguanine-DNA
methyltransferase, OS represents overall survival, PDT represents photodynamic therapy,
PFS represents progression-free survival, PpIX represents protoporphyrin IX, PPS rep-
resents postprogression survival, SOC represents standard of care, and NTR represents
necrosis—tumor ratio.
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Simple Summary: Treatment monitoring is highly important for the delivery and control of brain
tumor therapy. For interstitial photodynamic therapy (iPDT), an intraoperative spectral online
monitoring (SOM) setup was established in former studies to monitor photosensitizer fluorescence
and treatment light transmission during therapy. In this work, data from patients treated with iPDT
as the initial treatment for newly diagnosed glioblastoma (1 = 11) were retrospectively analyzed.
Observed changes in treatment light transmission were assessed, and changes in optical tissue
absorption were calculated out of these. In addition, magnetic resonance imaging (MRI) data were
recorded within 48 h after therapy and showed intrinsic T1 hyperintensity in the treated area in
non-contrast-enhanced T1-weighted sequences. A 3D co-registration of intrinsic T1 hyperintensity
lesions and the light transmission zones between cylindrical diffuser fiber pairs showed that reduction
in treatment light transmission corresponding to increased light absorption had a spatial correlation
with post-therapeutic intrinsic T1 hyperintensity (p < 0.003).

Abstract: In a former study, interstitial photodynamic therapy (iPDT) was performed on patients
suffering from newly diagnosed glioblastoma (n = 11; 8/3 male/female; median age: 68, range: 40-76).
The procedure includes the application of 5-ALA to selectively metabolize protoporphyrin IX (PpIX)
in tumor cells and illumination utilizing interstitially positioned optical cylindrical diffuser fibers
(CDF) (2-10 CDFs, 2-3 cm diffusor length, 200 mW /cm, 635 nm, 60 min irradiation). Intraoperative
spectral online monitoring (SOM) was employed to monitor treatment light transmission and PpIX
fluorescence during iPDT. MRI was used for treatment planning and outcome assessment. Case-
dependent observations included intraoperative reduction of treatment light transmission and local
intrinsic T1 hyperintensity in non-contrast-enhanced T1-weighted MRI acquired within one day
after iPDT. Intrinsic T1 hyperintensity was observed and found to be associated with the treatment
volume, which indicates the presence of methemoglobin, possibly induced by iPDT. Based on SOM
data, the optical absorption coefficient and its change during iPDT were estimated for the target
tissue volumes interjacent between evaluable CDF-pairs at the treatment wavelength of 635 nm. By
spatial comparison and statistical analysis, it was found that observed increases of the absorption
coefficient during iPDT were larger in or near regions of intrinsic T1 hyperintensity (p = 0.003). In
cases where PpIX-fluorescence was undetectable before iPDT, the increase in optical absorption and
intrinsic T1 hyperintensity tended to be less. The observations are consistent with in vitro experiments
and indicate PDT-induced deoxygenation of hemoglobin and methemoglobin formation. Further
investigations are needed to provide more data on the time course of the observed changes, thus
paving the way for optimized iPDT irradiation protocols.
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1. Introduction

The standard of care for treating newly diagnosed malignant gliomas comprises surgi-
cal resection, when feasible, followed by radiochemotherapy. Unfortunately, the median
survival for patients suffering from high grade gliomas continues to be low [1,2]. In an at-
tempt to improve this dismal prognosis, the feasibility of photodynamic therapy (PDT) has
been investigated since the 1980s [3,4]. So far, several clinical trials using different photosen-
sitizers have been published (for an overview, see [5]). Several clinical studies have explored
the use of 5-aminolevulinic acid (5-ALA) as a photosensitizer precursor [6-10], which has
some intriguing advantages over other photosensitizers for treating high grade gliomas:

e  There is much less concern about unspecific photosensitization during circulation and
tissue distribution, as 5-ALA itself is not photoactive [11].

e  Clinically approved, 5-ALA is also widely used for protoporphyrin IX (PpIX)-based
fluorescence-guided resection of malignant gliomas [11-13].

e  The photosensitizer PpIX is produced in the mitochondria of malignant glioma cells
with a high selective accumulation compared to adjacent tissue [11].

e Due to the relatively fast photobleaching of PpIX, any low PpIX concentration metabo-
lized in adjacent tissue will be used up before cell death is induced [14-16].

There are two different approaches to deliver 5-ALA-based PDT for malignant gliomas:
as an adjuvant treatment after surgical resection in order to destroy residual PpIX-containing
diffusely infiltrating glioma cells [17,18] or as a primary treatment in a stereotactic intersti-
tial approach by inserting cylindrical diffuser fibers (CDF) into the glioma tissue, named
interstitial PDT (iPDT) [6,10,14].

In any approach, sufficient light needs to be delivered throughout the relevant tissue
volumes. Light penetration depends on the wavelength-dependent optical tissue parame-
ters governing light absorption and scattering. Utilizing Monte Carlo simulations, it was
shown that inside the tissue the light fluence rate around a CDF used during iPDT typically
decays exponentially to 1/e (37%) within less than 3 mm for red light [6,19]. At 635 nm,
the iPDT treatment wavelength used for excitation of the 5-ALA-induced PpIX, blood is
still the dominant absorber. Therefore, the absorption depends, critically, also on the blood
oxygenation level, as the absorption coefficient of deoxygenated blood is about 8.5 times
higher than that of oxygenated blood at this specific wavelength [20]. As PDT consumes
tissue oxygen, the oxygenation status of hemoglobin—and thus its absorption coefficient—
may dynamically vary during treatment as reported [21,22]. It can be hypothesized that
intracerebral hemorrhages induced by the implantation procedure may, therefore, have a
rather complex impact on treatment success. To elucidate the involved processes, the effects
of 5-ALA-PDT on hemoglobin absorption were experimentally assessed in an artificial
liquid tissue phantom model in a prior study [23]. In artificial samples containing intact
erythrocytes, almost no change in optical parameters was observed when the illumination
started and PpIX photobleaching occurred continuously. If lysed erythrocytes were used
in the liquid phantom, however, a change in treatment light transmission was observed
immediately after initiating treatment. Comparing these two experiments shows that
some time is needed for the erythrocyte cell membrane to rupture under laser irradia-
tion, plus further time for the hemoglobin to be deoxygenated. Once the erythrocyte cell
membrane ruptured, rapid deoxygenation of the hemoglobin occurred, and, in addition,
met-hemoglobin (MetHb) was formed. As the absorption of deoxy-hemoglobin (Hb) and,
even more so, of MetHb at 635 nm is much stronger than the absorption of oxy-hemoglobin
(HbO,) (about 8.5 and 33 times higher, respectively), this has an immediate effect on the
light distribution [23].
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Clinically, intercranial hemorrhages are visualized and controlled using CT and MRI.
In case of an intracerebral hemorrhage, the MRI signal characteristics depend on the cellu-
lar location and the different types of hemoglobin produced during the breakdown and
removal of blood [24]. Typically, in the acute setting after intracerebral hemorrhage, intra-
cellular HbO; or, later, Hb appears largely isointense to the surrounding brain parenchyma
in non-enhanced T1-weighted MR imaging. Two to three days after PDT illumination,
the formation of intracellular MetHb is usually seen as intrinsic signal hyperintensity on
T1-weighted images [24-28]. Whether and how these changes are seen after PDT treat-
ment, and whether and how they may be related to the PDT procedure, has not been
systematically investigated so far.

