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Abstrakt

Die zunehmende Bedeutung der kardiovaskularen Magnetresonanztomographie zur
Diagnostik und Therapiesteuerung findet sich auch in den aktuellen Leitlinien der
Kardiologie wieder. Dennoch ist ihre Anwendung noch nicht so routinemafig
verfugbar, wie es sich anbieten wurde. Als ein limitierender Faktor gilt hierbei die
Untersuchungsdauer.

FUr eine zeiteffizientere Untersuchung ist eine Nutzung bereits vorhandener
Routineaufnahmen fiur weitere Fragestellungen sinnvoll. Gleichzeitig muissen neu
entwickelte, schnellere Techniken validiert werden. Nur so kdnnen die Moglichkeiten
der kardialen Magnetresonanztomographie, insbesondere die einzigartige
Mdglichkeit zur nicht-invasiven Gewebedifferenzierung, kinftig eine breitere
Anwendung finden.

Ziel dieser Arbeit ist es, Maglichkeiten zur effizienteren und schnelleren
Untersuchung aufzuzeigen, um die Maglichkeiten der kardialen
Magnetresonanztomographie innovativ und in breiterer Anwendung nutzbar zu

machen.

Bei 203 gesunden Probanden wurde der linke Vorhof analysiert, um Normwerte
basierend auf einem zeitsparenden Kklinischen Routineprotokoll zu erstellen.
Abhangigkeiten von Alter, Geschlecht und Feldstarke wurden aufgezeigt.[1]

Des weiteren wurden zwei neue, schnellere Aufnahmetechniken zur
Narbendarstellung bei 312 Patienten mit verschiedenen Pathologien anhand des
Vergleichs zur Referenzstandardsequenz evaluiert.[2] Aullerdem wurden 23
Sarkompatienten vor und im Laufe ihrer Anthrazyklin-Therapie wiederholt untersucht,
um einen potentiellen Markers einer anthrazyklin-induzierten Kardiomyopathie zu

ermitteln.[3]

Die Evaluierung der Normwerte des linken Vorhofs ergab einen Unterschied
zwischen den Geschlechtern bezuglich der absoluten Volumina des linken Vorhofs.
Dieser Unterschied war nicht mehr erkennbar nach Normierung der Werte auf Body-
Surface-Area oder Korpergrolle. Die Feldstarke hatte keinen Einfluss. Das
enddiastolische Volumen des linken Vorhofs nahm mit zunehmendem Alter ab.[1]

Die neuen Aufnahmetechniken hatten eine signifikant kirzere Aufnahmezeit und

erlaubten darlber hinaus auch eine Auswertung bei Patienten mit arrhythmischem
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Herzschlag. Alle 201 in der Referenzstandardsequenz positiven Befunde wurden
ebenfalls mit einer der neuen Aufnahmetechniken erkannt. In der anderen neuen
Aufnahmetechnik wurden zwei kleine Narben (<1g) Ubersehen.[2]

Sarkompatienten, die nach Beendigung der Anthrazyklintherapie eine anthrazyklin-
induzierte Kardiomyopathie entwickelten, zeigten bereits 48h nach Therapiebeginn
myokardiale Gewebeveranderungen, welche sich bis zum Ende der Therapie wieder
erholten.[3]

Zusammenfassend konnten durch die Etablierung von Normwerten des linken
Vorhofs anhand eines zeitsparenden Routineprotokolls sowie der Validierung
zeitsparender Aufnahmen zur Narbendarstellung Ansatze zur zeiteffizienteren und
schnelleren Durchflihrung einer kardialen Magnetresonanztomographieuntersuchung
gezeigt werden, durch die perspektivisch zeiteffizientere Untersuchungen maglich
sind und somit eine breitere Anwendung auch innovativ zur Pradiktion von

Kardiomyopathien mdglich macht.



Abstract

The increasing importance of cardiovascular magnetic resonance for diagnostics and
therapy guiding is reflected in current guidelines of cardiology. The clinical
application, however, is not as widely spread as could be expected from that. The
length of the examination is often seen as one limitation.

For a more time-efficient examination the use of already acquired images for
additional information is sensible. Also, newly developed, faster sequences have to
be validated for future routine use. Thereby the potential of cardiovascular magnetic
resonance, especially the unique possibility of non-invasive myocardial tissue
differentiation, can be spread more broadly.

Aim of this work is to show possibilities for a more efficient and faster examination to
use the full potential of cardiovascular magnetic resonance also innovatively and for

a broader spectrum.

Left atria of 203 healthy volunteers were analyzed to establish normal values based
on a time-efficient clinical routine protocol. Influence of age, sex and field strengths
was evaluated.[1]

Additionally, two new, faster acquisition techniques for scar imaging were compared
to a reference standard sequence in 312 patients with different pathologies.[2]
Furthermore 23 patients with sarcoma were examined before, during and after their
anthracyclin-therapy to find a potential marker of anthracyclin-induced

cardiomyopathy.[3]

Evaluation the newly established normal values of the left atria showed a significant
difference of the absolute volumes between both sexes, which could not be observed
anymore after adjusting to body-surface-area or height. Field strength did not
influence the results. The enddiastolic volume of the left atria decreased with age.[1]
The new acquisition techniques had a significantly shorter acquisition time and
additionally allowed for evaluation in patients with arrhythmia. All 201 positive results
as depicted by the standard reference sequence were also detectable by one
technique. With the other technique two small scars (<1g) were missed.[2]

Patients with sarcoma, who developed an anthracyclin-induced cardiomyopathy after

the anthracyclin-therapy, already showed 48 hours after beginning of treatment



changes in myocardial tissue differentiation, which recovered until the end of the

therapy.[3]

In summary by establishing normal values for the left atria in a fast routine protocol
and by validating newer, faster techniques for scar detection approaches for a more
time-efficient and faster application of cardiovascular magnetic resonance could be
shown, which will help expanding the application also to innovatively predict

cardiomyopathies.



1. Einleitung

1.1 Die Magnetresonanztomographie allgemein und Besonderheiten der

kardiovaskularen Magnetresonanztomographie

Die Magnetresonanztomographie (MRT) nimmt eine zentrale Rolle in der
medizinischen Bildgebung ein. Ein Alleinstellungsmerkmal der Methode ist, dass sie
keine ionisierende Strahlung verwendet und eine freie Wahl der Schnitte durch den
menschlichen Kérper ermdglicht.

Die Bedeutung der kardiovaskularen MRT in der Diagnostik und Therapiesteuerung
kardiovaskularer und systemischer Erkrankungen hat in den letzten Jahren deutlich
zugenommen [4, 5]. Mit verbesserter Auflésung und schnelleren
Untersuchungstechniken ist sie, insbesondere auf Grund ihrer Anwendung ohne
ionisierende Strahlung, zu einem wichtigen Werkzeug in der klinischen Routine
geworden.

