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I Einleitung

I.1 Ischdmischer Schlaganfall
I.1.1 Epidemiologische Kenndaten

Nach Angaben der World Stroke Organization erleiden weltweit jdhrlich 15 Millionen
Menschen einen Schlaganfall. Konkret bedeutet dies, dass jeder sechste Mensch in seinem
Leben von einem Schlaganfall betroffen sein wird.! Dieses Krankheitsbild stellt zudem
weltweit die zweithdufigste Todesursache dar. Der Schlaganfall ist einer der fiihrenden Griinde
fiir Behinderung und frithzeitige Invaliditdt und dadurch ein wesentlicher Kostenfaktor fiir
Gesundheitssysteme.> In Deutschland ereignen sich etwa 200.000 Neuerkrankungen pro Jahr.
Der Schlaganfall ist somit die hdufigste neurologische Erkrankung in der Bundesrepulik
Deutschland.®

I1.1.2 Pathophysiologie des ischdmischen Schlaganfalls

In 87% der Fille liegt ein ischdmischer Schlaganfall vor, der durch lokale arteriosklerotische
Veranderungen (mikro- oder makroangiopathisch) oder durch embolische (thromb- oder
kardioembolisch) Geschehnisse bedingt ist.” Dabei kommt es zu einer regionalen
Minderperfusion und Hypoxie des nachgeschalteten Hirnareals. Neurologisch dufert sich
dieser Defekt als fokal neurologisches Defizit. Das irreversibel geschddigte Hirnparenchym mit
Zelluntergang bildet den Infarktkern, der von einer Zone aus minderversorgtem aber potentiell
rettbarem Gewebe, der sogenannten Penumbra, umgeben ist.® Die Neurone der Penumbra sind
durch den relativen Sauerstoffmangel geschidigt, funktionell jedoch noch intakt.” '
Entscheidend fiir das Outcome nach einem Schlaganfall ist der Erhalt der Vitalitidt der
Penumbra. Erreicht wird dies durch eine frithestmogliche Reperfusionstherapie, die verhindert,
dass sich der Infarktkern auf die minderperfundierte Penumbra ausdehnt.!! Man nimmt an, dass
die Expansion des Infarktkerns proportional zur Anfilligkeit des Gewebes fiir Hypoxie, zum
Schweregrad der Hypoperfusion und zur verstrichenen Zeit nach Einsetzen der Ischimie ist.!?

Mit zeitnaher Reperfusion kann somit die Penumbra vor dem Zerfall bewahrt werden, was

letztendlich zu einem verbesserten neurologischen Outcome fiihrt.!?
I.1.3 Therapie des ischdmischen Schlaganfalls

Zur Thrombolyse stehen zwei verschiedene Verfahren zur Verfligung. Zum einen besteht die
Moglichkeit der systemischen Lyse durch intravendse (i.v.) Applikation des Fibrinolytikums

rekombinanter Gewebeplasminogenaktivator (recombinant tissue plasminogen activator,
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rtPA). Diese Therapieform wurde bereits 1995 eingefiihrt und stellte fiir zwei Jahrzehnte die
einzige kausale Behandlungsmoglichkeit mit bewiesener Wirksamkeit dar. Sie sollte gemif der
aktuellen Leitlinien der Fachgesellschaften innerhalb eines Zeitfensters von 4,5 Stunden nach
Symptombeginn erfolgen.!! Dies hat den Hintergrund, dass eine Zeitverzdgerung iiber dieses
Zeitfenster hinaus nicht nur zu einer Abnahme der Effektivitdt der Lysetherapie sondern auch
zu einem erhdhten Risiko fiir eine sekundire Einblutung in die infarzierte Region fiihrt.'#16
Diese tritt bei bis zu 6,1 % der behandelten Schlaganfallpatienten auf und verschlechtert die

Prognose signifikant.!” Das enge Zeitfenster hat jedoch zur Folge, dass weniger als 10% der

Patienten eine thrombolytische Therapie erhalten.'8

Zum anderen kann, alternativ zur systemischen Lyse, eine kathetergestiitzte endovaskulére
Intervention in Form einer lokalen intraarteriellen Fibrinolyse oder einer mechanischen
Thrombektomie das Outcome von Schlaganfallpatienten mit einem proximalen Verschluss der

' Die mechanische Thrombektomie, insbesondere

hirnversorgenden Arterien verbessern.
mittels eines sogenannten ,,stent retrievers®, hat sich als sicheres und effektives Verfahren zur
Behandlung von Verschliissen groBer Arterien der vorderen Strombahn erwiesen.!”?! Die
endovaskulédre Therapie wird daher von der American Heart Association zu den groften zehn

Forschungserfolgen auf dem Gebiet der kardiovaskuldren Erkrankungen gezihlt.?

Die Erfolgsaussicht einer Reperfusionstherapie steigt, je kiirzer das Zeitfenster zwischen
Symptom- und Therapiebeginn gehalten werden kann. Oftmals ist der Symptombeginn jedoch
nicht eruierbar (insbesondere bei Schlaganfillen, die sich im Schlaf ereignen)®> ?* oder die
Zeitgrenze von 4,5 Stunden bereits iiberschritten. Dies hat zur Folge, dass nur etwa 6% der
Schlaganfallpatienten, die innerhalb von drei Stunden in die Klinik eingeliefert werden, eine
Fibrinolysetherapie erhalten. Die Erweiterung des Zeitfensters von 3 Stunden (festgelegter
Grenzwert bis 2015) auf 4,5 Stunden® fiihrte lediglich zu einer Zunahme der Fibrinolyserate

um 0,5 %.%°

Im Fokus des aktuellen Interesses steht die Frage, ob es Patienten gibt, die stiarker oder auch
iiber das enge Zeitfenster hinaus von einer therapeutischen Intervention profitieren. Da der
wesentliche therapeutische Angriffspunkt der Erhalt der Penumbra ist, wire es denkbar, dass
dies auf Patienten mit einer grolen Penumbra und folglich einem groflen ,,mismatch*
(,,Nichtiibereinstimmen*) zwischen dem gesamten perfusionsgestorten Hirngewebe und dem
Infarktkern zutrifft. Tatséchlich zeigen erste Studien, dass die bildgestiitzte Auswahl von
Patienten mit einer, in Relation zum Infarktkern, groBen Penumbra einen Benefit in der Nutzen-

Risiko-Bewertung eines verlingerten therapeutischen Zeitfensters besitzt.?”> 28
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Sowohl Infarktkern als auch Penumbra kommen unter anderem in der CT-Perfusion (computed

tomography perfusion, CTP) zur Darstellung.?
1.2 CT-Perfusion in der Schlaganfalldiagnostik
[.2.1 Methodische Grundlagen der CT-Perfusion

Die Anfinge der CT-Perfusion (CTP) reichen zuriick bis in das Jahr 1980. Damals
verdffentlichte Leon Axel erste theoretische Uberlegungen zur Bestimmung der
Gewebeperfusion anhand dynamischer, mittels Kontrastmittel gewonnener CT Daten.*’
Zunichst blieb dieses neuartige bildgebende Verfahren auf Forschungsarbeiten beschrinkt, da
hierfiir eine rasche Bildaufnahme und —verarbeitung erforderlich sind. Mit dem Aufkommen
der Mehrschicht-Spiral-CT konnte jedoch die Datenerfassung und —verarbeitung enorm
beschleunigt und somit die Anwendbarkeit der CTP auflerhalb von Studien ermoglicht

werden.3!> 32

Zudem erleichterte die Einfilhrung kommerzieller Softwarepakete zur
Datenakquise und -verarbeitung den Einzug dieser Technik in den klinischen Alltag.
Heutzutage stellt die CTP in den meisten Schlaganfallzentren neben dem Nativ-CT und der CT-
Angiographie einen wesentlichen Bestandteil in der Akutdiagnostik zerebrovaskuldrer

Ereignisse dar.’

Die Theorie der CTP beruht auf dem sogenannten ,,central volume principle®. Die Parameter
CBF (cerebral blood flow; gesamtes Blutvolumen, das in einer bestimmten Zeit durch eine
definierte Parenchymmasse flieBt; ml/(min*100g)), CBV (cerebral blood volume; gesamtes
Blutvolumen innerhalb einer Parenchymmasse; ml/100g) und MTT (mean transit time;
durchschnittliche = Passagezeit des  Kontrastmittelbolus durch ein  bestimmtes
Parenchymvolumen;  Sekunden) stehen dabei im  folgendem Zusammenhang:
CBF =CBV/MTT. Fir die Berechnung der Perfusionsparameter ist die intravendse
Applikation eines iodierten Kontrastmittelbolus notig, dessen initiale Passage durch das
zerebrale Gefdllbett anhand wiederholter Aufnahmen tiber die Zeit verfolgt wird. Aufgrund der
linearen Beziehung zwischen der Kontrastmittelkonzentration und der Abschwéchung der
Rontgenstrahlung konnen Konzentrations-Zeit-Kurven fiir das arterielle Zuflussgefal3 (AIF;
arterial input function), das vendse Abflussgefal (VOF; venous output function) sowie fiir jedes

Pixel des Hirnparenchyms aufgezeichnet werden.?® 3% 33

Dekonvolutions- und Nicht-Dekonvolutions-basierte Modellansidtze nutzen die erhaltenen

Funktionen zur Bestimmung der mittleren Durchflusszeit MTT und des zerebralen



Blutvolumens CBV.?> Aus der oben genannten Gleichung lésst sich letztendlich der zerebrale
Blutfluss CBF bestimmen. Neuere Indizes zur Charakterisierung der Hirnperfusion umfassen
die TTD (time to drain; Dauer des Kontrastmittel-washouts; Sekunden) und die TTP (time to
peak; Zeitintervall zwischen Kontrastmittelinjektion und maximaler

Kontrastmittelkonzentration; Sekunden). Zur  anschaulichen  Darstellung  der

Perfusionsparameter werden zusitzlich farbcodierte Schnittbilder (maps) erzeugt, die die

Grundlage der Routinebefundung bilden (siehe Abbildung).

Schlaganfallbildgebung mittels Ganzhirn CTP und MRT

Représentative Bildbeispiele eines 35-jdhrigen Patienten mit einer globalen Aphasie, einer Hemiparese
rechts und einem sensiblen Neglect bei akuten Infarkt der Arteria cerebri media links. Die Genese ist
am chesten arterio-arteriell embolisch bei Dissektion der A. carotis interna links bedingt. Aufgrund des
unklaren Zeitfensters konnte keine Lysetherapie durchgefiihrt werden.

Dargestellt sind die CTP Sequenzen CBF (cerebral blood flow), CBV (cerebral blood volume), TTD
(time to drain), MTT (mean transit time) und TTP (time to peak) sowiec die
Verlaufskernspintomographie (MRT-DWI, diffusion weighted imaging).

Die initiale CTP Bildgebung zeigt im linken Mediaterritorium einen Unterschied (engl. ,,mismatch®) in
der Ausdehnung des Perfusionsdefizites in den Sequenzen CBF, TTD, MTT, TTP im Vergleich mit der
Sequenz CBV. Der in der Verlaufskernspintomographie zur Darstellung kommende Infarkt umfasst
nicht die maximale Ausdehnung des initialen Perfusionsdefizites, sondern in erster Linie das Areal,
welches sowohl ein Perfusionsdefizit in den Sequenzen CBF, TTD, MTT, TTP als auch in der Sequenz
CBYV aufwies (engl. ,,match).



1.2.2 Darstellung pathophysiologischer Verdnderungen mittels CT-Perfusion

Den hochsten Stellenwert nimmt die CTP in der Diagnostik von ischdmischen Schlaganfillen
ein. Vor Etablierung der CTP und CT-Angiographie in der Akutdiagnostik bei Verdacht auf
einen  Schlaganfall  stand lediglich die  konventionelle  Nativ-CT  (keine
Kontrastmittelapplikation) zur Verfligung. Wihrend die Nativ-CT immer noch ihre
Berechtigung im Ausschluss einer intrakraniellen Blutung hat, ist ihre Verlésslichkeit in der
Erkennung von frilhen ischdmischen Verdnderungen anhand von sogenannten
Infarktfrithzeichen wie dem hyperdensen Mediazeichen, dem Verstreichen des Sulcusreliefs
und der Aufhebung der Mark-Rinden-Grenze vergleichsweise gering.® Die CT-Perfusion
erhoht die Treffsicherheit in der Diagnosestellung eines ischimischen Schlaganfalls deutlich.®’
Zudem liefert die CT-Perfusion zusitzliche Informationen iiber pathophysiologische Aspekte

wie zum Beispiel das grolenméfige Verhiltnis von Infarktkern zu Penumbra.

Pathophysiologisch liegt den Perfusionsverhéltnissen in dem Infarktkern bzw. in der Penumbra
die zerebrovaskuldre Autoregulation zugrunde. Durch die Abnahme des Perfusionsdrucks im
Rahmen eines GefdaBBverschlusses kommt es sowohl im Infarktkern als auch in der Penumbra
zu einer Verldngerung der MTT. Im Gegensatz zum Infarktkern, wo die Autoregulation nicht
mehr funktioniert und das CBV und der CBF abfallen, findet in der Penumbra eine

kompensatorische Vasodilatation statt, die zu einem Erhalt des CBV fiihrt.?

Die Diskrepanz zwischen den Hirnvolumina mit erhaltenem/erhohtem CBV und vermindertem
CBYV bei reduziertem CBF bzw. verlangerter MTT bezeichnet man als ,,mismatch* (siche
Abbildung). Dies spiegelt die Penumbra wider. Im Gegensatz dazu kennzeichnet den
Infarktkern ein Hirnvolumen mit einer Ubereinstimmung, also einem ,match®, der
Perfusionsparameter in Form einer verlingerten MTT, eines reduzierten CBF sowie eines
verminderten CBV. In jiingster Zeit wurde das Spektrum der Perfusionsparameter um die TTD
und TTP erweitert. Wéhrend sich die TTD als sehr sensitiv in der Detektion von
minderperfundierten Arealen erweist, ist die TTP durch ihre Abhéngigkeit von externen
Faktoren wie z. B. extra- und intrakraniellen Stenosen fehlerbelastet.’® ° Patienten mit einer im
Vergleich zum Infarktkern groBen Penumbra scheinen besonders von einer thrombolytischen
Therapie zu profitieren, weswegen die Perfusionsbildgebung eingesetzt wird, um Patienten zu
identifizieren, die von einer Therapie innerhalb eines erweiterten Zeitfensters (fiir die

systemische Lyse innerhalb von sechs Stunden und fiir die mechanische Thrombektomie mehr



als sechs Stunden nach Symptombeginn) profitieren.*! Die bildgestiitzte Patientenselektion

wird bisher jedoch vor allem in klinischen Studien angewendet.