Therefore, in this investigation, intraoperative changes in treatment light transmis-
sion and PpIX fluorescence are assessed, based on measurements before and after iPDT
according to the spectral online monitoring (SOM) procedure described in [7,10,29], retro-
spectively analyzed for a number of patients with high grade glioma undergoing iPDT [8].
A further aim was the investigation of potential relations between changes in light absorp-
tion within the tissue and intrinsic T1 hyperintensity visible on early postoperative MRI
within 48 h after treatment. To this end, the appearance, strength, as well as 3D positional
relations of increased light absorption within the tissue and intrinsic T1 hyperintensity in
early postoperative MRI data were analyzed.

2. Materials and Methods
2.1. Data Acquisition

Ethical approval for the retrospective analysis of the collected data was obtained from
the institutional review board (University Hospital LMU Munich ethics protocol: UE no.
335-16). SOM and MRI data were obtained from patients suffering from de novo GBM
treated with salvage iPDT [8] and were analyzed retrospectively (1 = 11; 8/3 male/female;
median age: 68, range: 40-76). Relevant irradiation and spectral online monitoring charac-
teristics are listed in Table 1. In one case, the entire tumor could not be treated in one single
treatment session due to its localization. Therefore, iPDT was applied in two successive
treatment sessions: iPDT cases #4a and #4b. The iPDT treatment was performed as earlier
described [6,8]. The number of CDFs and the insertion coordinates for stereotactic place-
ment of the fibers were determined by careful 3D treatment planning (target 1.19 software,
Brain LAB AG, Munich, Germany), with the number of CDFs employed per iPDT ranging
from 2 to 10. Parallel placement of the CDFs is favored but not always possible due to
the shape of the target volume or other restrictions to be considered during the treatment
planning. Treatment light with a wavelength of 635 nm was delivered by a 4-port diode
laser system (Ceralas PDT Diode Laser, biolitec AG, Jena, Germany). The CDFs (outer
diameter 1.56 mm; Light Guide Optics, Rheinbach, Germany) with a 20 or 30 mm diffuser
length were connected to the laser ports via short connecting fibers. To perform SOM
measurements, all treatment fibers, except the one for illumination and excitation for the
desired measurement, were temporarily disconnected from the short connecting fibers
and instead connected to the inputs of a fiber switch (MPM-2000, Mikropack, Ostfildern,
Germany) [10,29]. The output of the fiber switch was guided to a spectrometer (USB2000+,
Ocean Insight, former Ocean Optics, Ostfildern, Germany) with a long pass inline filter
(RG645, Schott Glas, Mainz, Germany) at the spectrometer entrance. PDT illumination was
conducted with a 200 mW /cm diffuser length for 1 h as standard-setting [30], if not indi-
cated otherwise in Table 1. It was shown that, for comparable scenarios, this power setting
limits the tissue heating to below 42 °C [6]. A minimum target light dose of 18.7 ] /mm? was
used for treatment planning, as previously calculated based on the concept of “complete”
photobleaching [31]. In cases where interfiber distances below 9 mm had to be chosen
due to restrictions in the treatment planning (e.g., blood vessels near the trajectories),
the power was reduced and the irradiation time prolonged to prevent thermal damage.
SOM was performed twice, immediately before (pre) and after (post) iPDT illumination,
thus receiving the pre and post iPDT spectra, exemplarily illustrated in Figure 1. The
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transmitted treatment light is visible in the wavelength range of 626642 nm. The PpIX
fluorescence signal is in the range of 650-750 nm. In total, 320 spectra (pre plus post iPDT)
were recorded and analyzed (range: 2-36 per iPDT case, median: 24), representing about
41% of all possibilities of measurable spectra (784 for 392 CDF-pair combinations).

Table 1. Irradiation and spectral online monitoring characteristics, displaying the number of mea-
sured spectra and used cylindrical diffuser fibers (CDFs) with the irradiation parameters during the

treatment.
iPDT Total Number of CDFs Median Interfiber CDF Power Irradiation Total Applied
Case Measured Spectra Used Distance Time Light Dose
[mm] [mW/cm] [s] [J1
1 12 4 10.0 200 3600 8640
2 28 7 13.2 200 5400 20,520
3 30 6 10.5 200 3600 8640
4a 12 4 10.2 200 3600 8640
4b 2 2 10.0 200 3600 2880
5 20 5 11.0 100 7200 7200
6 20 5 12.3 150 7200 10,800
7 42 7 10.6 200 3600 12,960
8 72 9 13.0 200 3600 15,120
9 30 6 11.0 200 3600 12,960
10 32 10 13.2 200 3600 18,720
11 20 5 114 133 5400 8694
x10*
25T ' i 1
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Figure 1. Spectral online monitoring data of a CDF-pair shown at iPDT start (pre iPDT, solid black
line) and iPDT end (post iPDT, solid red line). Dotted lines indicate the detection thresholds.

2.2. Spectral Data Assessment

The spectra measured during the SOM procedure were assessed regarding treatment
light transmission around 635 nm and PpIX fluorescence around 705 nm (see Figure 1).
The transmitted treatment light was analyzed concerning its integral signal intensity I
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(in counts/ms), recorded within the wavelength interval of 626-642 nm according to
Equation (1).
642 nm
I = / I(A) dA (1)
626 nm

where I(A)dA is the intensity measured within a wavelength interval dA. The PpIX fluo-
rescence was assessed by fitting a normalized pure PpIX fluorescence spectrum Ippix (1)
and a normalized auto-fluorescence spectrum Iyt0(A) to the recorded data Irec(A) in the
wavelength range of 650-750 nm:

Irec()\) =a IPpIX (/\) + b Lo ()\) 2

with adjustable weighting factors a and b. The first addend in Equation (2) represents the fit-
ted PpIX spectrum contained in the recorded spectra. This fluorescence was analyzed based
on its maximum signal intensity value I (in counts/ms) recorded within the wavelength
range 702-708 nm:

It = max{a Ippix(A) | 702nm < A < 708 nm} 3)

The signal intensities I; and I; given by Equations (1) and (3) were considered de-
tectable (above detection threshold) if the maximum signal intensities I(A) within the
specified wavelength intervals were higher than three times the noise level, which was
determined individually for each spectrum from the spectral range of 500-550 nm, outside
the ranges of transmitted treatment light and fluorescence. To obtain a measure for the
change of treatment light transmission during iPDT, the intra-operative pre versus post
iPDT treatment light transmission ratio Rpre/post is calculated using Equation (4):

It,pre

R 4)

pre/post — @

If It pre was below the detection threshold, Rpre/post Was defined as 0. Multiple measure-
ments on tissue phantoms showed that the statistical uncertainty of the signal intensities I
and I¢ given by Equations (1) and (3) was not more than 8%. Propagation of uncertainty
with the variance formula yields an uncertainty <20% for Rpre,/post-