So gilt sie mittlerweile als Goldstandard fur die Evaluierung der kardialen Funktion [6-
8]. Auch bei der Detektion ischamischer und nicht-ischamischer kardialer
Erkrankungen spielt sie eine wichtige Rolle. Es konnte gezeigt werden, dass die
kardiovaskulare MRT im Vergleich zur Einzelphotonen-
Emissionscomputertomographie (single photon emission computed tomography =
SPECT) zum nicht-invasiven Nachweis von Perfusionsminderungen des
Herzmuskels Uberlegen ist [9].

Ebenso wird sie bereits erfolgreich bei der Detektion inflammatorischer Prozesse
eingesetzt [10]. Hier spielt die Mdglichkeit zur nicht-invasiven Gewebedifferenzierung
eine groRe Rolle; so kann zum Beispiel bei der Myokarditis oder im Rahmen von
Systemerkrankungen zur Diagnosestellung auf invasive Methoden verzichtet werden.
Allerdings wird sie bisher in der klinischen Routine noch weniger eingesetzt, als es
ihre diagnostischen Madglichkeiten anbieten wuirden. Ein limitierender Faktor ist
hierbei die Untersuchungsdauer. Abhangig von der Indikation und der Erfahrung des
Untersuchers dauert eine kardiovaskulare MRT-Untersuchung durchschnittlich ca. 1
Stunde.

1.2 Normwertetablierung in der kardiovaskularen Magnetresonanztomographie

Ein weiteres Hindernis der flachendeckenden kardiovaskularen MRT-Anwendung ist

das Fehlen von Erfahrungs- und Normwerten in einigen Bereichen. Als Goldstandard
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gilt sie bereits fur die Quantifizierung der linksventrikularen (LV) Volumina und
Funktion [6-8]. Auch fir die Quantifizierung der Vorhodfe gibt es bereits
Erfahrungswerte [11-15]. Diese basieren jedoch auf eigens angepassten
Vorhofaufnahmen und werden somit oft in der Kklinischen Routine aus
Zeitersparnisgrinden ausgelassen.

Ein Teil dieser kumulativen Dissertationsarbeit ist die Etablierung von Normwerten
fur die Volumina und Funktion des linken Vorhofs (LA) basierend auf einem
zeitsparenden Routineprotokoll.

Auch sind mittlerweile einige Sequenzen technisch so weiterentwickelt worden, dass
sie in kurzerer Zeit mehr Informationen liefern kénnen. Zur Darstellung kardialer
Narben werden bisher Ublicherweise 10-12 einzelne Schichten aufgenommen. Die
Aufnahme erfolgt nach Kontrastmittelgabe (Late-Gadolinium-Enhancement = LGE).
Hier kdnnen Narben nach abgelaufenem Myokardinfarkt, Myokarditisnarben und
Fibrosen (zum Beispiel bei Kardiomyopathien oder Systemerkrankungen) dargestellt
werden und somit das kardiale Gewebe differenziert werden. Die Gesamtabdeckung
des linken Ventrikels dauert mit dieser Standardsequenz durchschnittlich ca. 10
Minuten.

Neue technische Ansatze ermoglichen nun eine wesentlich schnellere Aufnahmezeit.
Einer davon umfasst sogenannte ,Multislice“-Aufnahmen. Mittels Multislice-LGE-
Aufnahmen kann das ganze Herz in einer Aufnahme akquiriert werden [16, 17].

Ein zusatzlicher Vorteil ist, dass die Probanden hierbei frei atmen kdnnen, da die
Atmung separat registriert wird [17]. Sie mussen nicht, wie in der Standardsequenz,
fur jede der 10-12 Schichten ca. 15 Sekunden die Luft anhalten. Entsprechend kann
die Bildakquise mit der Multislice-Technik vor allem bei Patienten mit Problemen
beim Atemanhalten, also insbesondere schwer kranke Patienten, deutlich vereinfacht
werden.

Diese Sequenzen waren bisher nicht klinisch validiert, entsprechend besteht die
Beflirchtung, insbesondere kleinere Narben/Fibrosen zu Ubersehen.

Ein Teil dieser kumulativen Dissertationsarbeit ist die klinische Validierung neuer
Multislice-LGE-Aufnahmen.

1.3 Klinische Anwendbarkeit der kardiovaskularen Magnetresonanztomographie

Nicht nur durch diese kontrastmittelverstarkten LGE-Bilder konnen Narben und

Fibrosen nachgewiesen werden, sondern neuerdings auch durch andere Techniken.
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Insbesondere durch das parametrische Mapping kann das Gewebe weiter
differenziert werden. Wahrend LGE-Aufnahmen erst die Spatschaden im Gewebe
darstellen, kann mittels parametrischem Mapping bereits eine frihe Detektion von
anderweitig noch nicht erkennbaren Myokardschaden erfolgen. Zusatzlich kann hier
eine genaue Quantifizierung erfolgen.

Es konnte bereits gezeigt werden, dass die Anthrazyklin-Therapie bei Patienten mit
unterschiedlichen Krebserkrankungen die Entwicklung von Spatschaden des
kardialen Gewebes im Sinne von diffuser myokardialer Fibrose Jahre nach der
Therapie begiinstigt. Da die Uberlebenswahrscheinlichkeit der meisten
Krebserkrankten im Laufe der letzten Jahrzehnte deutlich gestiegen ist [18], werden
diese Nebeneffekte der Chemotherapie immer wichtiger. Anthrazykline haben haufig
kardiale Nebenwirkungen, welche letztendlich zur Herzinsuffizienz, der
anthrazyklininduzierten Kardiomyopathie (aKMP), fihren kénnen [19].

Durch die kardiovaskulare MRT besteht nun die Madoglichkeit zur weiteren
Gewebedifferenzierung und zur Friherkennung kardialer Gewebeschaden.

Bisher wurden zwar die Spatschaden im Sinne von myokardialen Narben und
Fibrosen und ihr Einfluss auf die Entwicklung einer Herzinsuffizienz beschrieben,
dies kann jedoch erst nach Beendigung der Chemotherapie erfolgen und hat damit
bisher keinen direkten, pradiktiven Vorteil fur die Patienten unter Chemotherapie [20,
21].

Die Mdglichkeit der fruhzeitigen Erkennung von Gewebeveranderungen zur
Pradiktion spaterer kardiotoxischer Effekte mittels kardiovaskularer MRT bei
Patienten unter Anthrazyklin-Therapie ist ebenfalls Teil der kumulativen

Dissertationsarbeit.

1.4 Zielstellung der Arbeit

Ziel der dissertationsrelevanten Studien ist es, eine Madglichkeit zeiteffizienter

Darstellung von kardialer Morphologie und Gewebeschaden zu zeigen, um dadurch
die neuen Madoglichkeiten zur kardialen Gewebedifferenzierung innovativ zur

Pradiktion nutzbar zu machen.