Bisher herrscht in der Literatur keine Einigkeit dariiber, wie die Penumbra bzw. der Infarktkern
anhand der Perfusionsparameter quantitativ erfasst werden soll.*> Diese mangelnde
Standardisierung beruht unter anderem darauf, dass die CT-Perfusion mit unterschiedlichen
Akquisitionsparametern,  verschiedenen Analyse- und Berechnungsmethoden und

unterschiedlichen Softwarepaketen zur Auswertung erfasst wird.

Im klinischen Alltag wird das Ausmal} des ,,mismatches® meist rein visuell beurteilt. Die
softwaregestiitzte Volumetrie der ,,mismatch“-Ausdehnung ist zwar zeitaufwandiger, jedoch

verlisslicher und erreicht eine bessere Reproduzierbarkeit der Ergebnisse *°.

Ein entscheidender Nachteil der CTP war lange Zeit ihre eingeschrinkte Erfassung des
Hirnparenchyms in kraniokaudaler Richtung. Die Standard CTP war typischerweise auf zwei
axiale Schichten auf Hohe der Basalganglien und ein bis zwei Zentimeter dariiber beschréinkt.
Technische Entwicklungen wie die Erhohung der Zahl an Detektorzeilen, das Spiralverfahren
und die sogenannte ,toggling-table*-Technik (hierbei nimmt der Untersuchungstisch
abwechselnd zwei Positionen ein, um die rdumliche Abdeckung zu verdoppeln) ermdglichen
eine Erweiterung der Scanweite auf nahezu das gesamte Gehirnvolumen in der Z-Achse
(kranio-kaudale Ausdehnung)**%°. Somit kann nun auch die hintere Schidelgrube durch die
CTP abgebildet werden. Daten zur diagnostischen Wertigkeit dieser Bildgebungsmodalitét in
der hinteren Strombahn liegen jedoch kaum vor. In einer Fiille von Studien wird die CTP als
verldsslich, akkurat und praktikabel beschrieben. Diese Studien beziehen sich jedoch fast

ausschlieBlich auf supratentorielle Infarkte. 46
1.3 Zielsetzung der vorliegenden Forschungsarbeiten

Im Rahmen der vorliegenden Forschungsarbeiten wurde aus einem Kollektiv von bis zu 1644
Patienten, die im Kontext der akuten Schlaganfallversorgung zwischen dem 29.03.2009 und
dem 12.12.2014 eine multimodale Ganzhirn CT-Untersuchung erhalten hatten, verschiedene

Studienpopulationen gebildet und hinsichtlich unterschiedlicher Fragestellungen analysiert.

1) In einem ersten Projekt wurde die diagnostische Verldsslichkeit der Ganzhirn CT-

Perfusion in der Detektion von akuten infratentoriellen Schlaganféllen evaluiert.
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2) Das Ziel der Folgestudie war, das Auftreten einer zerebelldren Perfusionsédnderung nach
akuten supratentoriellen Infarkten im Rahmen der zerebelliren Diaschisis zu
analysieren.

3) Inder letzten Studie wurde untersucht, welche Determinanten das Ausmal} des initialen
,;mismatches® in der CTP bestimmen.
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IT Originalarbeiten

II.1 Diagnostische Verldsslichkeit der Ganzhirn CT-Perfusion in der Detektion von

akuten infratentoriellen Schlaganfillen

Ziel der Fall-Kontroll-Studie war es, die Sensitivitdt und Spezifitit der CTP fiir infratentorielle
Infarkte zu ermitteln. Aus einem Kollektiv von 1380 Patienten, die im Rahmen der akuten
Schlaganfallversorgung eine multimodale CT Bildgebung erhalten hatten, wurden retrospektiv
70 Fille mit einer (durch MRT bestdtigten) infratentoriellen ischdmischen Lésion identifiziert
und Kontrollen ohne Infarkt im hinteren Stromgebiet gegeniibergestellt. Die entsprechenden
Perfusionsmaps wurden von zwei unabhédngigen, verblindeten Befundern hinsichtlich dem

Vorhandensein und der Lokalisation eines ischdmischen Infarkts ausgewertet.

Allgemein erzielte die CTP anhand der gewonnenen Ergebnisse eine Sensitivitdt von 41,4 %
und eine Spezifitdt von 93,3 % in der Diagnose infratentorieller Infarkte. Die Parameter MTT
und TTD erwiesen sich dabei als am sensitivsten und der Parameter CBV als am spezifischsten.
Entscheidenden Einfluss auf die korrekte Befundung hatte die GroBe des Infarktes, wobei
kleine Infarkte mit einem Durchmesser unter 19mm nur in ca. 20% der Félle korrekt
identifiziert wurden. Im Gegensatz dazu erreichte die CTP bei Infarkten mit einem
Durchmesser iiber 19 mm eine Sensitivitit von60 %. Aullerdem spielte die Lokalisation der
Infarkte eine Rolle fiir die korrekte Diagnose: Liasionen im Hirnstamm wurden weniger hiufig
korrekt identifiziert als im Kleinhirn. Die Spezifitit ist sowohl fiir supra- als auch fiir
infratentorielle Ischimien vergleichbar. Ahnlich wie auch hier gezeigt reduziert sich die
Sensitivitit supratentorieller Infarkte, sobald sie sich subkortikal befinden und nur eine geringe

GroBe erreichen (,,lakunire® Infarkte).>% 4748

Der Beitrag zu dieser Publikation umfasste die retrospektive Auswahl des Studienkollektivs,

die Aufbereitung und statistische Analyse der Ergebnisse sowie das Verfassen des Manuskripts.

Die Arbeit wurde in Neuroradiology mit einem impact factor von 2,3 publiziert.
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1.2 Gekreuzte zerebellare Diaschisis bei Patienten mit aktuem Infarkt der Arteria

cerebri media: Vorkommen und Perfusionsmerkmale

Als gekreuzte zerebelldre Diaschisis (im angloamerikanischen Raum als ,,crossed cerebellar
diaschisis* bezeichnet, CCD) wird eine Abnahme der Stoffwechselaktivitit und der Perfusion
in der kontralateral zu einer supratentoriellen Schidigung gelegenen Kleinhirnhemisphire
bezeichnet. Diese wurde unter anderem nach ischdmischen Infarkten, Hirnblutungen,

4933 Relevante

epileptischen Anféillen und Hirntumoren des GroBhirns beschrieben.
pathophysiologische Aspekte der CCD nach ischdmischen Infarkten wie deren
Auftretenswahrscheinlichkeit, ihr prognostischer Wert, ihr klinisches Korrelat und ihre
Abhidngigkeit von Lokalisation und AusmaBl des supratentoriellen Schadens sind nur
unzureichend erforscht. Die Ganzhirn CTP ermdglicht prinzipiell die Kleinhirnperfusion
abzubilden und stellt somit ein geeignetes Verfahren dar, die CCD nach einem akuten
Schlaganfall an einem groBen Patientenkollektiv zu untersuchen. In der vorliegenden
Publikation wurde daher die Haufigkeit einer CCD nach akuten Infarkten der Arteria cerebri
media (MCA) bestimmt und mdgliche Einflussfaktoren auf deren Auftretenswahrscheinlichkeit
identifiziert. Hierzu wurden im Rahmen einer Fall-Kontroll-Studie aus einem Kollektiv von
1644 Patienten 156 Patienten mit einem akuten Infarkt im MCA-Stromgebiet identifiziert und
352 Kontrollpatienten ohne Infarkt gegeniibergestellt. Eine CCD konnte bei 35,3% der
Patienten mit akutem Mediainfarkt beobachtet werden. Einen signifikanten Einfluss auf das
Vorkommen der CCD hatte die Infarktlokalisation. Infarkte, die in der linken Hemisphére
lokalisiert waren und den Frontallappen in das Infarktareal miteinbezogen, waren mit dem
Auftreten einer CCD assoziiert. Basierend auf den Perfusionsparametern MTT, TTD und CBF
zeigte sich eine positive Korrelation zwischen dem Ausmall der supratentoriellen
Perfusionseinschrinkung und der Auftretenswahrscheinlichkeit der CCD. Eine Korrelation
zwischen dem Grad der supratentoriellen Perfusionsstérung und der Intensitét der zerebelldren
Minderperfusion bestand jedoch nicht. Auch andere patientenbezogene Faktoren wie Alter oder

Geschlecht hatten keinen Einfluss auf die Auftretenswahrscheinlichkeit einer CCD.

Zusammenfassend konnte gezeigt werden, dass die CCD ein verbreitetes Phinomen nach einem
akuten Infarkt der MCA ist und verldsslich mithilfe der CTP nachgewiesen werden kann.
Zudem scheint die Infarktlokalisation und das Ausmal3 der Perfusionsabnahme eine grof3ere
Rolle im Entstehen der CCD zu spielen als das reine Infarktvolumen. In Anbetracht der

Haufigkeit der CCD ist es fiir jeden Befunder von CTP-Bildern wichtig, dass Vorkommen der

13



CCD nach supratentoriellen Infarkten zu beriicksichtigen, um kontralaterale zerebelldre

Perfusionsdefizite korrekt zu klassifizieren.

Die Erhebung des Studienkollektivs, die Aufarbeitung der CT-Bilder, die statistische
Auswertung der Daten sowie die Erstellung der Tabellen und das Verfassen des Manuskripts

gehoren zu den Beitrdgen, die mit dieser Publikation verbunden waren.

Die Arbeit wurde im Journal of Cerebral Blood Flow and Metabolism mit einem impact factor

von 4,9 publiziert.
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II.3 Der ,mismatch® in den unterschiedlichen CT-Perfusionskarten beim akuten
Schlaganfall hiangt nicht von der Zeit nach Einsetzen der Ischdmie sondern vom Grad

der Kollateralisation ab

Die Penumbra stellt die entscheidende Zielstruktur der therapeutischen Intervention beim
Schlaganfall dar. Die wesentlichen Determinanten, die das Ausmalf} der Penumbra bestimmen,

insbesondere die Rolle des Zeitraumes nach Symptombeginn, sind nicht abschlieend geklart.

Das Ziel der retrospektiven Studie war es daher, in einem relevanten Patientenkollektiv den
Einfluss der Zeit nach Einsetzen der Ischdmie, der Lokalisation des Gefal3verschlusses und des
Grades der leptomeningealen Kollateralisierung auf das Ausmal} des ,,mismatches* zwischen

CBYV und CBF als Mab fiir die Penumbra nach einem akuten Mediainfarkt zu bestimmen.

Aus einem Kollektiv von 992 konsekutiv untersuchten Patienten, die unter der
Verdachtsdiagnose eines Schlaganfalles in der radiologischen Abteilung des
Universititklinikums Grofhadern untersucht wurden, konnten 103 Patienten, bei denen der
Zeitpunkt bei Auftreten der Symptome bekannt war, das initiale CBF Volumen mehr als 10 ml
betrug und die einen in der Follow-up MRT bestétigten Infarkt der Arteria cerebri media

aufwiesen, in die Studie eingeschlossen werden.

Die univariate bzw. multivariate Analyse ergab, dass die Zeit nach Symptombeginn nicht mit
dem relativen oder absoluten ,,mismatch* korrelierte. Ein hoherer Kollateralisierungsgrad
sowie ein Verschluss der Arteria carotis interna hingegen waren mit einem kleinen bzw. grof3en

,,mismatch‘ assoziiert.

Somit unterstreichen die Ergebnisse den Einfluss der individuell unterschiedlich ausgebildeten
leptomeningealen Kollateralen sowie der Verschlusslokalisation auf das Ausmall und die
Zusammensetzung der ischdmischen Region, wohingegen die Zeit nach Symptombeginn eine

eher untergeordnete Rolle spielt.

Der Arbeitsaufwand zu dieser Verdffentlichung bestand in der Bewertung der Daten vor dem
Hintergrund der aktuellen Literatur, einer ausfiihrlichen Literaturrecherche und in der Mitarbeit

beim Verfassen des Manuskripts.

Die Arbeit wurde in Neuroradiology mit einem impact factor von 2,3 publiziert.
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II1 Zusammenfassung/Summary

Zusammenfassung

Die Einfiihrung der Ganzhirn CTP ermdglicht es, Einblicke in die pathophysiologischen
Veranderungen bei zerebralen Durchblutungsstorungen im Rahmen des akuten Schlaganfalls
zu gewinnen. In der vorliegenden Promotion wurden drei Studien zur Rolle der Ganzhirn-CTP

im Rahmen der Schlaganfalldiagnostik durchgefiihrt.

I) Durch die Ausdehnung der Scanweite in der Z-Achse ist seit kurzem die hintere Schadelgrube
der Routinebildgebung zuginglich. Somit koénnen infratentorielle Perfusionsalterationen
dargestellt werden. In der ersten Studie wurde die diagnostische Wertigkeit der Ganzhirn CT-

Perfusion in der Detektion von infratentoriellen Infarkten untersucht.

IT) Die CCD (,,crossed cerebellar diaschisis®) bezeichnet eine Reduktion des Blutflusses und
der Stoffwechselaktivitit in der Kleinhirnhédlfte, die sich kontralateral zur geschéddigten
GroBhirnhélfte befindet. In der zweiten Studie wurden die Haufigkeit sowie die Charakteristika

der CCD nach akuten Infarkten im Versorgungsgebiet der Arteria cerebri media untersucht.

M) Zielsetzung der dritten Studie war es, Faktoren zu ermitteln, die Einfluss auf das Ausmaf
der Penumbra haben. Im Gegensatz zum Infarktkern kann die strukturell erhaltene Penumbra
durch therapeutische Intervention vor dem Ubergang in irreversibel geschidigtes
Hirnparenchym bewahrt werden. Kenntnisse iiber die patientenspezifische Zusammensetzung
des Infarktareals in Penumbra und Infarktkern auf der Basis der Ganzhirn CTP er6ffnen die

Moglichkeit von individuell angepassten Therapieentscheidungen.
Zusammenfassend konnen folgende Kernaussagen getroffen werden:

I) Mit einer Spezifitdt von 93,3% und einer Sensitivitdt von 41,4% ist die Ganzhirn CT-
Perfusion prinzipiell geeignet infratentorielle Infarkte darzustellen. Allerdings entgehen vor

allem kleine Infarkte (< 19 mm) hiufig dem Nachweis mittels CT-Perfusion.

IT) Nach einem akuten Infarkt im Stromgebiet der Arteria cerebri media ldsst sich in 35,3 % der
Fiélle eine CCD beobachten. Dabei ist die Auftretenswahrscheinlichkeit der CCD mit der
Infarktlokalisation (linke Hemisphdre und Frontallappen) sowie mit dem Ausmal} der

Perfusionsminderung, nicht jedoch mit dem Infarktvolumen, assoziiert.
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IIT) Das Ausmal} des Mismatches zwischen den CT-Perfusionssequenzen CBF und CBV als
MaB fiir die Penumbra hangt nicht von der Zeit zwischen Symptombeginn und Bildgebung,

sondern vom Grad der leptomeningealen Kollateralisierung ab.
Summary

The introduction of whole-brain CT perfusion offers the possibility of gaining insight into
pathophysiological changes of cerebral circulatory disorders in the case of acute stroke. As part
of the present doctoral thesis three studies were conducted to highlight the role of whole-brain

CT perfusion in stroke diagnostics.