2.3. Calculation of Intensities and Optical Tissue Properties

Diffusion approximation was used for all calculations to derive the absorption coeffi-
cient p, of the tissue at the treatment wavelength of 635 nm using the measured treatment
light transmission signal intensities I; between the CDF-pairs. It was assumed that the
CDFs emit and detect light homogeneously. The active CDF-sections were approximated
as linear arrays of isotropically emitting point sources or isotropically collecting point
detectors (five sources or detectors per mm diffuser length, each contributing with the same
weight). The photon fluence rate ®;; generated for each photon emitted from one point
source i on the emitting CDF at the location of one point detector j on the detecting CDF is
given by [32,33]:

i (13, Mo M) = 3(pa + ) exp (rij Bpta(pa + ué)) ()

47‘[1'1'/'

where 7;; is the distance between an emitting and a detector point and ps” the reduced
scattering coefficient of the tissue. The double sum over Equation (5) for all emitting points
i and detector points j includes all point-to-point combinations between the two CDFs
and is proportional to the theoretically expected value of the transmitted treatment light
intensity I heo for the CDF-pair [34]. As for constant emission power per active CDF length,
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the total power emitted by a CDF scales with the length of its light-emitting section; Lg,
It theo is described by Equation (6):

Py-L
Lt theo = % qu)ij (rij/ Ha, V;) ©

L

where N is the number of point combinations. The constant calibration factor Py (in
cm-counts/ms) includes the emitted photon rate per cm diffuser length and the conversion
factor from photon fluence rate at the detecting CDF-section to measured intensity. To
note, Equation (6) is independent of the length of the active CDF section of the detector,
which relies on the assumptions that the detection efficiency is homogeneous and the total
detection efficiency is independent of the diffuser length. Py was determined experimentally
by fitting Equation (6) to transmitted laser intensities acquired from measurements with
the iPDT SOM setup in liquid artificial tissue phantoms with pre-characterized optical
properties made from ink (brilliant black, Pelikan 4011, Pelikan Group GmbH, Berlin,
Germany), Lipovent’)s® (Lipovenos MCT 20%, Fresenius, Bad Homburg, Germany), and
distilled water. The measurements were performed between CDF-pairs with various active
diffuser lengths in a distance-dependent manner.

To determine an average absorption coefficient u, at 635 nm for the tissue volume
surrounding the CDF-pair in the clinical case, the integral transmitted treatment light
intensity It obtained from the spectral measurements is compared to I theo(Ha,1s”) (see
Equation (6)). During this comparison, the absorption coefficient n, in Equation (6) is
adjusted, and the reduced scattering coefficient s’ is kept constant at 2 mm~! [6]. The
distance values r;j inserted in Equations (5) and (6) were calculated using the coordinates of
the active CDF-sections defined in the treatment plan. These coordinates further define the
coordinates of the emitter and detector points of each CDF-pair. From these calculations,
the minimum distance was derived as a distance classifier for each CDF-pair, as the CDFs
often cannot be placed perfectly in parallel to each other. For each CDF-pair, a lookup table
of intensity values I} j0(Ha) according to Equation. (6) was calculated for a set of p, values
from 0.0001 to 0.75 mm~! with a resolution of 0.0001 mm~!. The y, value leading to the
best match between the calculated intensity I; ¢eo(Ha) and the intraoperatively measured
intensity I; was selected and defined as the representative absorption coefficient for the
tissue volume surrounding the specified CDF-pair.

For CDF-pairs with no transmission (transmitted treatment light intensity below
detection threshold) pre or post iPDT, the minimally needed p, to obtain a signal intensity
equal to the detection threshold was determined, using the same procedure. From the p,
values obtained from the pre and post iPDT spectra, the difference Ap, induced during the
iPDT illumination was calculated. For iPDT case #1, Ap, was calculated based on Rpre/posts
but not the two 1, values themselves, because an individual optical filter was used, which
was different from the filter used for the SOM procedure in all other iPDT cases, so the
predetermined P, value was not suitable.

In addition, forward calculations were performed with Equation (6) to examine the
influence of different blood volume fractions (bvf) and hemoglobin species in tumor tissue
on I;. As blood is the main absorber in tissue at 635 nm [35], the p, values inserted into
Equation (6) were set to those of the respective hemoglobin species multiplied with the
assumed bvf, while the absorption of all other tissue constituents was assumed to be
neglectable. The following absorption coefficients at 635 nm were used for the different
pure hemoglobin species: HbOy: i1, = 0.2477 mm~!; Hb: p, = 2.1149 mm~! and MetHb:
Ha = 8.1073 mm~! [20,36]. The average oxygen saturation of normal capillary blood is
assumed to be 85% [37]. Therefore, a mixture of 85% HbO, and 15% Hb is used in the
calculations for this case. To sum up, this resulted in the following absorption coefficients
of the tissue per % bvf: 0.0053 mm~!/% for capillary blood, 0.0211 mm~!/% bvf for Hb,
and 0.0811 mm~!/% bvf for MetHb.



Cancers 2022, 14, 120

7 of 22

2.4. CT and MRI-Protocol

A contrast-enhanced CT was acquired for treatment planning after the induction of
anesthesia and assembly of the stereotactic frame. MR images were acquired within 14 days
before iPDT for treatment planning and on the day after iPDT for treatment assessment
(median: 22 h after the end of therapy; range: 15-29 h). Pre- and postoperative MRI was
performed with a GE SIGNA HDxt 3T scanner (GE Healthcare, General Electric, Chicago,
IL, USA). T1-weighted sequences (Repetition time TR = 6.5 ms; Echo time TE = 3.15 ms)
were recorded before (3D; resolution 0.4297 x 0.4297 x 3.5 mm?) and after (3D; resolution
0.4297 x 0.4297 x 0.7 mm?) administration of a Gadolinium-based contrast agent (GBCA).

2.5. MRI Analysis

By affine transformation using mutual information, MR images were co-registered
with the CT scan in the stereotactic frame [38]. For this purpose, all images were resam-
pled to the lowest image resolution (0.4297 x 0.4297 x 0.5 mm?) via 3D extrapolation.
The resampling and automatic co-registration of the MR and CT images were performed
using Advanced Normalization Tools (ANTs; version 2.3.2, University of Pennsylvania,
Philadelphia, PA, USA, University of Virginia, Charlottesville, VA, USA and University of
Iowa, Iowa City, IA, USA) [39]. The co-registration was visually verified and, if necessary,
adjusted manually using ITK-Snap (version 3.8, University of Pennsylvania, Philadel-
phia, USA) [40]. The tumor volume was defined in the pre-therapeutic contrast-enhanced
T1-weighted MR images. The T1 hyperintensity structure was segmented in the post-
therapeutic non—contrast enhanced T1-weighted MRIL T1 hyperintensity structures were
defined as regions where the intensity was higher than in the directly surrounding tissue in
the post-therapeutic dataset but not in the pre-therapeutic dataset. The segmentation of all
structures was performed manually and was independently reviewed by two medical doc-
tors (5.Q., neurosurgeon with more than 5 years experience; and B.E-W., neuroradiologist
with more than 15 years of post-fellowship experience in interpreting MRI). To characterize
the spatial relation of the tumor volume (Vt) and the intrinsic T1 hyperintensity (Vhyp)
structures, the Dice similarity coefficient (DSC, Equation (7)), and the Jaccard similarity
coefficient (JSC, Equation (8)), as well as the overlap volume (OV, Equation (9)), were
calculated [41-44]).