2. Methodik
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2.1 Normwertetablierung der Volumina und Funktion des linken Vorhofs

2.1.1 Studienaufbau und MRT-Scan-Protokoll

Es wurden 203 gesunde Probanden analysiert. 111 Untersuchungen wurden bei 1,5

Tesla (T) (Magnetom Avanto, Siemens Healthcare, Erlangen) durchgefihrt, 92
Untersuchungen bei 3,0 T (Magnetom Verio, Siemens Healthcare, Erlangen). In zwei
langen Achsen (2-Kammerblick und 4-Kammerblick) wurden routinemalige steady-
state free precession (SSFP) cine Aufnahmen durchgefihrt.[1]

Bei 1,5 T waren die Sequenzparameter: Repetitionszeit (repetition time =TR) 2,8 ms,
Schichtdicke 6 mm, Flipwinkel 80 Grad, Echozeit (echo time = TE) 1,2 ms, Sichtfeld
(field of view = FOV) 276 x 340 mm?, Matrix 156 x 192, rekonstruiert zu 1,77 mm x
1,77 mm, 30 Herzphasen.[1]

Bei 3,0 T waren die Sequenzparameter: TR 3,1 ms, Schichtdicke 6 mm, Flipwinkel
45 Grad, TE 1,3 ms, FOV 276 x 340 mm?, Matrix 156 x 192, rekonstruiert zu 1,77

mm x 1,77 mm, 30 Herzphasen. [1]

2.1.2 Bildanalyse

In die weitere Analyse wurden nur Aufnahmen eingeschlossen, bei denen der linke

Vorhof ausreichend dargestellt war. [1]

Die Bildanalyse erfolgte mit der kommerziell erwerblichen Software cvi42® version
5.1 (Circle Cardiovascular Imaging Inc., Calgary, Canada). Die Quantifizierung der
LA-Volumina und -Funktion erfolgte in der Systole und Diastole, je im 2- und im 4-
Kammerblick. Dabei wurden das Vorhofsohr und die Pulmonalvenen ausgespart. Es
wurden das enddiastolische und endsystolische Volumen des linken Vorhofs (LA-
EDV bzw. LA-ESV), das Schlagvolumen des linken Vorhofs (LA-SV) und die
linksatriale Pumpfunktion (LA-EF) quantifiziert.[1]

In der klinischen Routine werden die LA Endsystole und Enddiastole oft zum selben
Zeitpunkt im Herzzyklus und damit im selben Bild wie die LV Enddiastole und
Endsystole quantifiziert. Allerdings ist die LA Endsystole oft nicht genau zum
identischen Zeitpunkt wie die LV Enddiastole, sondern bereits Millisekunden vorher.
In 20 Aufnahmen wurden die Volumina und Funktionsberechnungen aus beiden
unterschiedlichen Auswertezeitpunkten miteinander verglichen. Dabei wurde der

linksatriale Auswertezeitpunkt zum Zeitpunkt der LV-Diastole ,LA Systole 1“ und der
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Zeitpunkt der wahren LA Endsystole ,LA Systole 2 genannt. Entsprechend
verglichen wir auch die Zeitpunkte der Auswertung der LA-Diastole, ,LA Diastole 1¢
entspricht dem Zeitpunkt der LV-Systole und ,LA Diastole 2“ dem Zeitpunkt der
wahren LA Enddiastole.[1]

2.1.3 Statistische Analyse
Es wurden die Mittelwerte und Standardabweichung fir LA-EDV, LA-ESV, LA-SV
und LA-EF berechnet. Alle Werte wurden zusatzlich auf die Kérperoberflache (Body-

surface-area = BSA) und die Korpergrolie (height = H) bezogen.[1]
Wir analysierten die Unterschiede zwischen den Feldstarken sowie den Altersverlauf

der Volumina und Funktion. [1]

2.2 Darstellung myokardialer Narben mittels Late-Gadolinium-Enhancement durch

unterschiedliche Sequenzen

Nach Kontrastmittelgabe kdnnen mittels kardiovaskularer MRT Narben und Fibrosen
im LGE nachgewiesen werden. Daflr gibt es standardmallig bisher eine
segmentierte Phasen-sensitive Inversionswiederherstellung (phase sensitive
inversion recovery = PSIR) Sequenz mit der der linke Ventrikel in mehreren
(Ublicherweise 10-12) kurzen Achsen dargestellt wird. Fir jede Kurzachsenschicht
wird eine ca. 10-15 Sekunden andauernde Aufnahme mit Atemanhalte durchgefihrt.
Neue Multislice-Sequenzen ermoglichen eine schnellere Aufnahme und/oder eine

Aufnahme ohne Atemanhalte.[2]

2.2.1 Vergleich der Sequenzen bei Patienten mit ischdmischen und nicht-

ischamischen Kardiomyopathien

In dieser prospektiven Studie verglichen wir die standardmafig akquirierten PSIR
LGE Aufnahmen mit zwei verschiedenen Multislice-LGE-Aufnahmen mit und ohne
Atemanhalte bei Patienten mit ischamischen und nicht-ischamischen

Kardiomyopathien.[2]
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2.2.2 Studienaufbau und MRT-Scan-Protokoll

Es wurden 312 Patienten prospektiv eingeschlossen. Bei allen Patienten bestand

eine klinische Indikation zur kardiovaskularen MRT-Untersuchung.[2]
Von diesen hatten 212 Patienten eine koronare Herzerkrankung (KHK), 53 eine
hypertrophe Kardiomyopathie (HCM) und 47 eine inflammatorische Herzerkrankung.
Bei allen Patienten wurde eine kardiovaskulare MRT-Untersuchung bei 1,5 T
(Magnetom Avanto Fit, Siemens Healthcare, Erlangen) mit drei verschiedenen LGE
Sequenzen durchgefuhrt:

- eine segmentierte, single-slice, single-breathhold zweidimensionale (2D) fast

low angle shot (FLASH) basierte PSIR (FLASH-PSIR) (Referenzstandard)

- eine multislice 2D bSSFP basierte inversion recovery Sequenz (bSSFP-IR)

- eine multislice 2D bSSFP basierte PSIR Sequenz (bSSFP-PSIR)
Die bSSFP-PSIR Sequenz wurde einmal in Atemanhalte und einmal in freier Atmung
aufgenommen, alle Ubrigen Sequenzen wurden in Atemanhalte aufgenommen.