I) Given the recent extention of scan width in the Z-axis the posterior fossa can be subjected to
routine diagnostic imaging. Hence infratentorial perfusion alterations can be visualized. In the
first study the diagnostic certainty of whole-brain CT perfusion to detect infratentorial infarcts

was assessed.

IT) A reduction of blood flow and metabolism in the cerebellar hemisphere contralateral to the
damaged supratentorial hemisphere is called CCD (,,crossed cerebellar diaschisis®). In the
second study the frequency as well as characteristics of CCD after acute infarcts of the medial

cerebral artery were investigated.

IIT) The objective of the third study was to determine factors that have an impact on the
extension of the penumbra. In contrast to the infarct core the structurally intact penumbra can
be preserved from the transitions into irreversibly damaged brain tissue by therapeutic
intervention. Information about the patient-specific proportional composition of the infarcted
region into penumbra and infarct core on the basis of whole-brain CT perfusion provide the

chance of individual therapeutic decision making.
In summary the following key messages can be made:

I) Given a specificity of 93.3% and a sensitivity of 41.4% whole-brain CT perfusion is in
principle suitable to visualize infratentorial infarcts. However, CT perfusion often fails to detect

small infarcts (< 19 mm).

1) CCD can be observed in 35.3 % of cases of acute infarct of the medial cerebral artery. The
probability of its occurence is associated with the infarct location (left hemisphere and frontal

lobe) and the degree of perfusion reduction, but not with the infarct volume.
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IIT) The mismatch between the CT perfusion maps CBF and CBV as a scale of penumbra does
not depend on the time between symptom onset and imaging, but on the degree of

leptomeningeal collateralisation.
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Abstract

Introduction Although the diagnostic performance of whole-
brain computed tomographic perfusion (WB-CTP) in the de-
tection of supratentorial infarctions is well established, its val-
ue in the detection of infratentorial strokes remains less well
defined. We examined its diagnostic accuracy in the detection
of infratentorial infarctions and compared it to nonenhanced
computed tomography (NECT), aiming to identify factors
influencing its detection rate.

Methods Out of a cohort of 1380 patients who underwent
WB-CTP due to suspected stroke, we retrospectively included
all patients with MRI-confirmed infratentorial strokes and
compared it to control patients without infratentorial strokes.
Two blinded readers evaluated NECT and four different CTP
maps independently for the presence and location of
infratentorial ischemic perfusion deficits.

Results The study was designed as a retrospective case-
control study and included 280 patients (cases/controls = 1/
3). WB-CTP revealed a greater diagnostic sensitivity than
NECT (41.4 vs. 17.1 %, P =0.003). The specificity, however,
was comparable (93.3 vs. 95.0 %). Mean transit time (MTT)
and time to drain (TTD) were the most sensitive (41.4 and
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40.0 %) and cerebral blood volume (CBV) the most specific
(99.5 %) perfusion maps. Infarctions detected using WB-CTP
were significantly larger than those not detected (15.0 vs.
2.2 ml; P = 0.0007); infarct location, however, did not influ-
ence the detection rate.

Conclusion The detection of infratentorial infarctions can be
improved by assessing WB-CTP as part of the multimodal
stroke workup. However, it remains a diagnostic challenge,
especially small volume infarctions in the brainstem are likely
to be missed.

Keywords Infratentorial infarction - Whole-brain CT

perfusion imaging - Ischemic stroke

Abbreviations
WB-CTP  Whole-brain computed tomgraphic perfusion

MTT Mean transit time

TTD Time to drain

CBV Cerebral blood volume
CBF Cerebral blood flow
NECT Nonenhanced CT
CTA CT angiography
Introduction

About 20-30 % of all ischemic strokes involve the posterior or
vertebrobasilar territory [1]. Ischemic lesions in the anterior
and posterior circulation can result in identical symptoms.
Therefore, the diagnosis of a posterior circulation stroke on
the basis of clinical symptoms remains challenging [2, 3]. In
the posterior circulation, relatively small infarcts can account
for profound neurological disorders due to the compact ar-
rangement of afferent and efferent fiber pathways as well as
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regions with survival functions and cranial nerve nuclei in the
brainstem. Delayed or incorrect diagnosis may have devastat-
ing consequences, including potentially preventable death or
severe disability, if acute treatment or secondary prevention is
deferred [4]. A confident diagnosis of infratentorial infarction
can often only be reached after brain imaging [2]. So far, MRI
with diffusion-weighted imaging (DWI) is considered “gold
standard” in the diagnosis of posterior ischemic stroke [5]. In
many centers, however, CT is more readily available in the
acute phase than MRI and could be helpful if MRI is contra-
indicated or unavailable. With the introduction of CT perfu-
sion, the use of CT was extended due to its ability to depict
brain perfusion alterations in acute stroke. Many studies em-
phasized the gain of diagnostic power as CTP proved to be
more sensitive than nonenhanced CT (NECT) alone, especial-
ly in the diagnosis of small volume infarctions [6-8].
Furthermore, it has been shown to be an appropriate tool for
the delineation of infarct core and salvageable penumbra
[9-12]. Standard CTP scans so far covered the ganglionic
and supraganglionic levels but did not routinely cover the
entire infratentorial structures [13]. This restriction was solved
by the introduction of the whole-brain CT perfusion (WB-
CTP) which increased the scan range in the z-axis and thus
enabled to examine cerebellar as well as the brain stem perfu-
sion [14]. However, data on the diagnostic accuracy of WB-
CTP in the detection of infratentorial stroke is scarce.
Therefore, the aim of the current study was to investigate the
diagnostic accuracy of WB-CTP for the detection of acute
infratentorial infarcts.

Methods
Study population and patient selection

The study was designed as a retrospective single-center case-

control study at a large university hospital. Our initial cohort

consisted of 1380 consecutive patients admitted to our insti-

tution undergoing multiparametric CT including WB-CTP

due to suspected stroke between April 2009 and March 2013.
We retrospectively included all patients with

1. Complete multimodal CT scan dataset including NECT,
WB-CTP, and CT angiography

2. An acute ischemic infarction in the infratentorial
vertebrobasilar territory as confirmed by follow-up MRI

We excluded patients with
1. Other pathologies of the vertebrobasilar territory (hemor-

rhage, former infarction, tumor, hypoplasia of the verte-
bral artery)

@ Springer

2. CTP with nondiagnostic quality and/or insufficient cere-
bellar coverage

CTP parameters were analyzed by unbiased readers who
were blinded to clinical history, CT angiography, and NECT.
Therefore, we restricted our study cohort to patients with acute
infratentorial infarction and excluded patients with former in-
farction, tumor, hemorrhage (and potential associated vaso-
spasm), as well as patients with hypoplastic vertebral arteries.
All of these conditions can potentially mimic perfusion alter-
ations suggestive of ischemia [15, 16]; however, they can
easily be ruled out in clinical routine by assessing multimodal
CT datasets including NECT and CT angiography.

Out of all patients who received multiparametric CT due to
suspected stroke, we selected control patients who fulfilled the
same inclusion and exclusion criteria as our case cohort but
did not show an acute infratentorial ischemia on follow-up
MRI. We used a ratio of cases to controls of 1:3 in order to
prevent a biased reading [17—19]. Furthermore, a prevalence
of 25 % represents the frequency of vertebrobasilar infarcts
among stroke patients [1]. The institutional review board ap-
proved the study and waived requirement for informed
consent.

CT examination protocol

The multiparametric CT protocol consisted of NECT to ex-
clude intracranial hemorrhage, a supraaortic CT angiography
(CTA), and WB-CTP, all performed using one of the following
CT scanners: SOMATOM Definition AS+, a 128-slice CT
scanner; SOMATOM Definition Flash, a 128-slice dual source
CT scanner; and SOMATOM Definition Edge, a 128-slice CT
scanner (all by Siemens Healthcare, Erlangen, Germany).

WB-CTP images were obtained with 0.6-mm collimation
and scan coverage of 100 mm in the z-axis acquired by a
toggling table technique. One scan was acquired every 1.5 s
with the following imaging parameters: tube voltage 80 kV,
tube current 200 mAs, and computed tomography dose index
(CTDI,,) 276.21 mGy. Thirty-five milliliters of highly iodin-
ated contrast agent were administered intravenously at a flow
rate of 5 ml/s, followed by a saline flush of 40 ml at 5 ml/s.
Thirty-one axial slices with a thickness of 10 mm and incre-
ment of 3 mm were reconstructed from the dataset.

CT perfusion image processing

The processing of source images was performed with the
SYNGO Volume Perfusion CT Neuro software using a
semiautomated deconvolution algorithm (Auto Stroke MTT).
Datasets were transferred to a dedicated workstation (Syngo
MMWP, VA 21A; Siemens Healthcare, Erlangen, Germany).
Parametric maps were created by selecting the arterial input
function from a main arterial vessel and the venous output
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function from the superior sagittal sinus. A series of 31 color-
coded images was generated for each of the hemodynamic
parameters cerebral blood flow (CBF), cerebral blood volume
(CBV), mean transit time (MTT), and time to drain (TTD). The
color images were saved in DICOM format and displayed on
default window settings for further evaluation.

MRI follow-up

The MRI follow-up study comprised a T2* sequence, a fluid-
attenuated inversion recovery (FLAIR) sequence, a DWI se-
quence, and a time-of-flight (TOF)-MR angiography. The vol-
ume of the final infarction was measured in the DWI sequence
with a b-value of 1000.

Image analysis

The CT perfusion images were studied independently by two
readers who were blinded to NECT, CTA, and follow-up
MRI, as well as clinical data (one neurologist
(*BLINDED*.) with 9 years and one neurologist
(*BLINDED¥*) with 6 years of experience in multiparametric
CT reading). In case of disagreement, a consensus was
reached in a separate session.

The CTP parameter datasets were presented one after the
other. The reader assessed the presence and location of an
infratentorial perfusion deficit for each of the perfusion maps.
Patients were classified to have an acute ischemia on WB-
CTP if significant perfusion alterations were present in at least
two perfusion parameter maps in the same location. NECT
images were randomly presented to the readers in a separate
session several weeks after the CTP reading. In case of dis-
agreement, a consensus was reached in a separate session.

The final infarction volume was quantified based on the
DWI sequence of the follow-up MR as previously described,
using the software OsiriX V.4.0 on a 27-in. iMac computer
(Apple Inc., Cuperino, CA, USA) [6]. Briefly, infarct volume
was calculated by delineating regions of interest around the
lesions on the diffusion-weighted images. The volume was
calculated in milliliters by multiplying the lesion area by the
slice thickness. The final infarct diameter was measured on the
slice showing the maximal infarct extent.

Statistical analysis

All statistical analyses were performed using Excel
(Microsoft® Excel® 2013) and MedCalc (MedCalc
Software© 1993-2014). On the basis of the two independent
readings, the level of interrater agreement in the evaluation of
perfusion maps was assessed by calculation of the kappa co-
efficient. Sensitivity and specificity were determined accord-
ing to the consensus reading for each of the perfusion param-
eters and the NECT images. The differences between the

infratentorial infarctions classified as CTP positive and CTP
negative were investigated using the Mann-Whitney U test in
case of nonnormal distribution and the chi-squared test in case
of values that were expressed as rates or proportions. To test
for normal distribution, the Shapiro-Wilk test was applied to
the continuous data. Finally, a subanalysis was conducted to
evaluate the sensitivity of CT perfusion and NECT in the
detection of different types of infratentorial infarctions. The
significance level for all tests was set at P < 0.05. Data are
expressed as median + interquartile range or mean + standard
deviation/95 % confidence interval as appropriate.

Results
Patient cohort

Between April 2009 and March 2013, a total of 1380 patients
underwent initial multimodal cranial CT due to suspected
stroke. Among these, 84 had an acute infratentorial ischemic
stroke as confirmed by MRI and were included for further
analysis. Of these, 14 patients were excluded either due to
another pathology of the vertebrobasilar territory (N = 5), in-
sufficient infratentorial coverage (N = 6), or technical prob-
lems of data acquisition (poor bolus timing, N = 3). The re-
maining 70 patients formed our patient sample and were com-
pared to the control group. Procedure of patient selection is
illustrated in Fig. 1.

As shown in Table 1, there were no significant differences
with respect to age, sex, time from symptom onset, time be-
tween CTP and follow-up MRI, the presence of supratentorial
infarction, or thrombolytic therapy between the case and con-
trol group. The only statistical significant difference was de-
tected in the rate of mechanical recanalization (17.1 % for
patients with infarctions of the posterior circulation vs.
6.7 % for control patients with supratentorial strokes,
P =0.0174). The final infratentorial infarction volume aver-
aged 7.5 £ 22.6 ml, and the mean final diameter was
24 + 21 mm.

Overall diagnostic accuracy of WB-CTP

Of the 70 patients with confirmed infratentorial infarctions, 29
showed significant perfusion alterations in at least two perfu-
sion parameter maps, resulting in an overall sensitivity of
41.4 % (confidence interval (CI) 29.8-53.8 %). Within the
control group of 210 patients, 14 individuals were considered
to have significant perfusion alterations, resulting in an overall
specificity of 93.3 % (CI 89.1-96.3 %).

The data on diagnostic accuracy of WB-CTP is shown in
Table 2, and representative patient examples are highlighted in
Fig. 2a and b.
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Fig. 1 Procedure of patient

selection
Exclusion criteria

(number of excluded

patients)

Absence of acute infratentorial
ischemic stroke confirmed by
follow-up MRI (N=1296)

CTP with insufficient cerebellar
coverage (N=6)

The different parameter maps ranged considerably
with respect to the detection of infratentorial infarcts:
sensitivity ranged from 8.6 to 41.4 % and specificity
from 93.3 to 99.5 %. MTT (41.4 %) and TTD
(40.0 %) turned out to be the most sensitive parameter
maps, whereas CBV (99.5 %) was the most specific
(Table 3).

Identification of factors influencing diagnostic accuracy
To elucidate which factors influence the detection rate of

infratentorial ischemic lesions on WB-CTP, we compared
patients whose infarcts had been detected with patients

Initial patient population:

Whole-brain multimodal CT scanning due to
suspected stroke

Exclusion criteria

(number of excluded
patients)

Hemorrhage, former infarction,
tumor or hypoplasia of the
vertebrobasilar artery (N=5)

CTP with low diagnostic quality
because of difficulties in data
acquisition (N=3)

Final case
group

Procedure of patient selection

whose infarcts had remained indiscernible in initial WB-
CTP imaging. Analysis revealed that infarctions that were
correctly identified had a significantly larger mean infarct
volume (15.0 ml for CTP positive vs. 2.2 ml for CTP
negative, P = 0.0007) as well as a significantly larger
mean infarct diameter (33 mm for CTP positive vs.
18 mm for CTP negative, P = 0.0005). No other signifi-
cant association was observed between the other parame-
ters analyzed (percentage of supratentorial infarction, time
from symptom onset, time between CT and follow-up im-
aging, rtPA, mechanical recanalization, age, and gender)
and the detection rate of infratentorial infarctions (see
Table 4).