2 |\VrNVy
DSC = ‘ yp‘ @)
V| + ’Vhyp‘
VrNVy
JSC = i ®)
VU Viyp
Vi Vi
oV = ki )
min<|VT|, Vhyp’)

A DSC or JSC value of 1 indicates identical volumes in shape, localization, and size.
An OV of 1 indicates that the smaller volume is fully included in the larger volume. DSC,
JSC, and OV values of 0 all indicate disjunct volumes without any overlap. In addition to
the overlap parameters, the volume ratios Vi, /Vr and (V1 N Vyyp)/ V were calculated.

For the intrinsic T1 hyperintensity analysis, a normalized value of the MRI signal
intensity within the intrinsic T1 hyperintensity region (I1) is calculated. It; provides at
least a rough estimate of the degree of T1 hyperintensity. It further considers different gain
settings of the images, allowing comparability between the different iPDT cases.

I
Ity = % (10)
WM
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According to Equation (10), Iq is defined as the ratio of the mean image intensity
within the intrinsic T1 hyperintensity ( It1) and the mean image intensity of white matter
regions (Iwy). For this purpose, seven isotropic spheres (diameter 8 mm) containing only
white matter were drawn in the brain hemisphere unaffected by the tumor, and their
overall mean image intensity was calculated. In this calculation, background intensity was
neglected, as it was less than 1% of the image intensity.

2.6. Overlap Calculation between T1 Hyperintensity and CDF-Pairs

For further assessment of the obtained MRI and SOM results, the spatial relation
between intrinsic T1 hyperintensity and the positions of the CDFs placed in the tumor was
examined. To determine whether the T1 hyperintensity is located between a CDF-pair and
how much it may have affected the light transmission, a 3D volume of simple geometrical
shape (see Figure 2) was defined around the active sections of each CDF-pair. That volume
roughly represents the region in which most light propagation occurs from one to the
other CDEF. This “light transmission zone” is a volume with standardized shape which was
intersected with the intrinsic T1 hyperintensity, as shown in Figure 2. For the positional
analysis, the coordinates of the stereotactic CDF trajectory were transformed to CT image
coordinates, using a linear coordinate transformation, and the image coordinates of the
active CDF-section along the trajectory were determined. Based on these coordinates,
the predominant light transmission zone surrounding a CDF-pair was defined by fluence
calculations between two parallel line sources placed at a 10 mm distance. Assuming tumor-
like tissue optical properties (pa = 0.02 mm !, g’ =2mm~! [6]), Equations (5) and (6) were
used to determine the two light fluence rates that would be generated in every voxel (size
0.1 x 0.1 x 0.1 mm?3) of a large discretized volume surrounding the CDF-pair if one or the
other active CDF-section would emit light, respectively. By multiplication of these fluence
rates (Equation (11)), an estimate measure for the contribution of a voxel with coordinates
(x,y,2) to the treatment light transmission signal expected for this CDF-pair is obtained.

Lioxel(x,y,2) ~ ®1(x,y,2) - Pa(X,y,2) (11)

Il =ctive CDm
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Figure 2. Visualization of the intersection between the light transmission zone (red) of the active
cylindrical diffuser fiber (CDF) sections of one CDF-pair (black) and the intrinsic T1 hyperintensity
volume (blue).
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Using this estimation, the light transmission zone was defined by combining the
voxels with the strongest contributions, up to a total contribution of 2/3 (67%) compared to
the sum over all voxels. The size of this combined volume corresponds to a convex hull
surrounding two capsules of radius 2.1 mm constructed around the two active sections
of the CDF-pair. The definition of the light transmission zone was standardized in this
way for all CDF-pairs, i.e., by the construction of capsule-shaped volumes with radius
2.1 mm around the active CDF-sections and the subsequent construction of the convex
hull around these two capsule-shaped volumes. For the 3D analysis, the capsule-shaped
volumes are built up employing a computer aided design program (FreeCAD version
0.18.16117 © Juergen Riegel, Werner Mayer, Yorik van Havre 2001-2019), and the convex
hull around them is computed automatically with Matlab R2018b (MathWorks Inc., Natick,
MA, USA) during the intersection process. For the positional analysis of the volumes
illustrated in Figure 2, the T1 hyperintensity volume was transformed into a tetrahedral
mesh with an average tetrahedron size of 0.02 mm? (min: 0.0004 mm?3, max: 0.06 mm3)
using a mesh tool based on the computational geometry algorithms library (CGAL) [45].
For each tetrahedron, it was checked whether it was within the light transmission zone
of a CDF-pair, and the overlap volume was determined by summing those tetrahedron
volumes. In case of a non-zero overlap volume, the CDF-pair was regarded as affected by
T1 hyperintensity.

2.7. Data Evaluation and Statistics

Descriptive p-values were calculated using the Mann—-Whitney U test and the two-
sided Spearman test (alpha = 0.05; power = 0.8). Statistical comparisons were performed
using IBM SPSS Statistics for Windows, version 25 (IBM Corp., Armonk, NY, USA). Mathe-
matical calculations and data fitting procedures were implemented in MATLAB R2018b
(MathWorks Inc., Natick, MA, USA). The 3D visualizations and further 3D analysis were
completed using Paraview version 5.6.0 (Kitware, Inc., Clifton Park, NY, USA, [46]).

3. Results
3.1. T1 Hyperintensity in Early Postoperative MRI and 3D Superimposition

Intrinsic T1 hyperintensity was visible in early postoperative MRI (median: 22 h
after the end of therapy; range: 15-29 h) after iPDT. The calculated geometric and overlay
measures of the tumor volume (Vt) and the intrinsic T1 hyperintensity volume (Vhyp)
are listed in Table 2. While the median T1 hyperintensity volume (Vyy,,) was 790.1 mm?,
there was one case with Vi, less than 100 mm? and two cases with Viyp larger than
1500 mm?3. The maximum diameter of the intrinsic T1 hyperintensity ranged between
3 mm and 19.1 mm (median: 8.45 mm). The comparison between Vy},y,, and the tumor
volume Vt based on Vyy, / V1 shows that in 7/12 patients, the intrinsic T1 hyperintensity
volume after treatment was larger than 5% of the tumor volume. In only three cases was it
larger than 30%. With regard to (Vyp N V1)/ V7, in only 5/12 cases more than 5% (max
28%) of the tumor volume was covered by T1 hyperintensity. In 11/12 cases Vg, was
smaller than V so that OV = (Vpyp, N V1)/Vyyp. Thereof, in 7/11 cases, at least 60% of the
intrinsic T1 hyperintensity are localized within the tumor (median: 0.61). In 3/12 cases,
the volume of intrinsic T1 hyperintensity was almost completely located within the tumor
volume (OV > 0.90). This is demonstrated in Figure 3, showing in the upper panel the
T1-weighted MR images and segmentations for case #9 with the largest overlap, OV = 0.99.
The 3D superimposition shows that the intrinsic T1 hyperintensity region (blue) is almost
completely located within the contrast enhancing tumor region (red) and crossing one
of the CDF sections (black). In the lower panel of Figure 3, case #10 with the smallest
overlap, OV = 0.02, is shown. Here, the 3D superimposition shows that the intrinsic T1
hyperintensity volume is located almost entirely outside the segmented tumor volume, but
next to two CDFs.
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Table 2. Tumor volume (Vr) and properties of the intrinsic T1 hyperintensity volume (V) of the
different iPDT cases and the calculated Overlap (OV), Dice (DSC), and Jaccard (JSC).

iPDT Case Vr Vhyp ~ Max. Diameter Vi, Iy AL VigtMt OV DSC  JSC
(mm?) (mm?) (mm) a.u. (%) a.u. a.u. a.u. a.u.