Die Sequenzen wurden in zufalliger Reihenfolge aufgenommen.[2]

2.2.3 Bildanalyse

Zunachst wurde die Bildqualitat aller Aufnahmen beurteilt. Dies erfolgte einerseits

nach visueller Einschatzung und andererseits mittels Contrast-to-Noise Ratio (CNR).
AnschlieRend wurde das Vorhandensein von LGE sowohl visuell als auch quantitativ
beurteilt.[2]

Die quantitative Auswertung der NarbengroRe erfolgte schwellenwert-basiert. Hierbei
wurden in alle Aufnahmen der Narbendarstellung die endo- und epikardialen
Konturen des Myokards umfahren und Regions Of Interest (ROIls) im gesunden
Myokard und im Myokard mit LGE eingezeichnet. Eine wahre Narbe, also positives
LGE, wurde bei Patienten mit KHK als eine Signalintensitat, die 6
Standardabweichungen Uber dem gesunden Myokard lag, definiert und bei Patienten
mit HCM oder inflammatorischer Herzerkrankung als 3 Standardabweichungen Uber
dem gesunden Myokard. Anschlieiend wurde die Narbenmasse errechnet und die
errechneten Massen zwischen den Sequenzen verglichen.[2]

Die Bildanalyse wurde mit cvi42® version 4.2 (Circle Cardiovascular Imaging Inc.,

Calgary, Canada) durchgefuhrt.[2]
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2.3 Gewebedifferenzierung zur Vorhersage der Entwicklung einer anthrazyklin-

induzierten Kardiomyopathie

2.3.1 Studienaufbau und MRT-Scan-Protokoll

Es wurden 30 Patienten prospektiv eingeschlossen. Alle Patienten hatten ein

histologisch bestatigtes Weichteilsarkom und bei allen Patienten war eine
Anthrazyklin-Therapie mit einer kumulativen Dosis von 360-400mg/m2 geplant. [3]

Bei allen Patienten wurden drei kardiovaskulare MRT- Untersuchungen bei 1,5 T
(Magnetom Avanto Fit, Siemens Healthcare, Erlangen) durchgeflhrt. Die erste
Untersuchung wurde innerhalb von 48 Stunden vor Beginn der Anthrazyklin-Therapie
durchgefuhrt, die zweite 48 Stunden nach der Erstgabe des Medikaments und die
dritte vier Wochen nach der letzten Gabe.[3]

Zur Bestimmung der kardialen Funktion wurden SSFP-cine Aufnahmen durchgefihrt.
Zur Gewebedifferenzierung erfolgten T1 und T2 Mapping Aufnahmen. Hierfir wurde
fur die T1 Mapping Aufnahme eine modified Look-Locker inversion recovery (MOLLI)
Sequenz in einer mittventrikularen Schicht vor und 15 Minuten nach Gabe von
0,2mmol/kg Korpergewicht Gadoteridol Kontrastmittel (ProHance®, Bracco
Diagnostics, Princeton, New Jersey, USA) durchgefuhrt. [3]

Flr das T2 Mapping wurde eine etablierte T2 gewichtete SSFP Technik in 3
Schichten angewendet. AbschlieRend erfolgte die Narbendarstellung in Standard-
LGE-Aufnahmen.[3]

2.3.2 Bildanalyse

Die Bildanalyse wurde mit cvi42® version 4.2 (Circle Cardiovascular Imaging Inc.,

Calgary, Canada) durchgefuhrt. Die links- und rechtsventrikulare Funktion und
-Masse wurden in kurzen Achsen ausgewertet, atriale Volumina in 4- und 2-
Kammerblick. T1 und T2 Mapping wurden in einer mittventrikularen kurzen Achse
ausgewertet. Relatives und absolutes Extrazelullarvolumen (ECV) wurde mittels
kontrastmittelfreier und kontrastmittelverstarkter T1-Werte und dem Hamatokrit
berechnet. LGE wurde von zwei unabhangigen Auswertern visuell hinsichtlich Ort
und Transmuralitat bewertet.[3]

Inter- und Intraobservervariabilitdt wurden in einer Subgruppe von 10 Patienten

analysiert.[3]
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Ein Abfall der LV-EF um mehr als 10% wurde nach aktuellen Guidelines als die
Entwicklung einer aKMP definiert. [3]

3. Ergebnisse

3.1 Normwertetablierung der Volumina und Funktion des linken Vorhofs

Bei 21 Probanden war die Darstellung des LA unzureichend, so dass sie von der
weiteren Analyse ausgeschlossen werden mussten. 182 Probanden wurden
analysiert. Davon wurden 89 bei 3,0 T und 93 bei 1,5 T untersucht (s. Tabelle 1).[1]

1.5 Tesla 3.0 Tesla
(Mittelwert + Standardabweichung  (Mittelwert £ Standardabweichung
(Minimum / Maximum)) (Minimum / Maximum))
N (gesamt) 93 87
Alter (Jahre) 38+ 14 52+ 15
(19/70) (21/76)
KorpergréfRe (cm) 1759 171 £ 11
(153 /197) (118 /193)
Korpergewicht (kg) 72+12 77 £ 15
(48 /105) (53/116)
Body-Mass-Index (kg/m?) 23+3 2617
(18/30) (17 1 35)
BSA (m?) 1.9+0.2 1.5+0.6
(1.5/2.4) (0.6/2.4)
Pulsfrequenz (Schlage pro Minute) 71+13 70+ 11
(37/118) (46 /102)
Systolischer Blutdruck (mmHg) 126 + 15 133+ 13
(105/185) (107 / 186)
Diastolischer Blutdruck (mmHg) 75+8 76 £12
(63 /94) (47 7109)
LV-EF (%) 634 63+5
(55/75) (51/77)

Tabelle 1 Charakteristika der gesunden Probanden (lbersetzt aus [1])
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3.1.1 Unterschiede der Werte in Abhangigkeit von Feldstarke, Alter und Geschlecht
Es gab keinen signifikanten Unterschied der absoluten Volumina zwischen den
verschiedenen Feldstarken (LA-EDV: 1,5T 68 £ 19 ml vs. 3,0T 64 % 18 ml (p=0,19);
LA-ESV: 1,5T 23 £ 9 ml vs. 3,0T 23 + 9 ml (p=0,6); LA-EF: 1,5T 66 £ 7% vs. 3,0T 66
1+ 7% (p=0,6)).[1]

Zwischen den absoluten Volumina (LA-EDV und LA-ESV) von Mannern und Frauen

gab es signifikante Unterschiede. Manner hatten signifikant hdhere Werte (p < 0,01).
Wurden diese Werte auf BSA oder KorpergroRe normiert, gab es keine signifikanten
Unterschiede mehr (s. Abbildung 1 und Tabelle 2). [1]

LA-EDV (ml) LA-EDV/H LA-EDV/BSA LA-ESV (ml) LA-ESV/H LA-ESV/BSA

(ml/m) (ml/m2) (ml/m) (ml/m2)
120
®
100
80
) <)
60
] S
e o
40 I I I 8
®
20 + ; + ;
97 «p=0.001 p=0.27 p=0.65 *p=0.01 p=0.38 p=0.71
moow moow moow moow moow moow
Geschlecht