Table 1 Characteristics of the

study population (N = 210) Patient group Control group P value
Value Range Value Range
N 70 210
Age (years) [IR] 72.5 [59.0,77.0] 31-94 69.0 [57.0;78.0] 27-97 0.4403°
Male gender (%) 53.8 - 65.7 - 0.1092¢
Time from symptom 143.0 [102.0;299.75]  12-1268 129.5[92.5;188.5]  16-1141  0.2732°
onset (min) [IR]*
Time between CTP and 34.3 [18.2;66.1] 0.3-766.4  37.1[19.8;72.4] 1-811.6  0.6406°
FU-MRI (h) [IR]
Supratentorial infarction (%) 45.7 - 55.2 - 0.2134°¢
Thrombolytic therapy (%) 314 - 23.8 - 0.0659°
Mechanical recanalization (%)  17.1 - 6.7 - 0.0174%¢
Final infarct volume 8.6[1.9;31.2] 0.1-1339 - - -
(ml) [IR]
Final infarct diameter 19.1 [9.6;28.4] 3-107 - - -
(mm) [IR]

IR interquartile range
*Statistically significant

# Available for 50.4 % of subjects

°Mann-Whitney test
¢ Chi-squared test
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Table 2 Proportion of CTP (+) and CTP (—) cases within the patient
and the control group

Table 3  Diagnostic accuracy of different CTP parameters in the
detection of infratentorial

CTP (+) CTP (-) P value Sensitivity [95 % CI] Specificity [95 % CI]
Patient group (N = 70) 29 (41.4 %) 41 (58.6 %)°  <0.0001* Overall 41.4[29.8;53.8] 93.3 [89.1;96.3]
a b
Control group (N'=210) 14 (6.7 %)" 196 (93.3 %) CBF 38.6 [27.2:60.0] 93.8 [89.7:96.7]
*Statistically significant (chi-squared test) CBV 86321771 99.5 [97:4:99.9]
e MTT 41.4[29.8;53.8] 93.3[89.1:96.3]
Sensitivity
® Specificity TTD 40.0 [28.5;52.4] 93.8 [89.7;96.7]

Detection rate: role of infarct location and infarct size

Finally, the detection rates of infratentorial infarctions were
compared with respect to their location (cerebellum, brain
stem) and size. During WB-CTP reading, cerebellar infarc-
tions tended to be detected more reliably than brain stem in-
farctions (sensitivity 58.2 and 28.1 %, respectively), although
the difference failed to reach statistical significance (P = 0.06).
To assess the detection rates with respect to the size of
infratentorial infarctions, we analyzed the detection rates of
small-volume infarctions (Table 5). Because of a lack of un-
equivocal definitions of lacunar or small-volume infarcts in
the literature, we determined the median diameter of all
infratentorial infarctions in our patient cohort, which was
19 mm. This diameter was set as an arbitrary threshold to
distinguish small (<19 mm) and larger infarcts (>19 mm). In
general, sensitivity for infratentorial infarctions was signifi-
cantly higher for infarcts >19 mm than for infarctions
<19 mm. This proved to be valid for infarcts located in the
cerebellum (68.0 % for cerebellum >19 mm vs. 23.1 % for
cerebellum <19 mm, P = 0.0070), whereas infarcts in the brain
stem were equally likely to be detected regardless of a diam-
eter beyond or below 19 mm. Additionally, by comparing the

MRI-DWI

Fig. 2 a Ninety-two-year-old female presenting with dysathria,
dysphagia, and a left-sided hemiparesis. CTP was performed 90 min
after symptom onset and showed a right-sided paramedian
hypoperfusion of the pons with a mismatch between CBF and CBV.
CTA revealed a thrombotic occlusion of the basilar artery. The patient
received iv-thrombolysis immediately after multimodal CT imaging. The
ischemic lesion on follow-up MRI reveals a right paramediana pons

CBF cerebral blood flow, CBV cerebral blood volume, MTT mean transit
time, 77D time to drain

sensitivity of CTP in detecting small and large infarctions, we

found out that there is no significant difference between the

detection rates of infarctions located in the cerebellum and in

the brainstem (<19 mm: 23.1 vs. 22.7 %, P = 0.6945, and
19 mm: 68.0 vs. 40.0 %, P = 0.2519).

Detection rates of WB-CTP compared to NECT

NECT correctly identified 12 out of 70 patients with
infratentorial strokes (Table 6). The resulting sensitivity of
17.14 % (CI 9.18-28.03 %) is significantly lower than the
sensitivity of WB-CTP (41.4 %, CI 29.8-53.8 %,
P =0.0030). The specificity of NECT is 95.0 % (CI 89.97—
97.97 %), which is comparable to the sensitivity of WB-CTP
(93.3 %, CI 89.1-96.3 %). Table 6 indicates the sensitivity of
NECT compared to WB-CTP for cerebellar and brain stem
infarctions as well as for small (<19 mm) and large
(19 mm) infarctions. Notably, NECT failed to detect small
infarctions (sensitivity 0 %), whereas these could be detected
by WB-CTP in 22.9 % (CI 9.9-45.0, P = 0.0085).

MRI-DWI

/ \"

infarction. b Fifty-two-year-old male with a left-sided occlusion of the
vertrebral artery caused by dissection leading to nystagmus, singultus,
left-sided ptosis and facial paresis. CTP showed a mismatch in the
caudal parts of the left cerebellar hemisphere. Neither systemic lysis nor
mechanical recanalization was performed because of unknown symptom
onset. The follow-up MRI shows a left-sided PICA infarct
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Table 4 Comparison between
CTP (+) and CTP (-)

infratentorial infarctions

CTP (+) (N=29) CTP (-) (N=41) P value
Volume of infratentorial infarction (ml) [IR] 24.4 [8.6;54.5] 4.711.2;16.3] 0.0007+*
Diameter of infratentorial infarction (mm) [IR] 26.3 [18.0;39.0] 13.6 [8.7;21.8] 0.0005%*
Supratentorial infarction (%) 34,5 53.7 0.1793°
Time between CT and follow-up MRI (h) [IR] 29.2 [12.2;47.9] 44.4[20.4;83.6] 0.1285*
Thrombolytic therapy (%) 31.0 31.7 0.8402°
Mechanical recanalization (%) 17.2 17.1 0.7615°
Age (years) [IR] 73.0 [65.5;78.8] 72.0 [55.8;76.0] 0.2673*
Male gender (%) 62.1 68.3 0.7758°

IR interquartile range
*Statistically significant
#Mann-Whitney test

® Chi-squared test

Furthermore, WB-CTP proved to be superior in the detection
rate of cerebellar infarctions (NECT 18.42 %, CI 7.41;37.95
vs. WB-CTP 52.6, CI1 32.2;81.3, P = 0.0040).

Discussion

WB-CTP has a sensitivity of 41.4 % and a specificity of
93.3 % in the detection of infratentorial infarcts. MTT and
TTD were most sensitive, whereas CBV proved to be partic-
ularly specific in confirming ischemic lesions. The detection
rate of WB-CTP increases with infarct volume and infarct
diameter. Compared to NECT, which reaches an overall
diagostic sensitivity of 17.1 %, WB-CTP is significantly more
sensitive in the detection of infratentorial infarctions, in par-
ticular of small infarctions which are often not detected by
NECT alone.

Despite the considerable specificity, the overall sensitivity
of WB-CTP in the detection of infratentorial stroke merely
averaged 41.4 %. This result can most probably be attributed
to the high proportion of small infarcts that constituted the vast
majority in our patient group. The major drawback of CTP to

depict lacunar or small volume infarcts was already highlight-
ed by a number of other CTP studies [20-25]. It was shown
that CTP detected 62 % of all MRI-DWI-confirmed lacunar
infarcts; however, CTP was more sensitive in the detection of
supratentorial than of infratentorial strokes. Similar to our re-
sults, NECT only yielded an overall sensitivity of 19 % [25].
Lee et al. report a sensitivity of CTP of about 81.4 % and a
specificity of 96.0 % in the detection of 32 patients with
infratentorial infarcts [26]. In contrast to our study, the authors
excluded lacunar infarctions from their analysis, which could
explain the comparatively higher sensitivity of this study.
Importantly, no information on the relation of detection rate
and infarction volume was given by the authors. Furthermore,
in this study, the duration from time from symptom onset to
imaging (540 vs. 231 min) was much longer, potentially
resulting in more sustained ischemic changes [26]. Another
study investigating the diagnostic value of CTP in posterior
circulation infarcts revealed an overall sensitivity of 74 %—
ranging from 85 % for ischemic lesions in the PCA territory
and 10 % in pons and midbrain [27]. An overall sensitivity of
about 41 % in the detection of infratentorial infarcts in an
unselected patient cohort with confirmed posterior circulation

Table 5 Sensitivity of WB-CTP

in different types of infratentorial N No. detected Sensitivity [95 % CI] P value
infarcts
Overall 70 29 41.4 [29.8;53.8] -
Cerebellum 38 20 52.6 [32.2;81.3] 0.0673%
Brain stem 32 9 28.1[12.9;53.4]
<19 mm 35 8 22.9 [9.9;45.0] 0.0115%
>19 mm 35 21 60.0 [37.1;91.7]
Cerebellum <19 mm 13 3 23.1[4.8;67.4] 0.0070**
Cerebellum >19 mm 25 17 68.0 [39.6;100.0]
Brain stem <19 mm 22 5 22.7 [7.4;53.0] 0.5586"
Brain stem >19 mm 10 4 40.0 [10.9;100.0]

CI confidence interval
*Statistically significant
 Chi-squared test
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Table 6 Sensitivity of NECT and
WB-CTP in the detection of

infratentorial infarctions

NECT WB-CTP
N No.detected  Sensitivity [95 % CI] ~ No. detected  Sensitivity [95 % CI] P value
Overall 70 12 17.14 [9.18;28.03] 29 41.4 29.8;53.8] 0.0030%**
Cerebellum 38 7 18.42 [7.41;37.95] 20 52.6 [32.2;81.3] 0.0040**
Brain stem 32 5 15.63 [5.07;36.46] 28.1[12.9;53.4] 0.3643"
<19 mm 35 0 0 8 22.9[9.9:45.0] 0.0085%"
>19 mm 35 12 34.29[17.72:59.89] 21 60.0 [37.1;91.7] 0.0554*

CI confidence interval
*Statistically significant
# Chi-squared test

infarction including all sizes of infarcts seems to represent the
diagnostic sensitivity of WB-CTP in daily routine adequately.

Cerebellar infarcts tended to be more likely detected than
brain stem infarcts. However, this can be attributed to the fact
that strokes in the cerebellum are usually larger than those in
the brain stem. We failed to provide evidence for a significant
influence of the infarct location on the detection rate of CTP
for infratentorial strokes. With respect to the single perfusion
parameters, MTT and TTD were the most sensitive maps iden-
tifying infratentorial infarctions, whereas CBV showed a
higher specificity. Perfusion disturbances in the posterior cir-
culation have previously been reported to be the most frequent
and most pronounced on MTT parameter maps [28].

Preceding studies investigating the specificity of CTP in
the detection of supratentorial infarcts reported a wide range
of values (61-100 %) [29, 20, 30, 24]. We can demonstrate
that infratentorial infarctions can be detected with a reasonable
specificity of 93.3 % despite potential shortcomings related to
beam hardening artifacts and different arterial supplying sys-
tem in the posterior fossa [29].

MRI with diffusion-weighted imaging is still considered
as the modality of choice for suspected stroke. However, it
is often unavailable in the emergency setting, is more time
consuming, and cannot be performed in patients with me-
tallic foreign bodies or incompatible pacemakers. MRI is
more sensitive than NECT in the diagnosis of an acute
stroke in an unselected patient cohort (all vascular terri-
tories included), indicating an 83 % sensitivity in the first
24 h when DWI MRI is performed (vs. 26 % sensitivity
using NECT) [31, 32]. In selected patient cohorts, NECT
provides a reliable mean of identifying medium-to-large
areas of acute ischemic changes. Abnormalities of NECT
have been reported in 40-50 % of all acute hemispheric
ischemic strokes [33, 34]. However, acute ischemic chang-
es are often subtle and there is a great interobserver and
intraobserver variability [35]. Small volume infarcts in the
early stages of stroke can be significantly more difficult to
detect [36]. Consistent with our results, the overall sensi-
tivity of NECT in the detection of posterior infarctions

(including the PCA territory) has been reported to be
31 %, for pons and midbrain infarctions; however, it was
reported to be 10 % only [27]. Our data demonstrates that
WB-CTP is more sensitive in the detection of infratentorial
infarctions than NECT. In particular, small infarctions are
likely to be missed on NECT but can be detected using
WB-CTP, indicating the additional diagnostic value of
CTP imaging in this setting.

Given the retrospective study design, our data suffer from
some inevitable limitations. We were not able to control the
time between CTP and follow-up MRI. Intravenous thrombo-
lytic therapy may have influenced sensitivity and specificity
because it can lead to reperfusion in the potentially salvage-
able penumbra. Consequently, ischemic but still viable re-
gions may not progress to infarction in treated patients, lead-
ing to false-positive findings. Similarly, diffusion-weighted
imaging can seldom be negative for clinically definite poste-
rior circulation infarcts, particularly brainstem infarcts [32, 3].
Furthermore, CTP images were just visually assessed without
the use of quantitative tools. This approach, however, com-
monly reflects the methodology of radiologic reporting of
CTP maps [6]. Moreover, we excluded patients with former
infarction, hemorrhage, or tumor in the vertebrobasilar territo-
ry and hyoplastic vertebral artery from the study for the rea-
sons given above. This could have led to a distortion of the
results, particularly to a reduction of the number of false-
positive cases and thus to an overestimation of specificity.