1 1382 50 4.6 0.67 37 0.02 0.42 0.03 0.02

2 8574 3928 19.1 1.45 45.8 0.28 0.62 0.39 0.24

3 1955 544 9.6 0.80 27.8 0.01 0.03 0.01 0.01

4a 2269 1740 12.0 0.56 76.7 0.22 0.29 0.25 0.14
4b 537 978 15.0 0.91 182.1 0.03 0.03 0.02 0.01

5 4079 137 4.5 0.59 34 0.02 0.66 0.04 0.02

6 6920 152 44 0.71 22 0.02 0.96 0.04 0.02

7 11,020 361 3.0 0.73 33 0.03 0.94 0.06 0.03

8 13,650 1374 10.0 0.81 10.1 0.08 0.79 0.14 0.08

9 7176 115 5.1 0.73 1.6 0.02 0.99 0.03 0.02

10 15,340 1065 13.1 1.19 6.9 0.00 0.02 0.00 0.00

11 3990 603 7.3 0.74 15.1 0.09 0.60 0.16 0.09
median 6064 790 8.45 0.74 12.8 0.05 0.61 0.09 0.05

CE-T1 pre iPDT NCE-T1 post iPDT Segmentation

Figure 3. Two examples of MRI and 3D superimposition visualization, showing: contrast-enhanced
T1-weighted MRI before iPDT (CE-T1 pre iPDT); non-contrast-enhanced T1-weighted MRI after iPDT
(NCE-T1 post iPDT); segmentation of the tumor volume (red) and intrinsic T1 hyperintensity (blue)
based on the CE-T1 pre iPDT and NCE-T1 post iPDT images; and 3D superimposition of tumor
volume (red), intrinsic T1-hyperintensity volume (blue), and planned localization of irradiating tips
of cylindrical diffuser fibers (black). The upper panel shows iPDT case #9 with the largest overlap
coefficient (OV = 0.99); the lower panel iPDT case #10 with smallest overlap coefficient (OV = 0.02).

In total, 5/11 patients had an OV < 0.5, but the volume of intrinsic T1 hyperintensity
was still located in close proximity to the contrast-enhancing tumor region. DSC and JSC
show the positional agreement between tumor and T1 hyperintensity to be 0.39 or 0.24 at
most, respectively (median: 0.09/0.05). A higher OV than DSC or JSC further indicates
the high volume differences between V1 and Vyy,, Further comparison of the intrinsic
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T1 hyperintensity and the position of CDF-pairs demonstrated that 298/392 CDF-pairs
(76%) had a local intrinsic T1 hyperintensity involvement within the light transmission
zone surrounding the CDF-pair. The residual 94/392 CDF-pairs (24%) showed no local
intrinsic T1 hyperintensity involvement. Of all CDF-pairs, 108/392 (27.6%, or 36.2% of
all 298 CDF-pairs with T1 hyperintensity) had >5% T1 hyperintensity volume in the light
transmission zone surrounding the CDF-pairs.

3.2. Effects of Different Blood Volume Fractions on Laser Light Transmission at 635 nm

As intrinsic T1 hyperintensity in early postoperative MRI may be associated with
blood degradation products, theoretical calculations were made to illustrate the effects of
increasing blood volume fraction (bvf) and different hemoglobin species on the detected
light intensities. The results shown in Figure 4 represent the calculated dependency of the
treatment light transmission on the interfiber distance between two parallel CDFs with
20 mm diffuser length. The shown intensity values are normalized to the intensity in
tumor tissue with optical parameters y,= 0.02 mm~!; y, = 2 mm~! (bvf = 3.8%, red solid
line) at 10 mm interfiber distance indicated by a red circle in Figure 4. These values are
compared to the detection threshold of the SOM setup obtained from the intraoperative
data marked by a horizontal dashed line. A slightly increased bvf (7.5% or 15%, cyan
curves), potentially induced by a hemorrhage, would reduce the signal intensity. However,
transmitted laser light would still be detectable at interfiber distances up to at least 17 mm.
In case the bvf increases further, e.g., if a hemorrhage is induced during fiber placement
before iPDT illumination, the absorption increases further and leads to a steeper signal
decay (brown dashed curve). According to the calculations and assumptions, a bvf of at
least 40% accounts for absorption, making it impossible to detect a transmitted light signal
for interfiber distances larger than 10 mm (brown square). In addition to changes in bvf,
spectral changes of the absorbing molecules may occur. For example, with ongoing iPDT
and deoxygenation of the blood, Hb might become the relevant absorber. With Hb as the
absorber, the effect of the increase on 1, would rise by a factor of four, resulting in a further
reduction of transmitted light intensity, as shown by the dark blue lines (Hb = 7.5%/15%).
A fraction of about 10% Hb would have a similar effect as a hemorrhage with 40% bvf. The
occurrence of methemoglobin would lead to a further drastic reduction of signal intensity
(violet curves). A MetHDb fraction of 15% in tissue (it (15% MetHb) = 1.2 mm~!) would
lead to a complete loss of detectable laser light for CDF separations larger than 4 mm (violet
dashed curve). Calculations show that 1% bvf of MetHb would lead to an absorption of
ta ~ 0.08 mm ™!, which is four times higher than the preset ‘normal’ tumor absorption of
Ha = 0.02 mm~! with a bvf of 3.8%. Thus two different changes must be considered for
interpretation of measured SOM data: changes in the bvf and changes in the absorption
spectrum due to photo-induced molecular processes.
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Figure 4. Calculation of transmitted light intensity at 635 nm between cylindrical diffuser fibers
(CDFs) with a 2 cm diffuser length, and its dependency on the interfiber distances for different blood
volume fractions (bvf) and hemoglobin species. Blood is approximated to contain 85% HbO, and
15% Hb. Transmitted light intensities are normalized to tumor (p, = 0.02 mm~!, ps’ =2 mm™1) at
10 mm interfiber distance (red circle). The legend shows the different blood volume fractions of
hemoglobin species and the resulting p, assumed for the calculation with 15" set constant to 2 mm .
The horizontal dashed line at 1.9 x 10~* shows the estimated detection threshold of the iPDT SOM
setup. The red square indicates that in case of a tumor with 11.4% bvf the detection threshold is
reached at an interfiber distance of 19 mm. The brown square shows that for 40% bvf the detection
threshold is already reached at an interfiber distance of 10 mm.