Abbildung 1 Vergleich des LA-EDV und LA-ESV zwischen Mannern (m) und Frauen (w).
Nach Normierung auf Kérperhéhe oder BSA ergibt sich kein signifikanter

Volumenunterschied mehr. (Ubersetzt aus [1])
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Manner (n = 105) Frauen (n =77)

(Mittelwert + Standardabweichung (Mittelwert + Standardabweichung
(Minimum / Maximum)) (Minimum / Maximum))

LA-EDV (ml) 7019 61+ 16
(257123) (297 110)

LA-ESV (ml) 24+9 218

(6 /50) (4 /46)

LA-SV (ml) 46 + 13 46 +9
(17 /1 84) (24 /70)

LA-EF (%) 667 668
(50 / 85) (48191)

LA-EDV/H (ml/m) 3612 3412
(8/65) (11/63)

LA-ESV/H (ml/m) 12+5 12+5

(2/24) (2/27)

LA-EDV/BSA (ml/m?) 3410 339
(10/65) (13/53)

LA-ESV/BSA (ml/m?) 12+4 11+4

(3/21) (2/22)

Tabelle 2 Referenzwerte des linken Vorhofs flir Manner und Frauen (Ubersetzt aus [1])

Wir fanden einen signifikanten Zusammenhang zwischen Alter und LA-EDV/BSA,
wobei LA-EDV/BSA mit zunehmendem Alter abnahm. Der gleiche Zusammenhang
bestand zwischen Alter und LA-EDV/H. Diese Abnahme war geschlechtsunabhangig.
(s. Abbildung 2).[1]
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Abbildung 2 Verhaltnis von LA-EDV/BSA zu Alter (Ubersetzt aus [1])

3.1.2 Abhangigkeit der Werte vom Zeitpunkt im Herzzyklus

Die Volumina zum Zeitpunkt von LA-Systole 1 unterschieden sich signifikant von
denen zum Zeitpunkt von LA-Systole 2 (LA-ESV: 38 £+ 11 ml vs. 28 + 8 ml, p<0,001),
ebenso die Volumina zum Zeitpunkt von LA-Diastole 1 zu Diastole 2 (LA-EDV: 92 +
21 vs. 74 + 18 ml, p<0,001). Entsprechend unterschied sich auch LA-EF signifikant
(LA-EF: 59 + 6% vs. 63 + 7%, p<0,001).[1]

3.2 Vergleich der unterschiedlichen Late-Gadolinium-Enhancement-Sequenzen

Es wurden 312 Patienten eingeschlossen, von denen 14 auf Grund inkompletter
MRT-Untersuchungen von der weiteren Analyse ausgeschlossen werden mussten.
Von den 298 weiter analysierten Patienten hatten 203 eine KHK, 50 eine HCM und

45 eine inflammatorische Herzerkrankung.[2]
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3.2.1 Lange der Aufnahmezeiten

Die Lange der Aufnahmezeit flir die Standard-Referenz-Sequenz war signifikant
langer als fur die Multislice-Aufnahmen (361,5 + 95,2 s vs. bSSFP-IR 234 + 7,2 s;
bSSFP-PSIR 21,9 £ 6,4 s (p < 0,01 jeweils)).[2]

3.2.2 Bildqualitatsunterschiede der Sequenzen

Die Bildqualitat unterschied sich signifikant zwischen allen Multislice-Sequenzen und
der Standard-Referenz-Sequenz. Es gab keinen Einfluss von Erkrankung oder
Atemanhalte. Allerdings hatten Arrhythmien einen negativen Einfluss auf die
Bildqualitat der Standard-Referenz-Sequenz, so dass hier eine nicht-diagnostische
Bildqualitat bei 48,8% aller Patienten festgestellt wurde. Die Multislice-Sequenzen

wurden nicht von Arrhythmien beeinflusst.[2]

Die CNR des Vergleichs von gesundem zu narbigem Myokard war in den bSSFP-
PSIR Sequenzen signifikant hdher als in der Standard-Referenz-Sequenz (p < 0,01)
und in der bSSFP-IR Sequenz niedriger (p < 0,01).[2]

Die bSSFP-PSIR Sequenz in freier Atmung hatten eine etwas geringere CNR als die
Sequenz in Atemanhalte, aber immer noch eine hdhere als die Standard-Referenz-
Sequenz (p < 0,01). [2]

Die Narben eines chronischen Infarktes hatten in allen Sequenzen eine signifikant

hdhere CNR als bei HCM oder inflammatorischer Herzerkrankung (p < 0,01).[2]

3.2.3 Quantitativer und qualitativer Nachweis von Late-Gadolinium-Enhancement

Nach der Standard-Referenz-Sequenz hatten 201 (67,4%) Patienten einen positiven
LGE Befund, davon 143 mit KHK, 31 mit HCM und 27 mit inflammatorischer
Herzerkrankung. Alle 201 positiven Befunde wurden ebenfalls mittels bSSFP-IR
gesehen. Mit beiden bSSFP-PSIR Aufnahmen wurden zwei kleine Narben (<1g) bei
einem Patienten mit Infarkt und einem Patienten mit HCM Ubersehen.[2]

In der quantitativen LGE-Analyse wurde Kkein signifikanter Unterschied in der
mittleren Narbengrof3e zwischen der Standard-Referenz-Sequenz und den Multislice-
Sequenzen gefunden. [2]

Atemanhalte bzw. freie Atmung hatten keine Einfluss auf die NarbengrofRRe (s.
Tabelle 3). [2]
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Alle Gruppen KHK HCM Inflammatorische

Herzerkrankung
FLASH-PSIR 8,96+1064g 74616659 15,42 + 20,00 g 9,39+10,28 g
SSFP-IR 869+10,75g 7,26+7,03¢g 15,31 £20,02 g 8,67 £9,66 g p>0.05
SSFP-PSIR 9,05+10,84g 7,68%+7,18¢g 15,51 £20,31 g 8,89+9,30¢g p>0.05
SSFP-PSIR freie Atmung  8,85+10,71g 7,41 +6,91g 15,38 £ 19,96 g 8,97 £9,94 ¢g p>0.05

Die Werte zeigen die mittlere LGE Grofie in Gramm. P Werte flr jede Multislice-Sequenz verglichen mit FLASH-PSIR in allen Gruppen
Tabelle 3 Quantitative Auswertung der LGE-GrdlR3e (Ubersetzt aus [2])

Bei Patienten mit Arrhythmien wurde die Standard-Referenz-Sequenz nicht
ausgewertet, da der Anteil der nicht-diagnostischen Bilder zu hoch war. Die
Auswertung der Multislice-Sequenzen war madglich. Die mittlere Narbengrolie

unterschied sich nicht signifikant.[2]