In conclusion, WB-CTP can detect infratentorial infarc-
tions in an unselected stroke-patient cohort with a sensitiv-
ity of 41 %. As the majority of infarctions in the
infratentorial location consist of comparatively small infarc-
tions, the low sensitivity reflects the well-known drawback
of CTP in the detection of small-volume infarctions.
However, the sensitivity increases with infarct size and is
superior to that of NECT alone. Furthermore, it potentially
allows for the detection of a salvageable penumbra.
Overall, the confident diagnosis of infratentorial infarctions
remains a diagnostic challenge, especially small-volume in-
farctions are likely to be missed.
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Abstract

We aimed to investigate the overall prevalence and possible factors influencing the occurrence of crossed cerebellar
diaschisis after acute middle cerebral artery infarction using whole-brain CT perfusion. A total of 156 patients with
unilateral hypoperfusion of the middle cerebral artery territory formed the study cohort; 352 patients without hypo-
perfusion served as controls. We performed blinded reading of different perfusion maps for the presence of crossed
cerebellar diaschisis and determined the relative supratentorial and cerebellar perfusion reduction. Moreover, imaging
patterns (location and volume of hypoperfusion) and clinical factors (age, sex, time from symptom onset) resulting in
crossed cerebellar diaschisis were analysed. Crossed cerebellar diaschisis was detected in 35.3% of the patients with
middle cerebral artery infarction. Crossed cerebellar diaschisis was significantly associated with hypoperfusion involving
the left hemisphere, the frontal lobe and the thalamus. The degree of the relative supratentorial perfusion reduction was
significantly more pronounced in crossed cerebellar diaschisis-positive patients but did not correlate with the relative
cerebellar perfusion reduction. Our data suggest that (i) crossed cerebellar diaschisis is a common feature after middle
cerebral artery infarction which can robustly be detected using whole-brain CT perfusion, (ii) its occurrence is influenced
by location and degree of the supratentorial perfusion reduction rather than infarct volume (iii) other clinical factors (age,
sex and time from symptom onset) did not affect the occurrence of crossed cerebellar diaschisis.
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Introduction

The first characterisation of ‘diaschisis’ traced back to

von Monakow who described it in the 1870s as an ‘abo-
lition of excitability’ and ‘functional standstill’ in an
intact brain area distant from but linked to an area of
cerebral damage. Baron et al.' transferred this concept
in the 1980s to a phenomenon that was termed crossed
cerebellar diaschisis (CCD). CCD refers to the associ-
ation between a local supratentorial brain lesion and a
simultaneous decrease of contralateral cerebellar blood
flow and metabolic activity.? Current scientific concepts
imply that interruption of corticopontocerebellar tracts
causes a remote functional deactivation by a reduced
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excitatory input and a decreased cerebellar flow.> CCD
was reported in chronic diseases, such as brain tumors®
but also as a result of acute circuit inactivation, for
example after stroke™® and cerebral hemorrhage.” The
original definition of diaschisis was based on the notion
that it was a transient and totally reversible event,®
whereas subsequent publications showed that it can
persist for years and lead to irrevocable degener-
ation.” ! In the first hours after stroke, however, it
has been shown that diaschisis is potentially reversible
if supratentorial reperfusion can be achieved.>'? The
pathophysiological concept of diaschisis is nowadays
widely accepted and many articles concerning different
aspects of this phenomenon have been published mean-
while. Controversies prevail, though, e.g. in regard to
the frequency of CCD following different forms of
supratentorial damage, its prognostic value, its depend-
ency on the location and size of the supratentorial
lesion and its clinical correlates.®'?'*

Imaging studies on CCD have mainly involved
nuclear medicine-based techniques like SPECT, PET
and Xenon-computed tomography. All of them are
used as reference methods for perfusion imaging but
are not available in routine clinical care. Therefore,
only small patient collectives have been evaluated
with regard to CCD after acute supratentorial
damage by these methods so far. Advances in imaging
technology now allow whole-brain CT perfusion
(WB-CTP),"> a method, which is becoming increasingly
available and is part of the acute stroke workup in
many centers. Using this methodology, it has been pos-
sible to robustly study the cerebellar perfusion'® and to
detect CCD after acute supratentorial damage.”"”

In our study, we screened a large patient cohort
and aimed to (i) investigate the overall prevalence of
CCD after acute infarction in the middle cerebral
artery (MCA) territory using WB-CTP and to (ii) deter-
mine potential factors influencing the occurrence
of CCD.

Materials and methods
Study population and patient selection

From March 2009 to January 2014, 1644 consecutive
patients who were admitted to our institution for sus-
pected stroke and who underwent emergency multi-
modal stroke CT were evaluated. The study was
designed as a retrospective single-center study at a
large university hospital. The institutional review
board of the Ludwig-Maximilians University Munich
(Ethikkommission der Medizinischen Fakultit der
Ludwig-Maximilians Universitdit Miinchen) approved
the study according to the Helsinki Declaration of
1975 (and as revised in 2013) and waived requirement

for informed consent. The final study population was
selected according to the following criteria:

Inclusion criterion. Acute occlusion of the ICA, the caro-
tid-T and/or the M1 and M2 segment of the MCA on
CT angiography (CTA) with a concomitant perfusion
deficit in the MCA territory on CTP

Exclusion criteria.

1. Absence of confirmed infarction of the MCA terri-
tory by follow-up CT/MRI.

2. Any abnormality of the vertebrobasilar arteries as
determined by CTA (e.g. hypoplasia, stenosis,
occlusion).

3. Any pathology of the cerebellum in non-enhanced
CT (NECT) of the brain (e.g. prior ischemia, hem-
orrhage, tumor).

4. Cerebellar ischemia on follow-up CT/MRI.

5. CTP coverage of less than 50% of the cerebellum or
poor image quality.

The study was designed as a case—control study with
a ratio of cases to controls of 1:2 in order to prevent
biased reading.'® WB-CTP datasets of the control
group had no cerebrovascular abnormalities on WB-
CTP as well as on follow-up MRI.

CT examination protocol

The CT imaging protocol consisted of a NECT to
exclude intracerebral hemorrhage, a supra-aortic CTA
and a WB-CTP. The examinations were performed on
the following multislice CT scanners: SOMATOM
Definition AS+, a 128 slice CT scanner; SOMATOM
Definition Flash, a 128 slice dual source CT scanner;
SOMATOM Definition Edge, a 128 slice CT scanner
(all Siemens Healthcare, Erlangen, Germany). WB-
CTP was acquired with 0.6 mm collimation and scan
coverage of 100 mm in the z-axis by means of a toggling
table technique. One scan was acquired every 1.5s with
the following imaging parameters: tube voltage 80kV;
tube current 200 mAs; and CTDI,, 276.21 mGy.
Thirty-five millilitres of highly iodinated contrast
agent were administered intravenously at a flow rate
of 5ml/s, followed by a saline flush of 40 ml at 5ml/s;
Axial slices (31) with a thickness of 10 mm and an incre-
ment of 3mm were reconstructed from the dataset.

CT perfusion image processing

The processing of source images was performed with
the SYNGO Volume Perfusion CT Neuro software
using a semi-automated deconvolution algorithm
(Auto Stroke MTT) on a dedicated workstation
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(Syngo MMWP, VA 21A; Siemens Healthcare,
Erlangen, Germany). The arterial input function was
selected as described earlier.'” Briefly, a vendor given
algorithm was used to select a region of interest (ROI)
within the earliest-appearing arteries at a representative
slice at the level of the basal ganglia. The venous output
region was selected from the superior sagittal sinus.
A series of 31 color-coded slices was generated for
each of the hemodynamic parameters cerebral blood
flow (CBF), cerebral blood volume (CBV), mean transit
time (MTT), time to drain (TTD) and time to peak
(TTP). CBV is the whole amount of blood in a defined
unit of tissue. In contrast to CBV, CBF, MTT, TTP
and TTD are related to the passage of blood in a given
time window. Due to changes in the software features
during the period of data acquisition (2009-2014),
MTT, TTD and TTP were not available for all but
in 99.0%, 87.7% and 24.0% of the patients, respect-
ively. CBF and CBV were assessed for all datasets.
The color slices were saved in DICOM format and
displayed on default window settings for further
evaluation.

Follow-up imaging

For patients with MCA infarction, follow-up imaging
consisted of MRI in 88 (56.4%) patients and NECT in
68 (43.6%) patients, respectively. The MRI follow-up
examination comprised a T2* sequence, a fluid-attenu-
ated inversion recovery (FLAIR) sequence, a diffusion-
weighted imaging (DWI) sequence and a time-of-flight
(TOF)-MR angiography. The median time delay
between CT perfusion scan and follow-up imaging
was two days (range: 1-49 days) for MRI and one
day (range: 1-16 days) for NECT.

Image analysis

Initially, a study population was created by random
selection of patients (N, =156) and controls with a
ratio of 1:2. Subsequently, the respective CTP data sets
(CBF, CBV, MTT, TTD and TTP) were converted into
JPEG files and inserted into PowerPoint (Microsoft
PowerPoint 2013, Microsoft Co., Redmond/US-WA)
for further processing. The JPEG files were saved in
the default format without the possibility of changing
the window setting. All images were presented to the
readers after having been cropped to an extent that
only the cerebellar, but not the supratentorial brain par-
enchyma was visible (performed by CB). The assessment
of presence/absence of CCD was subsequently per-
formed qualitatively by two independent raters (one
neurologist with eight years (LvB) and one radiologist
with seven years (WS) of experience in CTP reading,
respectively) who were blinded to the clinical data.

In case of disagreement, a consensus was reached in a
separate session.

In the following analysis, only perfusion anomalies
in the cerebellar hemisphere contralateral to the supra-
tentorial lesion were counted as CCD positive. CCD
was rated positive if at least two of the perfusion
maps (irrespective of which parameters) showed a def-
icit on the same side. This approach has already been
applied by Thierfelder et al.'®?® with the objective of
achieving valid results for both sensitivity and
specificity.

The degree and extent of the supratentorial ischemic
lesion on admission were quantified on each of the
existing CTP maps by applying the Alberta stroke pro-
gram early computed tomography score for CT perfu-
sion (CTP-ASPECTS), a topographical scoring system,
which provides localisation-weighted values ranging
from 0 to 10.2' Additionally, we extended the
ASPECT score by adding the thalamus as a further
anatomical region of interest, as a perfusion deficit in
this location was described to be relevant for the induc-
tion of cerebellar diachisis.?**

Final infarct volume was determined either on
follow-up MR or on follow-up NECT using a volumet-
ric approach as previously described.'® Briefly, regions
of interest around the infarct lesions were delineated on
all relevant slices using OsiriX (OsiriX V.4.0 imaging
software 2011) on a 27-in. iMac computer (Apple Inc.,
Cuperino, CA, USA). Infarct volume was calculated in
cm’/ml by multiplying the areas by the slice thickness.

The software Syngo.via Single Sign On (Siemens
Healthcare, Erlangen, Germany) was used for the cal-
culation of the absolute perfusion values based on the
raw data which were still available for 116 of 156
patients (74.4%). We chose a semi-quantitative
approach, which was described previously.'” Briefly,
the area of the abnormal perfusion was segmented
manually in the affected hemisphere, and subsequently
was mirrored to the contralateral hemisphere. A repre-
sentative slice, showing the greatest interhemispheric
difference was chosen and differences in the absolute
perfusion parameters were determined. The same pro-
cedure was adopted for the cerebellar hemispheres.
Here, circular ROIs were used to obtain quantitative
perfusion values.

Perfusion asymmetry was assessed as follows:

Cerebrum: TTDipsilaleral_TTDconLralaleral
MTTipsilateral_MTTcomralateral
(CBFcontralalcral_CBFipsilatcral)/

CBF contratateral X 100% (CBF reduction rate)
(CBVconlralaleral_CBVipsilaleral)/
CBVontrataterat X 100% (CBYV reduction rate)
Cerebellum: TTDcontralateral_TTDipsilateral
MTTcontralateral_MTTipsilateral
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(CBFipsilateral_CBFcomralateral)/

CBFjpsitaterat X 100% (CBF reduction rate)
(CBVipsilateral_CBVcontralateral)/

CBVipsitateral X 100% (CBV reduction rate)

Statistical analysis

All statistical analyses were performed using Excel
(Microsoft Excel 2013, Microsoft Co., Redmond/
US-WA) and MedCalc (MedCalc Software, Ostend/
Belgium). On the basis of the two independent read-
ings, the degree of inter-rater agreement in the evalu-
ation of perfusion maps was assessed by calculation of
the Kappa coeflicient. In addition, the proportion of
patients with MCA infarct diagnosed as CCD positive
was determined in general and for each of the perfusion
parameters. To test for normal distribution the
Shapiro-Wilk test was performed. Given a non-
normal distribution, we applied the Mann-Whitney-U
test to identify significant differences between patients
classified as CCD positive and CCD negative classified
patients. The association between CCD and the pres-
ence of ischemic lesions on CTP in the predefined
anatomical cerebral regions was elucidated by use of
the Chi-squared test and Fisher’s exact test. The
Spearman’s rank correlation was used to analyse the
relationship between supra- and infratentorial perfu-
sion values. The significance level for all tests was set

at P <0.05. In case of multiple testing, the significance
level was adjusted according to Bonferroni. Data are
expressed as mean +standard deviation/95% confi-
dence interval or as median+interquartile range
depending on the distribution of data.

Results
Patient characteristics

The final patient cohort consisted of 156 individuals
who were included in the further analysis. The patient
flow chart is illustrated in Figure 1. Mean age (+£SD)
was 69.7 years (£14.9) and 63.3 years (£15.8) in the
patient group and in the control group, respectively.
The patient group included 69 male subjects (44%)
compared with 87 in the control group (56%). Time
from symptom onset did not differ significantly
between the cohorts (228 £213 min vs. 218 4323 min,
P=0.7471. In the patient group, MCA infarcts were
located in the left cerebral hemisphere in 52.6% of
cases. Mean final infarct volume (£SD) was 56.5ml
(£86.6) and median ASPECTS score was 3 (interquar-
tile range: 1-6). The most common diagnoses in the
control group included transient ischemic attacks
(44.5%), epileptic seizures (16.1%), encephalitis/myeli-
tis/meningitis (5.8%), encephalopathy (5.2%) and cere-
bral hemorrhage (3.9%). Patient characteristics are
summarised in Table 1.

Absence of ICA-, Carotis-T
or MCA- occlusion
(N=1321)

Pathology of
vertebrobasilar arteries
(N=89)

Acute cerebellar ischemia
on follow-up CT/MRI
(N=6)

'

Final case group
(N=156)

Initial patient population
(N=1644)

Absence of ischemia on
follow-up CT/MRI (N=20)

Pathology of cerebellum
(N=14)

CTP-coverage < 50 % of
cerebellum/strongly limited
image quality (N=38)

Figure 1. Patient selection.
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Table I. Characteristics of the study population.

Patient group

Control group

Value Range Value Range
N 156 312
Age (years) £SD 69.7+ 149 28-97 63.3+15.8 27-110
Male gender (%) 44 - 56 -
Time from symptom onset (min) = SD 22842137 34-1356 218+323° 53-2462
Infarction on left hemisphere (%) 52.6 - - -
ASPECTS (median) £ interquartile range 3+1/6 0-10 - -
Final infarction volume (ml) &= SD 749+ 100.4 0.1-496.1 - -

SD: standard deviation; ASPECTS: Alberta stroke program early computed tomography score. *Available for 60.3% of subjects. ®Available for 41.0% of

subjects.

Table 2. Proportion of CCD+ and CCD— cases among the
patient and control group.

CCD+ CCD- P

Patient group (N=156) 55 (35.3%) 101 (64.7%) <0.0001°
Control group (N=312) 39 (12.5%) 273 (87.5%)

CCD: crossed cerebellar diaschisis. *Statistically significant (Chi-squared
test).