3.3. Intraoperative Transmission Intensity Change and Its Comparison to Intrinsic T1
Hyperintensity

Intraoperative SOM data were acquired for 160 CDF-pairs. For 132/160 CDF-pairs,
the interfiber distance was less or equal to 19 mm, the distance at which a signal should
be detectable even with the highest absorption measured for undisturbed “brain adjacent
tumor” tissue (i, = 0.06 mm~!, red square in Figure 4) [47]. Table 3 shows the numbers
of CDF-pairs with detectable transmitted laser light and PpIX fluorescence pre and post
iPDT and with or without local intrinsic T1 hyperintensity in the light transmission zone
surrounding a CDF-pair. As CDF-pairs with interfiber distances larger than 19 mm may
have no or very low laser light transmission even at ‘normal’ optical tissue properties, only
CDF-pairs with interfiber distances <19 mm were included in the statistical evaluations
(132/160). Of these 132 CDEF-pairs, 17 showed no detectable laser light transmission at
iPDT start. The 17 CDF-pairs divide into 14 cases with and 3 cases without local intrinsic T1
hyperintensity in early postoperative MRI, with a significantly higher number of those with
local intrinsic T1 hyperintensity (p = 0.008). After iPDT, additional 25 CDF-pairs (increase
from 39 to 64) had no detectable laser light transmission, which includes additional 20 CDEF-
pairs with interfiber distance <19 mm (increase from 17 to 37). Thereof 1 CDF-pair had no
local intrinsic T1 hyperintensity, and 19 had local intrinsic T1 hyperintensity involvement.
When considering CDF-pairs with interfiber distance <19 mm, PpIX fluorescence could
be measured for 95/115 CDF-pairs pre iPDT, of which 72/95 had a local intrinsic T1
hyperintensity. After iPDT, residual PpIX fluorescence was observed in neither iPDT case
nor for any CDF-pair. Two iPDT cases (#6 and #11) unite 19/20 (95%) of all CDF-pairs
without detectable PpIX fluorescence pre-iPDT, corresponding to all CDF-pairs of these
two cases. In Figure 5a, the calculated intra-operative pre versus post iPDT treatment light
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transmission ratio Rpre/post 1S plotted against the interfiber distance. The data are grouped
by CDEF-pairs with local intrinsic T1 hyperintensity involvement (red and black symbols)
and those without (blue and cyan symbols). Ryre/post Values larger than 50 were observed
only for CDF-pairs with detectable laser light transmission signal before but not after iPDT
and with local intrinsic T1 hyperintensity in early postoperative MRI (black symbols). In
total, 9/160 (6%) CDF-pairs had a Rpre/post sSmaller than 0.8 (increase of I > 20%; maximum
error of Rpre/post is 20%). For 98/160 CDF-pairs, Rpre/post was larger than 1.20 (decrease of
It > 20%). The comparison of CDF-pairs with detectable transmission pre iPDT in Figure 5b
shows that the ratio Rpre/post is larger for CDF-pairs with local intrinsic T1 hyperintensity
than for those without (median/interquartile range: 4.5/[2.3, 13.3] versus 2.3/[1.2, 4.1],
p =0.001).

Table 3. Overview of evaluated CDF-pairs and observed detectability of treatment light transmis-
sion intensity (transmission) or PpIX fluorescence signal before (pre iPDT) and after (post iPDT)
conducted iPDTs.

Number of CDF-Pairs Total Transmission Detectable Fluorescence Detectable
Pre iPDT Post iPDT Pre iPDT Post iPDT
yes no yes no yes no yes no
All interfiber distances 160 121 39 96 64 114 46 0 160
Interfiber distance <19 mm ! 132 115 17 95 37 952 202 0 1152
local intrinsicv%]it}ﬁyperintensity 102 88 14 69 33 722 162 0 882
Without 30 27 3 26 4 232 42 0 272

local intrinsic T1 hyperintensity

[a.u.]

pre/post

R

100
50

-
L

=

1 Only CDF-pairs with interfiber distance <19 mm were included in statistical evaluations to avoid bias by spectra
with undetectable transmission at “normal” optical tissue properties (i, < 0.06 mm~1). 2 Transmission signal
detectable pre iPDT (in total 115 CDF-pairs).
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Figure 5. (a) Transmission ratios Rpre /post for all CDF-pairs compared to interfiber distance. The colors
and symbols indicate whether transmission was detectable post iPDT and whether T1 hyperintensity
was observed (see legend). Crosses near the x-axis indicate CDF-pairs with no detectable treatment
light transmission at iPDT start, for which Rpre/post is defined as 0. (b) Comparison of CDF-pairs
with and without local intrinsic T1 hyperintensity, considering only CDF-pairs with detectable
transmission pre iPDT and interfiber distance <19 mm.

The average i, of the tissue between two CDFs, calculated from the SOM measure-
ments pre iPDT, are shown in Figure 6 as a function of the interfiber distance. The median
U, pre iPDT determined from all SOM measurements with detectable transmission signals
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(blue and red symbols) was 0.068 mm ! (interquartile range: [0.045, 0.093]). There was no
significant difference between the i, values for CDF-pairs with and without intrinsic T1
hyperintensity (red versus blue symbols): 0.069 mm~! vs. 0.070 mm~!; p = 0.37.
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Figure 6. Calculated p, values before start of iPDT compared to interfiber distance. The colors
and symbols indicate whether transmission was detectable pre iPDT and whether intrinsic T1
hyperintensity was observed (see legend). The dashed line represents the mean detection threshold
of the SOM setup.

The calculation of Ap, showed (see Figure 7a) that only for CDF-pairs with local
intrinsic T1 hyperintensity involvement (red, black), a A, greater than 0.054 mm ! was
observed. A decrease in p, was seen for 12 CDF-pairs. Of these, 8 had local intrinsic T1 hy-
perintensity involvement. Considering only CDF-pairs with an interfiber distance <19 mm,
Ap, was higher when intrinsic local T1 hyperintensity was observed (median/interquartile
range in mm ! 0.025/[0.012, 0.052] versus 0.0134/[0.0022, 0.030], p = 0.003, Figure 7b).
CDF-pairs with no detectable treatment light transmission at iPDT start were not consid-
ered, as no Ay, could be calculated.

'i no T1 hyp.; with trar;smission post iPDT
no T1 hyp.; no transmission post iPDT 0.35 »
* # with T1 hyp.; with transmission post iPDT
1 with T1 hyp.; no transmission post iPDT — 0.3
—median (no T1 hyp.) = 0.0134 -+ 0.0192 b3
dian (with T1 hyp.)= 0.0246 + 0.0478 E 0.25 p =0.003
2 02f '
o
D- L]
0.15
3 ! .
P 5 041 T
—3 + T N —_—
—— 5 0.05 7 |—|—|
% [ | K |
s ] = = L
no T1 hyp. with T1 hyp.
5 10 15 20 25 n =27 n =88
interfiber distance [mm]
(a) (b)

Figure 7. (a) Calculated Ap, dependent on the interfiber distance between CDF-pairs. Colors
indicate whether transmission was detectable post iPDT and whether intrinsic T1 hyperintensity was
observed (see legend). For better visibility, the data point at (6.06 10.35) is omitted. (b) Comparison
of Ap, of CDF-pairs with and without local intrinsic T1 hyperintensity, considering only pairs with
transmission pre iPDT and interfiber distance < 19 mm.
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3.4. Comparing Intrinsic T1 Hyperintensity Strength