3.3. Gewebedifferenzierung zur Vorhersage einer Anthrazyklin-induzierten

Kardiomyopathie

Von den anfangs 30 eingeschlossenen Patienten mussten im Verlauf sieben
Patienten ausgeschlossen werden, da sie die Studie vorzeitig abbrachen (n=2
Patientenwunsch, n=5 vorzeitige Beendigung der Chemotherapie), so dass 23

Patienten analysiert werden konnten.[3]

3.3.1 Einfluss der Anthrazyklintherapie auf die kardiale Funktion
Am Ende der Studie hatten neun Patienten eine LV-EF Reduktion um > 10%

entwickelt und entsprachen damit der Definition der aKMP. Diese Patientengruppe

hatte zu Beginn der Studie eine mittlere LV-EF von 63,5% + 5,8% und eine mittlere
LV-EF von 49,9% £ 5,0% nach Chemotherapie (p<0,01). Bei den Ubrigen Patienten
anderte sich die LV-EF nicht signifikant (zu Beginn der Studie 59,2% £ 10,3%, nach
Chemotherapie 58,3% % 7,8% (p=0,47)) (s. Abbildung 3). [3]
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Abbildung 3 Entwicklung der linksventrikularen Ejektionsfraktion (LV-EF) vor und nach der
Chemotherapie. Die roten Punkte/Linien zeigen Patienten, die eine anthrazyklin-induzierte
Kardiomyopathie (aKMP) definiert als einen Abfall von >10% der LV-EF entwickelt haben.
Die durchschnittliche LV-EF fir Patienten mit und ohne aKMP sind oberhalb der Abbildung

dargestellt. (Ubersetzt aus [3])

Ebenso reduzierte sich die LV-Masse in der Gruppe der aKMP-Patienten signifikant
(zu Beginn der Studie 86,9 + 24,5 g, nach Chemotherapie 81,1 £ 22,3 g (p= 0,002)),
die LV-Masse der Ubrigen Patienten anderte sich nicht signifikant (zu Beginn der
Studie 81,8 £ 21,0 g, nach Chemotherapie 79,2 + 18,1 g).[3]

Bei den Patienten, die keine aKMP im Verlauf entwickelten, erhéhten sich jedoch die
LV-EF und das LV-EDV sowie die RV-EF innerhalb der ersten 48 Stunden nach
Beginn der Therapie signifikant (LV-EF: 59,2 % £ 10,2% vs. 63,9% % 7,9% (p= 0,02);
LV-EDV: 165,1 + 39,6 vs. 177,5 + 36,2 ml (p=0,03); RV-EF: 47,3% * 5,9% vs. 52,1%
1 6,2% (p<0,01)). [3]

3.3.2 Einfluss der Anthrazyklintherapie auf das kardiale Gewebe

3.3.2.1 Parametrisches T1-Mapping

Die Patienten, die eine aKMP entwickelten, zeigten einen signifikanten Abfall der
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nativen T1 Zeit von 1002,0 + 37,9 ms zu Beginn der Therapie auf 956,5 + 29,2 ms 48
Stunden nach Erstgabe des Medikaments (p<0,01). Patienten, die keine aKMP
entwickelten, zeigten diesen signifikanten Abfall nicht (T1 Zeit zu Beginn der
Therapie 990,9 + 56,4 ms vs. 978,4 + 57,4 ms nach 48 Stunden (p=0,08)).[3]

Nach Beendigung der Chemotherapie unterschieden sich die T1 Zeiten weder bei
den Patienten ohne aKMP noch bei den Patienten mit akKMP von den T1 Zeiten zu
Beginn der Studie (s. Abbildung 4).[3]
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Abbildung 4 Natives T1 Mapping. Die grauen Balken reprasentieren die Patienten, die keine
anthrazyklin-induzierte Kardiomyopathie (aKMP) entwickelt haben, die roten Balken die
Patienten mit aKMP. P Werte zeigen statistische Signifikanzen im Vergleich zu den T1

Zeiten der Erstuntersuchung (vor Beginn der Therapie). (Ubersetzt aus [3])

3.3.2.2 Late-Gadolinium-Enhancement

Die Analyse des LGE zeigte bei drei Patienten bereits zu Beginn der Studie Fibrose.
Einer dieser Patienten entwickelte im Verlauf der Studie eine aKMP, die zwei
anderen entwickelten keine aKMP, hatten aber eine vorab bekannte KHK. Die

Lasionen veranderten sich nicht im Verlauf der Studie. Sie entwickelten auch keine
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neuen Lasionen. Ebenso entwickelte kein anderer Patient im Verlauf der Studie eine

Lasion.[3]

4. Diskussion

Die dissertationsrelevanten Studien zeigen eine zeiteffizientere Anwendung der
kardiovaskularen MRT flr eine breitere Anwendung in der klinischen Routine fur eine
Erleichterung der Nutzung ihrer diagnostischen Madglichkeiten und zeigen neue

Nutzungsmdglichkeiten auf [1-3].

Eine Mdglichkeit zur zeiteffizienteren Anwendung der kardiovaskularen MRT ist die
Nutzung bereits vorhandener Routineaufnahmen zur Erweiterung der Auswertung.
Fir diese Madoglichkeit ist die Etablierung von Normwerten basierend auf
Routineaufnahmen notwendig. Wir erstellten Normwerte flr Volumina und Funktion
des LA basierend auf Routineaufnahmen zur LV-Funktionsauswertung [1]. Hierdurch
wird eine valide Einschatzung des LA ohne zusatzliche Aufnahmezeit ermdglicht.

Die Evaluation des LA kann grundsatzlich entweder biplan oder mittels mehrerer
kurzer Achsen dreidimensional erfolgen. Beide Moglichkeiten sind genau [22], so
dass die biplane Auswertung auf Basis der bereits routinemaRig vorhandenen langen
Achsen die zeiteffizientere Mdglichkeit darstellt.

Als Auswerteparameter kann die Flache und/oder das Volumen angegeben werden
[12, 14, 15].Es wurde allerdings gezeigt, dass Volumina ein besserer Pradiktor fur
kardiovaskulare Ereignisse sind [23].

Wir erstellten Normwerte fur Volumina und Funktion des linken Vorhofs abhangig von
Alter, Geschlecht und Feldstarke [1]. Dabei konnten wir eine Abnahme des LA-EDV
mit zunehmendem Alter darstellen, was auch bereits in einigen vorherigen Studien
gezeigt wurde [11, 12]. In anderen Studien konnte dies nicht gezeigt werden [14, 24],
in diesen Studien wurden jedoch Probanden Uber 50 Jahren mit Probanden unter 50
Jahren verglichen. Wir konnten zeigen, dass die Veranderung bereits friher
stattfindet [1].