Inter-rater agreement

We assessed the inter-rater agreement in the detection
of CCD. The kappa statistic calculated by means of the
two independent readings yielded a value of 0.73 which
can be interpreted as a good degree of agreement.?*

Frequency of CCD

The number of CCD-positive and CCD-negative CTP
maps was determined on the basis of the consensus read-
ing. Results are illustrated in Table 2. Within the patient
group, 55/156 (35.3%) subjects were rated CCD positive,
while 101/156 (64.7%) subjects were diagnosed as CCD
negative. Among controls, 39 CTP maps (12.5%) were
rated false-positive for CCD, while the remaining 273
CTP maps (87.5%) were correctly identified as CCD
negative. CCD was detected with a significantly higher
frequency in the presence of MCA infarction than in
controls (35.5% vs. 12.5%, P <0.0001).

The CTP map with the highest detection rate of CCD
among the subjects with MCA infarct was CBF (35.0%),
followed by TTD (31.4%), CBV (26.3%), MTT (22.4%)
and TTP (17.5%). For the differentiation between CCD
positive and negative cases, TTP showed a high diagnos-
tic value of 98.6%. Similarly, CBV performed consider-
ably well with 94.2%, while the other parameters CBF
(87.3%), TTD (85.5%) and MTT (85.5%) ranged at a
lower level. Figure 2 shows three representative exam-
ples of CCD-positive examinations.

Determining factors for the occurrence of CCD

Among patients with MCA infarction, we analysed fac-
tors with potential influence on the occurrence of CCD.
Results are presented in Table 3. A left-sided MCA
infarction was significantly associated with the occur-
rence of CCD (CCD positive: 56.4% left hemisphere vs.
43.6% right hemisphere; CCD negative: 50.5% left
hemisphere vs. 49.5% right hemisphere, P=0.0427).
A higher mean ASPECTS score was found for CCD-
positive patients (2.6 (2.0;3.1) for CCD positive vs. 3.5
(3.0:4.0) for CCD negative, P=10.0283). Other variables
(‘time from symptom onset to CT examination’, ‘age’,
‘gender’ and ‘volume of supratentorial infarction’) did
not reach the predefined level of significance of
P <0.05. After the Bonferroni correction for multiple
testing, only a left-sided infarction but not the
ASPECTS score remained statistically significant.
Dichotomised univariate associations between
infarct locations as assessed by ASPECTS and CCD
were explored by applying the Chi-squared test to the
data of MCA-infarct patients. Results are shown in
Table 4. Cerebral hypoperfusion involving the follow-
ing territories were significantly associated with CCD:
M 1 (anterior MCA cortex; CCD-positive examin-
ations: 94.5% vs. CCD-negative examinations: 80.2%,
P=0.0175), M 4 (anterior MCA territory superior to
M 1) (CCD positive: 98.2% vs. CCD negative: 82.2%,
P =0.0036), the internal capsule (CCD positive: 67.3%
vs. CCD negative: 44.6%, P =0.0109) and the thalamus
(CCD positive: 69.1% vs. CCD negative: 33.7%,
P <0.0001). No significant association was detected
for other cortical regions (insula, M 2: cortex lateral
to insular ribbon, M 3: posterior MCA cortex, M 5:
lateral MCA territory superior to M 2, M 6: posterior
MCA territory superior to M 3) and subcortical regions
(caudate nucleus, lentiform nucleus). After a
Bonferroni correction for multiple testing, only the
thalamus and the ASPECTS-defined region M4 which
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FU MRI-DWI

Figure 2. Representative cases of MCA infarction and CCD are shown in Figure 2 (a—c). CTP maps (CBF, CBY, MTT and TTD, right
panel: higher resolution) of the cerebellar perfusion on admission are shown in the red frame. The infarcted tissue (CBF upon
admission, corresponding follow-up MRI-DWI) is demonstrated within the grey frame. (a) Ninety year-old woman with acute right-
sided hemiparesis, left-sided gaze preference and expressive aphasia. Time from symptom onset to CTP imaging was 75 min and to
MRI follow-up 67 h, respectively. (b) Sixty-nine year-old woman with acute right-sided hemiparesis and global aphasia. Time from
symptom onset to CTP imaging was 150 min and to follow-up MRI 71 h, respectively. (c) Sixty-five year-old woman with acute left-
sided hemiplegia, dysarthria and a neglect. Time from symptom onset to CTP imaging was 120 min and to follow-up MRI 100 h. In all

patients, rtPA was administered immediately after CT workup.

is located in the frontal lobe remained statistically sig-
nificant. Figures 2(c) and, in more detail, Figure 3 show
examples of an ipsilateral thalamic hypoperfusion in a
patient with CCD.

Quantitative analysis of perfusion values

Quantification of the relative supratentorial cerebral
perfusion parameters revealed that that MTT and
TTP prolongation as well as CBF reduction is more
pronounced in CCD-positive patients than in CCD-
negative patients (Table 5). Significant differences
between CCD-positive and -negative patients could be
detected for MTT (0.48 (0.09;0.75) for CCD positive vs.
0.10 (0.19;0.43) for CCD negative; P=10.0005), TTD
(0.62 (0.30;1.04) for CCD positive vs. 0.33

(—=0.04;0.61) for CCD negative; P=0.0017) and CBF
(19.28 (15.78;26.69) for CCD positive vs. 14.15
(4.66;21.75) for CCD negative; P=0.0032). CBV, how-
ever, showed no significant difference between these
groups (11.67 (7.98;18.34) for CCD positive vs. 11.86
(3.68;20.31) for CCD negative; P=0.9217).

Among CCD-positive cases, no significant correl-
ation could be detected between the degree of the
supratentorial perfusion and the cerebellar perfusion
reduction (Table 6).

Discussion

WB-CTP offers a robust method to screen for CCD in a
large patient collective. In our cohort, perfusion
abnormalities of the cerebellum consistent with CCD
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Table 3. Comparison of clinical features and infarct variables between CCD+ and CCD— cases.
CCD+ (N=55) CCD—- (N=101) P

Volume of supratentorial infarction (ml)® 81.3 (55.6;107.0) 71.4 (51.0;91.9) 0.1297°
Supratentorial infarction of left hemisphere (%) 56.4 50.5 0.0427°¢
ASPECTS* 2.6 (2.0;3.1) 3.5 (3.0;4.0) 0.0283°4
Time from symptom onset (min)? 205.5 (146.2;264.8) 239.7 (174.9;304.5) 0.5622°
Age (years)® 67.0 (63.7;70.4) 72.4 (68.5;76.2) 0.0815°
Male gender (%) 45.5 43.6 0.9534¢

CCD: crossed cerebellar diaschisis; ASPECTS: Alberta stroke program early computed tomography score. *Values are mean (95% confidence interval).

PMann-Whitney test. “Chi-squared test. “Statistically significant.

Table 4. Influence of supratentorial infarct location on the incidence of CCD.

Anatomical structures involved in supratentorial infarction CCD+ (N=55) CCD—- (N=101) P

ASPECTS Caudate nucleus 63.6% (35/55) 51.5% (52/101) 0.1966*
Lentiform nucleus 63.6% (35/55) 56.4% (57/101) 0.4819°
Internal capsule 67.3% (37/55) 44.6% (45/101) 0.0109*
Insula 94.6% (52/55) 90.1% (91/101) 0.5453°
M 94.6% (52/55) 80.2% (81/101) 0.0175°
M2 98.2% (54/55) 92.1% (93/101) 0.1610°
M3 92.7% (51/55) 83.2% (84/101) 0.1396°
M4 98.2% (54/55) 82.2% (83/101) 0.0036°¢
M5 98.2% (54/55) 94.1% (95/101) 0.4225°
M6 98.2% (54/55) 89.1% (90/101) 0.0574°

Thalamus 69.1% (38/55) 33.7% (34/101) <0.0001*¢

CCD: crossed cerebellar diaschisis; ASPECTS: Alberta stroke program early computed tomography score. *Chi-squared test. PFisher’s exact test.

“Statistically significant.

were observed in 35.3% of all patients. The perfusion
parameters CBF and TTD reached the highest detec-
tion rates, whereas TTP and CBV best distinguished
between CCD-positive and -negative cases. The loca-
tion of the supratentorial perfusion deficit, rather
than its size, as well as the severity of cerebral hypoper-
fusion was decisive for the occurrence of CCD.
We could show that a location on the left side, in
the frontal lobe and the thalamus is associated
with the evolution of CCD.

The frequency of CCD after MCA infarction in our
study lies within the published range of CCD after
supratentorial  strokes (15.61%-46.2%).!314:22:25-27
The results of these studies, however, were predomin-
antly obtained by analyses of small study populations
(range: 18-113)!3:14:17:22.25.2628 44 /or by inclusion of
various vascular territories''*?>*72% and by inclusion
of acute and chronic infarcts.?**” The strokes we inves-
tigated, however, were acute strokes restricted to the
MCA territory to avoid a dispersion of the results by
inclusion of different infarct stages and vascular terri-
tories. By screening a large patient collective, we can

thus further extend and substantiate the observation
that CCD is a common phenomenon after MCA infarc-
tion and that WB-CTP provides an appropriate tool to
investigate its hemodynamic impact on cerebellar per-
fusion after cerebral infarction.

In our study, we found a high rate of thalamic hypo-
perfusion in patients with MCA stroke. In principle,
occlusions of the internal carotid artery could lead to
an insufficient thalamic blood supply via the posterior
communicating artery as well as via the anterior chor-
oid artery. However, blood flow via the contralateral
side should compensate for this deficit, and thalamic
infarction usually relates to infarctions of the tuber-
othalamic artery (arising from the posterior communi-
cating artery), the paramedian, the inferolateral artery
or the posterior choridal artery (arising from the pos-
terior cerebral artery). In our study, ipsilateral thal-
amic perfusion alterations were also observed in
patients without carotid occlusion (data not shown).
Notably, in all cases with an ipsilateral thalamic
perfusion alteration on the initial CTP, no thalamic
infarction was detected in the follow-up imaging.
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Figure 3. A representative case of MCA infarction, ipsilateral thalamic hypoperfusion and CCD is shown in Figure 3. CTP maps
(CBF, CBV, MTT and TTD) of the supratentorial perfusion including the thalamus as well as the respective follow-up MRI (DWI and
FLAIR) are shown in the red frame. White arrows indicate the area of thalamic hypoperfusion. The cerebrellar hypoperfusion (left
side: CBF, right side: higher resolution CBF, CBY, MTTand TTD) are shown in the gray frame. Images were obtained from a 48 year-old
male with acute left-sided hemiparesis due to a right-sided MI-occlusion. Time from symptom onset to CTP imaging was 190 min and
to MRI follow-up 64 h, respectively. After CT-workup, rtPA was administered immediately and subsequent (successful) mechanical

recanalisation of the M|-segment was performed.

Table 5. Comparison of supratentorial perfusion reduction between CCD+ and CCD— cases.

CCD+ (N=43) CCD—(N=73)
Cerebral perfusion parameters Median (95% ClI) Median (95% ClI) P
A MTT (s) 0.48 (0.09;0.76) 0.10 (—0.19;0.43) 0.0005°
A TTD (s) 0.62 (0.30;1.04) 0.33 (—0.04;0.61) 0.0017*
CBYV reduction rate (%) 11.67 (7.98;18.34) 11.86 (3.68;20.31) 0.9217
CBF reduction rate (%) 19.28 (15.78;26.69) 14.15 (4.66;21.75) 0.0032*

MTT: mean transit time; TTD: time to drain;

CBF: cerebral blood flow; CBV: cerebral blood volume. A

MTT:

MTTipsiIateral - MTTcontraIateral’ A TTD: TTDipsiIateraI _TTDcontraIateraI' CBV reduction rate: (CBvcontralateral - CBvipsiIateral)/
CBVontratateral X 100%, CBF reduction rate: (CBF oncraiateral — CBFipsitatera)/ CBFcontratateral X 100%, *Statistically significant.

According to the literature, not only cerebellar diachisis
but also ipsilateral thalamic hypoperfusion have been
described after cortical®' and capsular® infarctions in
rats and after MCA infarctions in humans.?**
Similarly, in status epilepticus, diffusion restrictions
indicating CCD as well as an ipsilateral thalamic

involvement have been described.>>>° Furthermore,
crossed  cerebello-thalamo-cerebral  diachisis  as
indicated by an FDG hypometabolism in the contralat-
eral thalamus and cerebral cortex has been reported
after acute cerebellar injury using FDG-PET.?’
Therefore, the observed perfusion alteration in the
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Table 6. Correlation of cerebral and cerebellar perfusion parameters in CCD+ cases.

Spearman’s Rho correlation coefficient (P)

Cerebellar

A MTT
Cerebral A MTT 0.132 (0.399)
Cerebral A TTD 0.132 (0.398)

Cerebral CBV reduction rate 0.097 (0.538)

Cerebral CBF reduction rate 0.302 (0.049)

Cerebellar Cerebellar CBV Cerebellar CBF
A TTD reduction rate reduction rate
0.275 (0.074) 0.049 (0.758) 0.155 (0.321)
0.107 (0.494) 0.090 (0.565) 0.198 (0.204)
0.052 (0.742) —0.027 (0.862) 0.051 (0.744)
0.370 (0.015) 0.021 (0.892) 0.232 (0.134)

MTT: mean transit time; TTD: time to drain; CBF: cerebral blood flow; CBV: cerebral blood volume. Cerebral A MTT: MTTgijaceral — MT T contralateral
Cerebral A TTD: TTDjpsitaceral — T TDcontrataterar Cerebral CBV reduction rate: (CBVcontraiateral — CBVipsitaeral)/ CBV contrataceral X 100%, Cerebral CBF
reduction rate: (CBFconcratateral — CBFipsitateral)/CBFcontratateral X 100%, Cerebellar A MTT: MTT oneraiateral — MT Tipsitateray  Cerebellar A TTD:
TTDcontratateral — T T Dipsitacerais Cerebellar CBV reduction rate: (CBVipsitaceral — CBVcontratateral)/ CBVipsitateral X 100%, Cerebellar CBF reduction rate:

(CBFipsiIateraI - CBFcontraIateraI)/CBFipsiIateraI x 100%.

thalamus most likely relates to an ipsilateral thalamic
diachisis.

According to current knowledge, the interruption of
fiber tracts projecting via pontine nuclei to the contra-
lateral cerebellar cortex and to the deep cerebellar
nuclei lead to a reduced activation of the cortical
Purkinje cells as well as a reduced activity of glutami-
nergic projection neurons from the deep cerebellar
nuclei to the thalamus.*®*® This results in a functional
deactivation and ultimately to vasoconstriction which
in turn results in a profound reduction of CBF and
CBV.*

The relatively high detection rate of CBF in com-
parison to the other perfusion parameters supports
this theory. Due to the concomitant reduction of CBF
and CBV, changes in time-based perfusion maps are
not expected.41 However, we and others,”?’ do indeed
find alterations in time-based MRI?’ and CTP-based
perfusion maps like MTT, TTP and TTD.""
Importantly, we ruled out that the perfusion changes
in the time-dependent maps are related to vascular dis-
ease or ischemia in the posterior circulation.