The signal intensity of the intrinsic T1 hyperintensity and the degree of overlap be-
tween intrinsic T1 hyperintensity and light transmission zone were evaluated to investigate
whether a stronger involvement of T1 hyperintensity for a given CDF-pair leads to a
stronger influence on the observed absorption change Ay,. For this purpose, the fraction of
T1 hyperintensity within the light transmission zone between a CDF-pair was multiplied by
It1. The resulting T1 hyperintensity strength was compared to Ay, in Figure 8, separately
for each CDF-pair and with respect to detectable laser light transmission at the end of iPDT.
The linear two-sided Spearman regression (R? = 0.66, p < 0.001, N = 115) indicates that for
higher Ay, values, a higher intrinsic T1 hyperintensity strength can be expected in the light
transmission zone. From CDF-pairs without local intrinsic T1 hyperintensity (blue and
cyan symbols, T1 hyperintensity strength = 0), the degree of T1 hyperintensity strength
that leads to a significant increase in A, can be deduced. According to Figure 8, a T1
hyperintensity strength of approximately 0.20 leads to an average A, of 0.05 mm ™.

f ¢ no T1 hyperintensity
no T1 hyperintensity; no transmission post iPDT
¢ with T1 hyperintensity
'g' 0.15 I with T1 hyperintensity; no transmission post iPDT
g * ——Regression line; R® = 0.66 %
=
8 - : //
I 0.05 s $ — i
5 ¢ )
< 3y § td : !
< 1 $ $
T
-0.05
0 0.1 0.2 0.3 0.4 0.5 0.6

T1 hyperintensity strength

Figure 8. Hyperintensity strength in the light propagation volume surrounding CDF-pairs, with
the calculated regression line obtained by the Spearman test. For better visibility, the data point at
(0.0510.35) is not shown. The colors and symbols indicate whether transmission was detectable post
iPDT and whether intrinsic T1 hyperintensity was observed (see legend).

3.5. Analysis of PpIX Fluorescence

Analyzing Ap, in relation to the occurrence of PpIX fluorescence between a CDF-
pair showed, for the 20 CDF-pairs without local fluorescence before iPDT, that either an
increase (11/20) or a decrease (9/20) in u, could be observed (Ap, range: —0.021 mm~! to
0.125mm™1). A Ay, < —0.005 mm ™ only occurred for CDF-pairs with no PpIX fluorescence
before iPDT. Overall, for CDF-pairs without detectable fluorescence, the median Ay, is
more than 2.7 times smaller compared to CDF-pairs with detectable fluorescence before
iPDT. This indicates a possible relationship between higher Ap, and the occurrence of
fluorescence, but the difference is not statistically significant (0.0098 mm~1 vs. 0.0265 mm~!,
p =0.063). Only CDF-pairs with detectable PpIX fluorescence had intrinsic T1 hyperintensity
strengths larger than 0.14.
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4. Discussion

Analyzing intraoperative SOM measurements from patients receiving iPDT for high
grade glioma, a decrease in transmitted treatment light related to an increase in tissue
absorption for 85% of the evaluated CDF-pairs could be observed for the treatment wave-
length of 635 nm. On postoperative MRI, areas with intrinsic T1 hyperintensity in the
treatment area were identified and analyzed with respect to their location relative to the
iPDT treatment volume. A stronger increase in 1, correlates significantly with the occur-
rence of intrinsic T1 hyperintensity in the light transmission zone surrounding a CDF-pair.
No correlation between tissue absorption at iPDT start and intrinsic T1 hyperintensity in
early postoperative MRI was observed. Further SOM analysis demonstrated a tendency
towards higher Ap, related to if PpIX fluorescence was observed between a CDF-pair.

Intercranial intrinsic T1 hyperintensity may be caused by different substances, in-
cluding MetHb, melanin, lipids, proteins, minerals, and others [48]. MetHb is a blood
degradation product that could be procedure-related, produced with a potentially acceler-
ated conversion due to iPDT [49].

High-grade gliomas form an especially pronounced capillary system with thinner
vessel walls than normal blood vessels [50]. Silent, asymptomatic hemorrhages are reported
in 20-60% of biopsies [51,52], albeit before MRI was readily available for trajectory planning.
A small proportion of these silent hemorrhages were distant from the biopsy location itself
and, therefore, described as trajectory-related. The occurrence of trajectory-related hemor-
rhages was confirmed by Casanova et al. [53,54], who even described injuries occurring at
some distance from the trajectory. The diameters of intrinsic T1 hyperintensities found in
the case of this study (3 mm to 19 mm) were of similar size to that of the silent hemorrhages
found for biopsies (diameters < 5 mm to 40 mm) [51,52]. Clinically silent hemorrhages may
have been treatment-related during iPDT and become visible as intrinsic T1 hyperintensity
in early postoperative T1-weighted MRI due to the accelerated conversion of Hb species to
MetHb by iPDT illumination. This accelerated conversion would be well consistent with
findings in liquid tissue phantoms [23].

Some intrinsic T1 hyperintensity was found in every post iPDT non-enhanced T1-
weighted sequence analyzed in the presented cohort. In most iPDT cases, either the overlap
(OV) of the intrinsic T1 hyperintensity with the tumor volume was high (above median),
or the volume of intrinsic T1 hyperintensity was very small (below median). Therefore,
the observed T1 hyperintensity was mainly confined within the tumor volume or directly
adjacent to the contrast enhancing tumor margin. Unfortunately, the contrast enhancement
in MRI does not fully represent the actual tumor volume, as contrast enhancement is mainly
related to the breakdown of the blood brain barrier but does not cover the infiltration
zone [44,55]. It is known that FET-PET allows better visualization of the metabolically
active tumor, and, in most cases, high-grade gliomas show a larger volume in FET-PET
imaging compared to MRI [56]. This is consistent with reports stating that PpIX is also
accumulated in the diffuse infiltration zone or peritumoral zone with metabolically active
tumor cells [31,57]. To take into account that MRI does not display the full tumor volume,
the iPDT treatment planning is carried out in such a way that the PDT effect is extended
into the PpIX-accumulating infiltration zone. For this purpose, the peripheral CDFs are
placed within the contrast-enhanced tumor volume but close to the tumor margin. Taking
both aspects into account, it can be assumed that the OV coefficients between the T1
hyperintensity volume and the real tumor volume, including the infiltration zone not
visible in contrast-enhanced MRI, are larger than those OV coefficients calculated only
based on the contrast-enhanced MRI. Thus, it can be concluded that all T1 hyperintensity
volumes observed in this work are located within the full tumor volume, including the
infiltration zone, and within the intended iPDT treatment volume. A notable exception
was iPDT case #4, which was treated twice. In the second treatment, case #4b, a four-fold
smaller tumor volume was targeted compared to the first treatment. About 2/3 of the
intrinsic T1 hyperintensity volume recorded after the second iPDT overlapped with the
tumor volume treated in the first iPDT session. In this case, the formation of an additional
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fraction of MetHb or another intrinsically T1 hyperintense substrate between the two iPDT
sessions can be assumed.

The occurrence of a hemorrhage may by itself immediately cause an absorption
increase due to the increased bvf in the tissue. However, as observed in the results, this
would probably not lead to a complete loss of transmission between some CDF-pairs. In
case of a reference interfiber distance of 10 mm, capillary blood would need to occupy 40%
of the tissue volume to reduce the light transmission to below the detection limit. As a
further effect, spectral changes due to potentially photo-induced molecular changes must
be taken into account. If oxygen consumption by the iPDT procedure led to the formation
of deoxygenated hemoglobin, a bvf of about 10% would be sufficient for a total loss of
transmission. The formation of MetHb would further increase the absorption coefficient at
an iPDT treatment wavelength of 635 nm, and even small bvf would have a severe effect on
transmission. Deoxygenation of blood is well consistent with previous findings on liquid
phantoms [23]. In addition, a directly ROS-induced MetHb formation has indeed been
reported [36,58-60]. PDT-induced hemoglobin deoxygenation may be the probable cause
in all instances, where a high increase in tissue absorption was observed, and ROS-induced
MetHb-formation can also not be excluded.