Wie auch bereits bei Hudsmith et al. fanden wir signifikante Unterschiede zwischen
den Geschlechtern [1, 13], welche jedoch nach Normierung auf Korpergrolde oder

BSA nicht mehr zu sehen waren [1].
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Dieses Ergebnis unterstutzt die Bedeutung der Normierung kardialer Werte, um

Fehleinschatzungen zu vermeiden.

Eine Abhangigkeit der Werte von der Feldstarke gab es nicht [1]. Dies deckt sich mit
der Erfahrung der Evaluation der linksventrikularen Volumina und Funktion, die
ebenfalls auf SSFP cine Bildern beruht [25].

Die Quantifizierung der LA-EF sowie der Volumina wird aktuell noch nicht
flachendeckend in eine Routine-Untersuchung einbezogen. Dies liegt auch an der
bisherigen Annahme, dass hierfur zusatzliche, zeitkostende Aufnahmen notwendig
seien. Allerdings gelangt die Bedeutsamkeit der LA-EF als Indikator fur kardiale
Veranderungen und Prognosen immer mehr in das Bewusstsein. Eine erniedrigte
LA-EF findet sich sowohl bei systolischer und diastolischer Herzinsuffizienz [26] als
auch bei Herzinsuffizienz mit erhaltener LV-EF [27]. Durch die von uns ermittelten
Normwerte auf Basis des zeitsparenden Routineprotokolls kann die Untersuchung

um diese Information erganzt werden, ohne hierbei zusatzliche Zeit zu bendtigen [1].

4 .1 Etablierung zeitsparender Late-Gadolinium-Enhancement Sequenzen

Die EinfUhrung neuer Techniken, insbesondere der Multislice-Technik, kann
ebenfalls die Untersuchungsdauer verkirzen.

In unserer Studie konnten wir zeigen, dass zwei neu entwickelte Multislice LGE-
Sequenzen als mindestens gleichwertig zu der Standard-LGE-Sequenz zu
betrachten sind. Die visuelle und quantitative Narbenerkennung unterschied sich
nicht signifikant.[2]

Die Aufnahmedauer der Multislice-Sequenzen war deutlich kirzer als die der
Standard-Sequenz. Zusatzlich konnten diese Sequenzen auch noch qualitativ
ausreichende Bilder bei Patienten mit Arrhythmien und/oder Schwierigkeiten, den
Atem anzuhalten, liefern und eigneten sich damit besser fur schwerkranke Patienten.
Diese Uberlegenheit der Multislice-Aufnahmen konnten auch schon in anderen
Studien gezeigt werden [28, 29].

Allerdings wurden bei zwei Patienten sehr kleine LGE Lasionen mit der multislice
bSSFP-PSIR Ubersehen, die in der Standard-Referenzsequenz und in der bSSFP-IR
Sequenz gesehen wurden. Die Lasionen betrugen jedoch je weniger als ein Gramm.

Eine mdgliche Erklarung ware, dass Partialvolumeneffekte oder eine veranderte
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Schichtposition auf Grund starkerer Atembewegungen dazu beigetragen haben.
Dennoch ist nicht sicher auszuschliefen, dass sehr kleine Lasionen durch die
bSSFP-PSIR Sequenz Gbersehen werden kénnen.[2]

Da jedoch auch bereits kleine Lasionen einen prognostischen Wert flr Patienten mit
Kardiomyopathien haben [30-33] und bei inflammatorischen Herzerkrankungen sogar
die Diagnose beeinflussen kdonnen [34], sollten bei Fragestellungen nach HCM,
inflammatorischer Herzerkrankung oder zur Differenzierung einer Kardiomyopathie
segmentierte FLASH-PSIR Aufnahmen durchgefuihrt werden solange ein stabiler
Sinusrhythmus vorliegt und der Patient den Atem anhalten kann. [2]

Aktuell gibt es weiterhin Bestrebungen, die Sequenzen zur LGE-Darstellung
insbesondere auch fur Patienten mit Arrhythmien und Atemanhalteschwierigkeiten
weiter zu verbessern. Hierzu zahlt auch die bewegungskorrigierte (motion corrected
= MOCO) bSSFP-PSIR Sequenz, die eine deutliche Verbesserung der Bildqualitat
der LGE-Aufnahmen insbesondere bei diesen Patienten erbringt [35], so dass eine
abschlieRende Empfehlung zur Nutzung der LGE- Sequenzen noch nicht gegeben

werden kann.

4.2 Klinische Anwendbarkeit und diagnostischer Wert der Gewebedifferenzierung

Durch diese neuen Multislice-LGE-Techniken besteht eine Moglichkeit zur
zeitsparenderen Gewebedifferenzierung.

Neben der Narbendarstellung kann mittels kardiovaskularer MRT das myokardiale
Gewebe jedoch noch weiter differenziert werden. Hierzu zahlt das parametrische T1
Mapping. Dieses ist nicht nur ein Marker fur diffuse Fibrose bei chronischen
Prozessen [36-38], es zeigt auch bereits Gewebeveranderungen im akuten Stadium
an [39, 40].

In unserer Studie zur Gewebedifferenzierung des Myokards bei aKMP konnten wir
zeigen, dass Sarkompatienten, die nach 6 Monaten Therapie mit Anthrazyklinen eine
aKMP entwickelten, bereits 48 Stunden nach Therapiebeginn erniedrigte Werte im
T1 Mapping aufwiesen. Bei denjenigen, die keine aKMP entwickelten, wurde dieser
Abfall nicht gesehen. Nach 6 Monaten hatte sich die T1 Zeit auch bei den Patienten
mit aKMP wieder erholt. Dadurch liegt die Vermutung nahe, dass es sich in diesem
Fall eher um akute toxische Effekte der myokardialen Veranderung als um

Langzeiteffekte wie eine interstitielle Fibrose handelt.[3]
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Die Pravalenz einer akKMP liegt bei 3% - 48% und ist abhangig von unterschiedlichen
Faktoren [19, 41, 42]. Eine frihzeitige Erkennung ist wichtig. Nach aktuellen
Guidelines werden die Patienten hierfir engmaschig echokardiographisch
kontrolliert, um bei einem Abfall der LV-EF zlgig mit der entsprechenden Therapie
beginnen zu kdnnen [43, 44].

Studien haben bereits die Uberlegenheit der kardiovaskuldren MRT gegeniiber der
Echokardiographie bezuglich der LV-EF-Abnahme unter Anthrazyklin-Therapie
gezeigt [45]. Jedoch ist die Anwendung der Echokardiographie aktuell aus
Praktikabilitatsgrinden noch weiter verbreitet. Mit der zusatzlichen Maoglichkeit zur
Gewebedifferenzierung hat die kardiovaskulare MRT  jedoch ein
Alleinstellungsmerkmal.