In the literature, disagreement exists whether infarc-
tion volume influences CCD occurrence and severity.
Kim et al.' reported that the location rather than the
extent or severity of the lesion may be the major deter-
minant for the occurrence and magnitude of CCD in
patients with cerebral infarction. Sobesky et al.,” how-
ever, found that acute but not chronic CCD was closely
related to the volume of supratentorial hypoperfusion.
Lin et al.?” showed in a small study that infarct volume
is related to the development of CCD. In our study on
acute MCA stroke, however, we could find no associ-
ation between infarct size and occurrence of CCD. In
this study, we could demonstrate that a more pro-
nounced supratentorial perfusion alteration seen in
MTT, TTD or CBF is positively correlated with the
evolution of CCD, which is in line with a previous

SPECT study demonstrating that the degree of hypo-
perfusion is correlated with the occurrence of CCD.*
However, we did not find a correlation between the
degree of the supratentorial perfusion alteration and
the degree of the cerebellar hypoperfusion.

Cerebral hypoperfusion in the frontal lobe and the
thalamus were associated with CCD which is in agree-
ment with previously published results of smaller col-
lectives.!%:1322:294243 pantano et al.** demonstrated
that CCD was more prominent when the supratentorial
infarct involved the internal capsule or the cortical
mantle extensively. They also suggested that destruc-
tion of the pyramidal tract is neither necessary nor suf-
ficient to induce CCD. Gold and Lauritzen® showed
that decreases of activity involving the frontal cortex
produced the largest decrease in contralateral cerebellar
electrical activity and blood flow. It has been shown
that small infarcts, if located in a strategically relevant
thalamic area (e.g. nucleus ventralis intermedius), are
sufficient to elicit a relevant decrease of the contralat-
eral cerebellar blood flow and metabolism.>*?* Overall,
these data are in line with our observation that there is
an association between anatomic region and the inci-
dence of CCD which is not the case for the size of the
cerebral hypoperfusion.

The structural basis accounting for the development
of CCD by cerebral hypoperfusion involving the
frontal lobe and the thalamus might be the dentatoru-
brothalamic pathway, specific thalamic projections and
the corticopontocerebellar tract.>>** Furthermore, it is
known that the cerebellar-cortical pathways are struc-
tured in reciprocal organised loops and that the cere-
bellar hemispheres in particular are interconnected to
the frontal cortex.*® In our cohort, a significantly higher
proportion of CCD occurred after left-sided MCA
infarctions. This observation may indicate that fron-
tothalamocerebellar circuits which are supposed to be
intricately involved in language,*” complex motor
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functions,*® verbal working performance® account for
the development of CCD. Based on our findings, it can
be suggested that the amount of interconnection of
frontal cortex and cerebellar hemisphere is more intense
for the left frontal cortex.

Subacute neurologic function and recovery have
been shown to be worse in patients with stroke and
CCD compared with those without CCD.”® Although
no reports to date show that cerebellar hypoperfusion
from CCD is associated with permanent infarction,
chronic deafferention results in measurable structural
abnormalities.’ A serial PET study with longitudinal
follow-up at multiple time points after thrombolytic
therapy also highlighted the usefulness of CCD as an
indicator of clinical outcomes.” Our data indicate that
WB-CTP evaluation might be a potent tool to clarify
the role of CCD for patient outcome after MCA
infarction.

Our data must be interpreted in the context of the
study design. This is a retrospective single-center study
on the occurrence of CCD after MCA infarction which
is based on a dichotomised univariate descriptive stat-
istical analysis. Consequently, no exact predictions
but only significant associations can be revealed by
our investigations. We did not analyse the potential
impact of CCD on patient’s clinic or outcome,
although these are important aspects for future studies.
However, our study demonstrates that such studies
could well be performed using the WB-CTP. We
blinded our readers to clinical data and presence of a
supratentorial infarction to minimise bias. Moreover,
we enrolled a large patient cohort which exceeded the
size of study populations investigated in terms of CCD
so far (mean: 51.1; range: 18-113).!3:1417:22.25.26.28.52
Still, we cannot fully rule out the possibility of
having underestimated the frequency of CCD as we
counted only those cases as CCD positive, that show
hemodynamic alterations suggestive of CCD in at
least two perfusion parameter maps. However, arti-
facts on single perfusion maps can often be observed
in CT imaging of the posterior fossa and this
approach helped to limit the number of false-positive
findings.

Moreover, the sensitivity might have been nega-
tively influenced by the fact that JPEGs of the raw per-
fusion maps were presented to the readers which could
not be windowed for brightness and contrast. The
JPEG files, however, allowed us to ecasily modify the
images to blind the readers to the supratentorial brain
sections.

CTP alterations suggestive of CCD were also
observed in subjects of the control group. These
might be related to artifacts. Moreover, transient ische-
mic attacks or epileptic seizures, two of the two main
reasons for admission within the control group, could

potentially result in CCD and cause a substantial rate
of false-positive results.

Conclusion

CCD is a common phenomenon after MCA infarcts
and leads to a cerebellar hypoperfusion which can be
detected by decreased CBF, CBV and/or by prolonged
TTP, TTD and MTT. This phenomenon needs to be
considered when interpreting CTP in acute supratentor-
ial stroke in order to correctly classify contralateral
cerebellar perfusion deficits. Prospective studies with
larger cohorts and profound clinical assessment are
necessary in order to further determine the clinical rele-
vance of the observed phenomenon. In particular,
patient relevant aspects like the immediate and long-
term clinical correlates of CCD and its potential influ-
ence on outcome need to be subject of further research.
For this purpose, an analysis of the WB-CTP images
performed for the initial stroke workup seems to be a
robust way to screen for CCD.
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Abstract

Introduction Factors that determine the extent of the penum-
bra in the initial diagnostic workup using whole brain CT
Perfusion (WB-CTP) remain unclear. The purpose of the cur-
rent study was to determine a possible dependency of the
initial mismatch size between cerebral blood flow (CBF) and
cerebral blood volume (CBV) from time after symptom onset,
leptomeningeal collateralization, and occlusion localization in
acute middle cerebral artery (MCA) infarctions.

Methods Out of an existing cohort of 992 consecutive patients
receiving multiparametric CT scans including WB-CTP due
to suspected stroke, we included patients who had (1) a
witnessed time of symptom onset, (2) an infarction of the
MCA territory as documented by follow-up imaging, and (3)
an initial CBF volume of >10 ml. CBF and CBYV lesion sizes,
collateralization grade, and the site of occlusion were
determined.

Results We included 103 patients. Univariate analysis showed
that time from symptom onset (168 +/—91.2 min) did not cor-
relate with relative or absolute mismatch volumes (p=0.458
and p=0.921). Higher collateralization gradings were
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associated with small absolute mismatch volumes (p =0.004
and p<0.001). Internal carotid artery (ICA) occlusions were
associated with large absolute mismatch volumes (p=0.004).
Multivariate analysis confirmed that ICA occlusion was asso-
ciated with large absolute mismatch volumes (p=0.005), and
high collateral grade was associated with small absolute mis-
match volumes (p=0.017).

Conclusions There is no significant correlation between ini-
tial CTP mismatch and time after symptom onset. Predictors
of mismatch size include the extent of the collaterals and a
proximal location of the occlusion.

Keywords CT perfusion - Leptomeningeal collateralization -
Acute ischemic stroke - Penumbral imaging - Flow-volume
mismatch

Introduction

Immediately after the onset of ischemia, the infarct core is
thought to be surrounded by a hypoperfused but potentially
salvageable ischemic penumbra. Without reperfusion, the in-
farct core expands into the hypoperfused tissue of the penum-
bra. It has been proposed that the rate of this expansion is
proportional to the susceptibility of the underlying tissue to
ischemia, the severity of the hypoperfusion, and the time
elapsed after stroke onset [1]. With prompt reperfusion, pen-
umbral tissue salvage may be linked to improved clinical out-
comes [2].

The current recommendations for stroke recanalization are
limited to a small window of time elapsed after symptom
onset. It is commonly assumed that in the absence of reperfu-
sion, the expansion of the infarct core occurs fast [3] and that
treatment efficacy therefore rapidly decreases with time [4—6].
Currently, the time window approved for using intravenous
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tissue-type plasminogen activator is limited to 4.5 h after
symptom onset [7], and as a consequence of the narrow time,
window systemic thrombolysis rates among patients with
acute stroke have been reported to range among 5 % [8, 9]
and, more recently, up to 13.9 % [10].

In recent years, there was an increase in the rate of com-
puted tomography angiography (CTA) and computed tomog-
raphy perfusion (CTP) studies in the setting of acute ischemic
stroke, and both techniques were associated with increased
use of reperfusion therapy [11]. The idea of CTP is to discrim-
inate areas of potentially salvageable penumbra from the is-
chemic core by analyzing perfusion parameter maps. Most
commonly, the mismatch is calculated between cerebral blood
flow (CBF) and cerebral blood volume (CBV) or between
mean transit time (MTT) maps and CBV [12-14].

While earlier generation CT-scanners only allowed exami-
nation of perfusion in two selected axial slices precluding
evaluation of a complete volumetric perfusion status [15],
newer CT-scanners now enable whole-brain acquisition
allowing assessment of the total volume of the ischemic re-
gion and the tissue at risk [16, 17]. Studies using whole-brain
penumbral imaging might have the potential to personalize
treatment strategies in individual patients independent of the
time window [2, 18]. Patient enrollment into clinical trials
increasingly considers the extent of the ischemic penumbra
rather than the time elapsed after symptom onset [19, 20],
although there is an ongoing and controversial debate on the
value of the imaging selection hypothesis [21].

However, the factors that determine the extent of the pen-
umbra in the initial diagnostic workup using whole brain CTP
remain unclear. Therefore, the purpose of the current study
was to determine the dependency of the initial mismatch size
between CBF and CBV with respect to time after symptom
onset, leptomeningeal collateralization, and occlusion locali-
zation in patients with acute ischemic stroke of the media
territory.

Materials and methods
Study design and study population

The institutional review board approved the study and waived
requirement for informed consent. Our initial cohort consisted
0f 992 consecutive patients admitted to our institution under-
going multiparametric CT including WB-CTP due to
suspected stroke between April 2009 and June 2012. We ret-
rospectively included all patients with the following:

1. A CT perfusion deficit suggestive of acute cerebral

infarction
2. A documented time of witnessed symptom onset

@ Springer

3. A confirmed ischemic infarction in the MCA territory on
follow-up MRI within 72 h after the initial CT scan

We excluded patients with the following:

2. A multiparametric CT scan with non-diagnostic quality of
non-enhanced CT (NECT), CT angiography, or CT
perfusion

2. A CBF lesion size of less than 10 ml, since mismatch
calculations below this threshold may be strongly affected
by small variances in lesion volumetry

Time from symptom onset was defined as the time interval
between symptom onset and CT perfusion imaging. Data
concerning the time of symptom onset were collected by re-
view of the medical chart and were only included into the
analyses in case of a documented time point of witnessed
symptom onset.

CT examination protocol

The multiparametric CT protocol consisted of NECT to ex-
clude intracranial hemorrhage, a supraaortic CTA, and WB-
CTP, all performed using one of the following CT-scanners:
SOMATOM Definition AS+, a 128 slice CT scanner;
SOMATOM Definition Flash, a 128 slice dual source CT
scanner; and SOMATOM Definition Edge, a 128 slice CT
scanner (all by Siemens Healthcare, Erlangen, Germany).

WB-CTP images were obtained with a collimation of
0.6 mm and a scan coverage of 100 mm in the z-axis using
adaptive spiral scanning. One scan was acquired every 1.5 s.
Tube voltage was 80 kV and tube current was 200 mAs. Com-
puted tomography dose index (CTDI,,) was 276 mGY. A
volume of 35 mL of highly iodinated contrast agent was ad-
ministered at a flow rate of 5 mL/s followed by a saline flush
of 40 mL at 5 mL/s. Injections of contrast agent were per-
formed through an 18-gauge needle (18G x 1 3/4, Braun,
Melsungen, Germany) placed in the cubital vein. Thirty-one
axial slices were reconstructed per view with a thickness of
10 mm and an increment of 3 mm.

CT-perfusion image processing and analysis

CT perfusion was used to assess the absolute and the relative
mismatch between CBV and CBF. Relative mismatch was
defined as the percentage of the CBF perfusion deficit without
corresponding CBV lesion. Absolute mismatch was defined
as CBF perfusion deficit— CBYV lesion volume.

The axial CTP images were transferred to a workstation
(Syngo MMWP, VA21A; Siemens Healthcare, Erlangen, Ger-
many), and perfusion analysis was performed with the soft-
ware provided by the vendor, Syngo Volume Perfusion CT
Neuro (Version VA21A, Siemens Healthcare, Erlangen,
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Germany), using a semiautomated deconvolution algorithm
(Auto Stroke MTT). OsiriX version 4.0 imaging software
(http://www.osirix-viewer.com) was used for offline 3D
assessment of CBV and CBF lesion size as previously
described [17]. Briefly, we manually segmented the
perfusion deficit on every axial slice using the OsiriX closed
polygon tool to create a region of interest. The perfusion
deficit volume was calculated using the OsiriX volume
calculation tool. All volumetric analyses were performed by
areader of CT perfusions with 3 years of experience in stroke
imaging, blinded to clinical information and follow-up scans.

CT angiography image analysis

CT angiography was used to determine the location of the
vessel occlusion. Furthermore, leptomeningeal collaterals
were assessed on baseline CTA by use of the regional
leptomeningeal collateralization score (rLMC), a previously
published ordinal scoring system that is based on the Alberta
Stroke Program Early CT Score (ASPECTS) template and
which has been shown to have excellent inter-rater reliability
[22-24]. Briefly, the score is based on scoring pial and
lenticulostriate arteries (0 no, 1 less, and 2 equal or more
prominent compared with matching region in opposite hemi-
sphere in six aspect regions (M1-M6) plus anterior cerebral
artery region and basal ganglia. Pial arteries in the Sylvian
sulcus are double-weighted). Collateral status by use of the
rLMC score (0-20) was trichotomized into three grades—1
poor (0-10), 2 intermediate (11-16), and 3 good (17-20)—
according to previously published literature [22—-24]. Two
readers, one with 8 years and one with 2 years of experience

in stroke imaging, independently reviewed and scored by con-
sensus baseline CT scans and CTA. Both readers were blinded
to clinical information and follow-up scans. In case of dis-
agreement, a consensus was reached in a separate session.

Follow-up imaging

The MRI follow-up examination comprised a T2* sequence, a
fluid-attenuated inversion recovery (FLAIR) sequence, a
diffusion-weighted imaging (DWI) sequence, and a time-of-
flight (TOF)-MR angiography.