By calculating the intrinsic T1 hyperintensity strength, better quantification of the local
T1 hyperintensity volume’s influence on the light propagation between a CDF-pair should
be achieved to correlate it with a potentially iPDT-induced absorption change. This was
only partly successful, as the conclusion that a strong and large T1 hyperintensity is only
observed when the absorption increase during iPDT was high is not very well-founded
with R? = 0.66. Furthermore, it was observed that the T1 hyperintensity strength was
relatively small between many CDF-pairs, although a high Au, was calculated. With the
observed Ay, being higher than expected if only induced by oxygenated blood, hemoglobin
deoxygenation, or even MetHb production by iPDT have to be considered.

Assuming that CDF insertion leads to an intercranial hemorrhage, this would usually
be followed by a hyperacute stage, during which predominantly HbO, is expected in the
tissue, followed by an acute stage, where Hb is formed within 24—48 h after onset of the
hemorrhage. Only after 2—7 days, intrinsic T1 hyperintensity is usually expected as a
consequence of the MetHb formation [24,61]. Due to oxygen consumption during the iPDT
procedure, hemoglobin deoxygenation may occur more rapidly, and MetHb formation may
be accelerated. Thus, the intrinsic T1 hyperintensity occurring already one day after iPDT
could be explained.

With the observed intrinsic T1 hyperintensity and increase in tissue absorption, possi-
ble detrimental effects on the iPDT efficacy need to be addressed. With increasing tissue
absorption, the initial light dosimetry may become invalid, potentially leading to under-
treatment. While increased absorption leads to decreased light penetration depth, the
implications for the treatment depth are not so clear because photobleaching of PpIXis a
further decisive factor. Due to the high light dose applied, complete photobleaching—and,
thus, induced tissue damage—can be achieved. Indeed, there is no case in the performed
SOM measurements where residual fluorescence was found after iPDT—independent of
CDF separation, pre iPDT absorption, or absorption change. Of course, when there is no
detectable treatment light transmission signal before iPDT, a lack of fluorescence signal
cannot be interpreted as a lack of PpIX. However, in all cases with a detectable treatment
light transmission signal after iPDT, complete PpIX photobleaching could be confirmed.
In the cases with treatment light transmission signal before but without treatment light
transmission signal after iPDT, more detailed time-dependent SOM recordings would be
required to unravel when during the treatment absorption increase and fluorescence de-
crease occurred. Overall, it can be expected that there will be an effective light dose applied
throughout the entire contrast enhanced tumor volume. However, as far as penetration
into the infiltration zone outside the contrast-enhanced tumor volume is concerned, higher
absorption would lead to a smaller necrosis depth.
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The induction of necrosis requires PpIX activation and oxygen consumption for ROS
generation. One may speculate that the estimated absorption increase in tissue should be
higher for CDF-pairs with detectable PpIX fluorescence signal at iPDT start and subsequent
local intrinsic T1 hyperintensity. Indeed a tendency towards a stronger absorption increase
in the tissue for these CDF-pairs could be observed. Furthermore, the results also indicated
that for CDF-pairs with no PpIX fluorescence, the increase in tissue absorption is smaller,
or even a decrease may happen. Undetectable PpIX fluorescence does not necessarily mean
that no PpIX was accumulated in the tumor, as the detected PpIX fluorescence signal de-
pends on the localization of the PpIX relative to the CDF-pair and on tissue inhomogeneities
inducing inhomogeneous optical tissue properties. So, there is the possibility of a sufficient
PpIX amount present in the tumor for iPDT but not causing detectable PpIX fluorescence
pre iPDT.

For the quantitative analysis of optical tissue properties, absolute values of the absorp-
tion coefficient y1, were calculated based on the diffusion approximation of the radiative
transfer equation. Unlike the directly measured treatment light transmission signals, the
computed values for i, are independent of interfiber separation. The applied diffusion ap-
proximation assumes homogeneous optical tissue properties, so the possibility of individual
U, values in different tissue regions is disregarded. Thus, only an averaged p, value could
be computed for the volume surrounding a CDF-pair [33]. This affects the comparability
of the obtained p, values (range: 0.02-0.22 mm ') with optical properties of brain tissue
(white matter, grey matter, glioblastoma) in the literature (range 0.02-0.08 mm 1) [62-64].
Therefore, the obtained results might be overestimated due to the assumption of a constant
s’ =2 mm~!, so differing " values for brain tissue (range 1.0-6.0 mm ') are neglected.

Finally, it must be mentioned that the data amount was limited due to the low number
of iPDT cases. Further data had to be excluded due to sophisticated technical demands
issues for this analysis, e.g., incorrectly measured spectral data or MRI sequences that
were not comparable to the others. In some iPDT cases, SOM was only performed for a
selection of CDF-pairs, to decrease measurement time and, therefore, minimize patient
load. A revised, dedicated iPDT protocol with optimized equipment might allow to speed
up the SOM data acquisition process and increase the available data amount. In addition,
these technical and clinical constraints limit the statistical power of the data. The calculated
p-values, even if they are low, should be carefully interpreted as only indicating tendencies.
To obtain results with stronger significance, future analyses on larger patient collectives are
necessary, ideally using improved automated SOM concepts.

The overall aim of the presented investigation and future work should be to derive
additional information from different monitoring applications (e.g., SOM, MRI, PET) by
combining them and comparing abnormalities to further improve iPDT procedure, both
clinically and technically. This also contributes to gain more detailed insight into the
phototoxic reactions in the target tissue. With enhanced interpretation of the recorded
spectral and MRI data sets, the benefit of the patients suffering from this kind of cancer
with a bad prognosis may be further improved.

5. Conclusions

SOM measurements enable an individual intra-operative assessment of absorption
and fluorescence. With calibrated detectors, known trajectory coordinates, and laser light
powers, one can calculate optical parameters of perfused viable tumor tissue in situ, at
least in the form of mean values, albeit their detailed spatial distribution cannot be derived.
This should lead to a much more reliable database of optical properties of GBM tissue, in
particular for in vivo interventions. If optical parameters in individual patients or locations
should turn out to strongly deviate from the mean values, a personalized irradiation time
might at least partly compensate for this condition.

Frequently, an increase in absorption between measurements before and after iPDT
was observed, which correlated with early postoperative intrinsic T1 hyperintensity in
non-contrast-enhanced T1-weighted MRI data. This may indicate that clinically silent
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hemorrhage was induced during cylindrical diffuser fiber insertion. During iPDT, a ROS-
driven accelerated hemoglobin deoxygenation and conversion to MetHb may then occur
and may impair the irradiation efficacy. However, the fraction of tumor volume affected by
T1 hyperintensity was below 28% in all cases (<10% in most cases). Substantial PDT-related
effects will thus be induced in the tumor region, even in non-ideal situations.

On the basis of these results, additional evaluations and research should allow for
further elucidation on the mechanisms of iPDT-related changes in tissue absorption and
intrinsic T1 hyperintensity.
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