Statistical analysis

We performed all statistical analyses using SPSS (Version
21.0; IBM, Armonk, NY). All metric and normally distributed
variables are reported as mean +standard deviation; non-
normally distributed variables are presented as median and
interquartile ranges. Categorical variables are presented as fre-
quency and percentage. Normal distribution was assessed
using the Kolmogorov-Smirnov test. In case of not-normally
distributed variables, a square root transformation was per-
formed and the Kolmogorov-Smirnov test was repeated. Uni-
variate linear regression analysis was used to test the associa-
tion between predictors and outcome variables. The following
variables were included as predictors: age, sex, time from
symptom onset, and location of occlusion (internal carotid
artery, M1 segment of MCA, M2 segment of MCA, other
occlusion, no occlusion, and collateral grade (as ordinal vari-
able as previously practiced)). Multivariate linear regression
was used for adjusted analyses. Variables significantly

Fig. 1 Inclusion and exclusion

flow chart Total number of patients with suspected stroke

and whole brain CT-perfusion raw data sets
N=992

!

Patients with perfusion deficit
on initial CTP
N=668

¥

Patients with witnessed symptom onset
N=317

1

Patients with confirmed infarction
of the MCA territory
N=148

N

Final study cohort
N=103

Excluded (N=45):

Non diangostic quality of NECT,
CT-angiography or CT-perfusion (N=14)

CBF perfusion deficit size < 10 ml (N=31)
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associated with a favorable outcome (p <0.2) in the univariate
regression were included in the multivariate models. P
values below 0.05 were considered to indicate statistical
significance. To provide interpretable results in the mul-
tivariate analysis in cases of not-normally distributed
variables and square root transformation, analyses were
performed for the original variables and the square root
transformed variables.

Results
Study population

Among our initial cohort of 992 patients, 698 had an initial CT
perfusion alteration suggestive of an acute infarction. Of
those, 317 had a documented time of witnessed symptom
onset. Out of this subgroup, a total of 148 patients had MRI
follow-up imaging documenting an ischemic lesion in the
corresponding MCA territory and were included into further
analysis. We excluded 31 patients due to an initial CBF lesion
size of <10 ml, 14 due to non-diagnostic quality of NECT,
CTA, or CT perfusion. The remaining 103 patients constituted
the final study cohort (Fig. 1).

Table 1  Patient Characteristics

All patients (N=103)

Age—year” 70.2+£14.3

Male sex—no. (%) 58 (56.3)

Time from symptom onset—min® 168.5+91.2

CBF lesion size—ml® 128.0 (57.4-194.8)

CBV lesion size—ml° 40.4 (10.8-70.4)
Relative mismatch— %" 63.5 (49.8-78.7)
Absolute mismatch—mI® 68.7 (30.7-109.8)

Vessel occlusion

ICA—no. (%) 29 (28.2)
MI1—no. (%) 49 (47.6)
M2—no. (%) 27 (26.2)
Other—no. (%) 8(7.8)
None—no. (%) 15 (14.6)
Collateralization
Grade 1 (poor, (LMC 0-10) 46 (44.7)
Grade 2 (intermediate, rILMC 11-16) 34 (33.0)
Grade 3 (good, rLMC 17-20) 23 (22.3)
ASPECTS* 8.11+2.71

ASPECTS Alberta Stroke Programme Early CT Score, /CA Internal Ca-
rotid Artery, rLMC score regional leptomeningeal collateralization score

#Mean+SD
°Median (IQR)
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Baseline characteristics

In total, 103 patients with a mean age of 72+ 14 years were
analyzed including 58 men and 45 women. An occlusion of the
M1 segment of the MCA was detected in 49 (47.6 %) patients.
Internal carotid artery (ICA) occlusions were diagnosed in 29
(28.2 %) and M2 segment occlusions in 27 (25.2 %) patients,
respectively. Eight patients (7.8 %) had occlusions other than
ICA and M1 or M2 segments. No occlusion could be detected
in 15 (14.6 %) patients. Twenty-two (16.9 %) patients had more
than one occlusion. Median relative mismatch was 63.5 %
(range 49.8-78.7 %), median absolute mismatch volume was
68.7 ml (range 30.7-109.8 ml), and mean time from symptom
onset was 168.5+91.2 min. Collaterals were graded by use of
the cLMC score as 1 (poor, tLMC 0-10) in 46 patients
(44.7 %), as 2 (intermediate, r(LMC 11-16) in 34 patients
(33.0 %), and as 3 (good, r[LMC 17-20) in 23 patients
(22.3 %). Patient characteristics are summarized in Table 1.
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Fig. 2 a Absolute and b relative CT perfusion mismatch versus time
from symptom onset
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Factors associated with the extent of relative and absolute
mismatch volume

The relative and the absolute mismatch volumes with respect
to the time elapsed after symptom onset for all 103 patients are
illustrated in Fig. 2. There was no apparent correlation be-
tween absolute or relative mismatch and time from symptom
onset. The results of the univariate analysis testing for corre-
lations between time from symptom onset, leptomeningeal
collateralization, or occlusion location on one hand and rela-
tive or absolute CT perfusion mismatch volumes on the other
hand are shown in Table 2. Time from symptom onset was not
significantly associated with either relative or with absolute
mismatch volume (p=0.458 and p=0.921, respectively), nei-
ther could a trend be observed in our data. Intermediate
collateralization grade, however, was significantly associated
with the relative (p=0.010) and, inversely, with the absolute
mismatch volume (p=0.004), indicating e.g. a comparatively
small infarct core and a small absolute penumbra. Likewise,
good collateralization was associated with a small absolute
mismatch volume (p<0.001). The correlation between
collateralization grade and absolute mismatch volumes is rep-
resented in Fig. 3. The association with the relative mismatch,
however, was not significant (p =0.112), most probably due to
the heterogeneity of the occlusion sites.

No significant correlation was seen between the localiza-
tion of the occlusion and mismatch volumes with the excep-
tion of ICA occlusion, which was associated with a large
absolute (but not relative) mismatch volume (p=0.004).

Similar results were obtained in the multivariate analysis:
Good collateralization grade proved to be significantly asso-
ciated with a small absolute mismatch volume (p=0.017) and

ICA occlusion was associated with a large absolute mismatch
volume (p=0.005). Time from symptom onset was not nor-
mally distributed. Consistency of the results was confirmed
after square root transformation of this variable.

Subgroup analysis

To rule out a major influence of the occlusion site heteroge-
neity, a subgroup analysis was performed for all patients with
a proximal (M1 or M2) MCA occlusion (n=75). The results
of the univariate analysis are given in Table 3. Consistent with
the entire group, there was no correlation between time from
symptom onset and relative (p=0.781) as well as absolute
mismatch volume (0.908). Only the collateralization grade
was significantly associated with relative mismatch (interme-
diate collateralization, p=0.007, good collateralization
»=0.007) and absolute mismatch volume (»p=0.007 and
p=0.039, respectively).

Discussion

In our study on factors that influence the extent of the early CT
perfusion mismatch, we could show a lack of correlation be-
tween the initial CTP mismatch and time from symptom on-
set. Predictive factors for mismatch size were the status of
leptomeningeal collateralization as well as the presence of a
proximal occlusion localization.

Our data support and further extend prior reports that did
not find a correlation between time from symptom onset and
penumbral volume.

Table 2 Univariate linear
regression analysis for relative

Relative mismatch (%) Absolute mismatch (ml)

and absolute CT perfusion
mismatch Age

Male sex
Time from symptom onset
Vessel occlusion
ICA
M1
M2
Other
None
Collateralization (rLMC score)
Grade 1 (poor, rLMC 0-10)

Grade 2 (intermediate, TLMC 11-16)

Grade 3 (good, r(LMC 17-20)

$=-0.100; p=0.536
3=4.575; p=0.280
$=3.302; p=0.458

3=-4.875;p=0475
3=-2.894; p=0.637
3=0.781; p=0.907
B=-5.683; p=0.560
Reference

Reference
3=13.274; p=0.010
$=9.200; p=0.112

3=-0.271; p=0.463
3=-13.272; p=0.206
3=-0.006; p=0.921

3=32.238; p=0.004
3=23.428; p=0.060
3=-1.483;p=0912
3=-36.974; p=0.061
Reference

Reference
3=-32.171; p=0.004
$=-52.533; p<0.001

1C4 internal carotid artery, rLMC score regional leptomeningeal collateralization score
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Fig. 3 Correlation between collateralization grade and absolute
mismatch volume. Data represent median and interquartile range; black
dots represent outliers

Time dependency of the penumbral volume was so far
mainly addressed using MRI techniques. It was shown that
within the first 6 h after stroke onset, there were no significant
time-dependent differences in degree and volume of perfusion
and diffusion impairment mismatch (PWI/DWI mismatch)
[25]. In another study that included 109 consecutive acute
anterior circulation stroke patients, Copen et al. demonstrated
that a substantial percentage of stroke patients continue to
demonstrate a PWI/DWI mismatch beyond 9 h up to 24 h after
symptom onset. According to this study, the existence of a
mismatch beyond 9 h was more likely in patients with than
in patients without a proximal arterial occlusion [26]. Other
studies involving smaller cohorts reported similar results

[27-30]. In a study including 186 patients with major anterior
circulation ischemic strokes, it was shown that there is a poor
correlation between infarct volume and time after stroke onset
and there is an unexpected wide range of individual infarct
growth rates [31]. Hence, using MRI-based penumbral imag-
ing, the time elapsed after symptom onset is only a poor pre-
dictor of penumbral volume.

Penumbral imaging using CTP provides similar informa-
tion as MR imaging [32, 33]. In a CTP study conducted to
determine whether optimal CTP thresholds for ischemic core
and penumbra are time-dependent, the authors report no
changes in the threshold within the first 15 h after symptom
onset. In fact, selected patients presenting even 24 h after
stroke onset had varying areas of penumbra and there was
no correlation between the ratio of penumbra to ischemic core
and the time elapsed from symptom onset on CTP [34]. An-
other study also failed to find a correlation between CTP mis-
match, defined as a CTP ASPECT mismatch of >2 between
CBV and MTT, and the time from symptom onset [35]. How-
ever, the variable and limited CTP coverage of both studies
(20 mm [35] and 20-80 mm [34]) precludes translating the
observed phenomena to scanners with more extensive brain
coverage. Our results, therefore, for the first time confirm that
there is no correlation between time from symptom onset and
CTP mismatch as assessed by whole brain CTP.

The absence of a correlation between time from symptom
onset and a shrinking penumbra as well as the maintenance of
a large mismatch in patients for a relatively long time might be
explained by a large variability in the cerebral perfusion via
the collateral circulation. Indeed, our results show that the
extent of the CTP mismatch is strongly correlated with the
degree of leptomeningeal collateralization. In line with our
findings, it was shown that the quality of collateral blood flow

Table 3 Subgroup analysis:
univariate linear regression

Relative mismatch (%) Absolute mismatch (ml)

analysis for relative and absolute
CT perfusion mismatch in

proximal MCA occlusions Male sex
(n=176)

Age—year

Time from symptom onset
Vessel occlusion
M1
M2
None
Collateralization (rLMC score)
Grade 1 (poor, (LMC 0-10)

Grade 2 (intermediate, ILMC 11-16)

Grade 3 (good, rLMC 17-20)

B=-0.087; p=0.647
B=-5.077; p=0.336
8=0.008; p=0.781

B3=6.652; p=0.778
B3=7.774; p=0.736
Reference

Reference
3=14.538; p=0.007
$=22.723; p=0.007

$=-0.032; p=0.935
3=5.047; p=0.645
3=-0.007; p=0.908

3=73.130; p=0.116
3=38.633; p=0.392
Reference

Reference
3=-30.987;, p=0.007
B3=-17.875; p=0.039

MCA middle cerebral artery, ICA internal carotid artery, rLMC score regional leptomeningeal collateralization

score

@ Springer



Neuroradiology (2016) 58:357-365

363

and the degree of PWI/DWI mismatch are strongly related,
and both are associated with infarct growth [36]. The impact
of collaterals has been addressed in several other studies, and
good collaterals are considered to protect the penumbra and to
predict stable mismatch [30, 37-39]. In line with previous
studies, we can show that a higher collateralization degree
is associated with a high relative mismatch but small ab-
solute penumbral volume [40], indicating e.g. a compara-
tively small infarct core and a small absolute penumbra.
Furthermore, pretreatment collateral status was proven to
have prognostic relevance for the final infarct size and the
outcome of patients with ischemic stroke [23, 40—43]. For
example, Jung et al. could show that the quality of collat-
erals and the quantity of reperfusion, but not the time
from symptom onset, were the major factors determining
the penumbra loss as assessed by serial PWI/DWI imaging
in patients with proximal middle cerebral artery occlusions
[44]. Similarly, Menon et al. included 138 patients (MCA/
M1 and/or intracranial occlusion) in a retrospective single-
center study and demonstrated that a good leptomeningeal
collateralization correlates strongly with the size of infarct
core at baseline and is a strong independent predictor of
final infarct size and clinical outcome. Serial imaging re-
vealed that progressive collateral failure in a period of up
to 5 days is associated with infarct growth [22].

There are limitations to this study, which need to be taken
into account when interpreting the data. Firstly, as in any ret-
rospective study, there is the risk of a selection bias. All en-
rolled patients, however, were recruited from the prospective-
ly collected stroke registry, and standardized stroke protocols
were applied to minimize this bias. Secondly, inherent limita-
tions of the methodology of CTP should be considered. We
assessed the extension of the perfusion deficit in comparison
to the contralateral side, thereby using a relative approach as
previously described [17]. However, we avoided using rigid
quantitative perfusion thresholds for the definition of the is-
chemic core since post-processing methods vary widely
among manufacturers [45] and since there are currently no
operationally defined and universally accepted thresholds
[46].

We considered other potential confounders; one possibility
was the heterogeneity in occlusion sites. However, the same
lack of correlation between time from symptom onset and
CTP mismatch persisted when we evaluated patients with
proximal occlusion of the MCA only (M1 and M2 occlu-
sions). Furthermore, we could not include information on
the etiology of the vessel occlusion (thrombosis vs. embolism)
although this might be relevant for the resulting perfusion
deficit.

Finally, our conclusions are only valid for infarctions of the
media territory and a time from symptom onset with up to 8 h,
with the majority within the conventional time window of
4.5 h. We do not know whether similar conclusions can be

drawn for patients with occlusions of other cerebral vessels
and after more than 8 h after symptom onset.

Conclusion

Our study emphasizes the importance of the extent of
collateralization rather than time from symptom onset as a
critical factor in determining CTP mismatch after acute ische-
mic stroke. The missing correlation between mismatch and
time from symptom onset supports the current paradigm shift
from “time is brain” to “physiology is brain.” The strong
correlation between collateralization grade and penumbral
volume supports this concept and encourages further research
in this field.
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