In anderen Studien wurde die Erhéhung von T1 Zeiten Jahre nach Beendigung der
Anthrazyklin-Therapie beobachtet [46, 47]. In unserer Studie hingegen beobachteten
wir einen Abfall der T1 Zeit direkt nach Beginn der Anthrazyklin-Therapie. Da dieser
nur bei Patienten auftrat, die im Verlauf eine aKMP entwickelten, kann dieser
Parameter die gefahrdeten Patienten bereits frihzeitig identifizieren. [3]

Insgesamt kann die T1 Zeit ein gutes Hilfsmittel zur Friherkennung der Entwicklung
und Risikostratifizierung einer aKMP sein. Im Gegensatz zu anderen bildgebenden
Parametern, sowie zum Beispiel der LV-EF, kann sie bereits vor Entwicklung der
aKMP detektiert werden und somit moglicherweise die Therapie bereits frihzeitig

beeinflussen. [3]

4.3 Zusammenfassung

Die kardiovaskulare MRT hat in den vergangenen Jahren enorme Fortschritte sowohl
in der technischen Durchfihrbarkeit als auch in den Anwendungsbereichen gemacht.
Dennoch ist sie nicht so weit verbreitet, wie ihre diagnostischen Mdglichkeiten es
anbieten wirden. Einer der Hauptgrinde fir diese Einschrankung ist die

Untersuchungsdauer.

Durch die hier vorgelegten dissertationsrelevanten Studien kénnen kardiovaskularen
MRT-Untersuchungen zeiteffizienter durchgeflhrt werden. Einerseits gehort dazu die
Ausdehnung der Nutzung bereits akquirierter Routineaufnahmen. Hierzu erstellten
wir Normwerte fur die linksatriale Funktion auf Basis der Routineaufnahmen fir die

linksventrikulare Funktion. Andererseits gehort dazu die Etablierung zeitsparenderer

26



Techniken, wobei wir eine zeitsparende Multislice-Technik zur
Gewebedifferenzierung etablierten. Die Notwendigkeit der nicht-invasiven
Gewebedifferenzierung — dem Alleinstellungsmerkmal der kardiovaskularen MRT —
konnten wir in unserer Studie zur frihzeitigen Erkennung einer anthrazyklin-

induzierten Kardiomyopathie zeigen.

Insgesamt werden diese Studien helfen, die Akzeptanz und damit Verbreitung und

Anwendung der kardiovaskularen MRT weiter voranzubringen.
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Abstract

Background: Segmented phase-sensitive inversion recovery (PSIR) cardiovascular magnetic resonance (CMR)
sequences are reference standard for non-invasive evaluation of myocardial fibrosis using late gadolinium
enhancement (LGE). Several multi-slice LGE sequences have been introduced for faster acquisition in patients with
arrhythmia and insufficient breathhold capability.

The aim of this study was to assess the accuracy of several multi-slice LGE sequences to detect and quantify
myocardial fibrosis in patients with ischemic and non-ischemic myocardial disease.

Methods: Patients with known or suspected LGE due to chronic infarction, inflammatory myocardial disease and
hypertrophic cardiomyopathy (HCM) were prospectively recruited. LGE images were acquired 10-20 min after
administration of 0.2 mmol/kg gadolinium-based contrast agent. Three different LGE sequences were acquired: a
segmented, single-slice/single-breath-hold fast low angle shot PSIR sequence (FLASH-PSIR), a multi-slice balanced
steady-state free precession inversion recovery sequence (bSSFP-IR) and a multi-slice bSSFP-PSIR sequence during
breathhold and free breathing. Image quality was evaluated with a 4-point scoring system. Contrast-to-noise ratios
(CNR) and acquisition time were evaluated. LGE was quantitatively assessed using a semi-automated threshold
method. Differences in size of fibrosis were analyzed using Bland-Altman analysis.
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bSSFP-PSIR free breathing: 885+ 10.71 g, p > 0.05).

time and may be used as standard LGE approach.

infarction, Inflammatory heart disease, Myocarditis

Results: Three hundred twelve patients were enrolled (n =212 chronic infarction, n =47 inflammatory myocardial
disease, n =53 HCM) Of which 201 patients (67,4%) had detectable LGE (n = 143 with chronic infarction, n =27
with inflammatory heart disease and n =31 with HCM). Image quality and CNR were best on multi-slice bSSFP-PSIR.
Acquisition times were significantly shorter for all multi-slice sequences (bSSFP-IR: 23.4 +7.2 s; bSSFP-PSIR: 21.9 + 6.
4 s) as compared to FLASH-PSIR (361.5 + 95.33 5). There was no significant difference of mean LGE size for all
sequences in all study groups (FLASH-PSIR: 8.96 + 10.64 g; bSSFP-IR: 8.69 + 10.75 g; bSSFP-PSIR: 9.05 + 10.84 g;

LGE size was not affected by arrhythmia or absence of breathhold on multi-slice LGE sequences.

Conclusions: Fast multi-slice and standard segmented LGE sequences are equivalent techniques for the assessment
of myocardial fibrosis, independent of an ischemic or non-ischemic etiology. Even in patients with arrhythmia and
insufficient breathhold capability, multi-slice sequences yield excellent image quality at significantly reduced scan

Trial registration: ISRCTN48802295 (retrospectively registered).
Keywords: Cardiac MR, CMR, Late gadolinium enhancement, Single-shot, Hypertrophic cardiomyopathy, Myocardial

Background

Late gadolinium enhancement (LGE) cardiovascular
magnetic resonance (CMR) is a well-established method
for assessment of focal myocardial fibrosis and scarring
in ischemic and non-ischemic cardiomyopathies [1-4].
The presence and extent of LGE has been shown to be
associated with worse patient outcome in a variety of
diseases, i.e. myocardial infarction, hypertrophic cardio-
myopathy (HCM) and acute or chronic inflammatory
heart disease [5—7]. Hence, the assessment of LGE is in-
tegrated into many clinical guidelines and is an integral
part of most contrast-based CMR protocols [8—10].

The reference standard technique for LGE assessment
is typically based on phase-sensitive inversion recovery
(PSIR) sequences that are acquired in a single-slice,
single-breathhold fashion [11, 12]. These segmented
PSIR LGE images generate excellent image quality at a
high spatial resolution if the individual patient has suffi-
cient breathhold capabilities and is in sinus rhythm [13].

However, with the more widespread use of CMR in clin-
ical routine increasing numbers of patients referred for
CMR present with arrhythmias or an inability for sufficient
breathhold for CMR scan. In these patients, conservative
segmented PSIR LGE sequences sometimes fail to provide
satisfactory image quality for accurate assessment.

Furthermore, standard segmented LGE sequences typic-
ally require 5 to 10 min of scan time for complete myocar-
dial coverage. There is a need for faster and more efficient
imaging in CMR in order to enable a more wide-spread use
of CMR in clinical routine as well as in smaller institutions
where access to CMR scanners maybe more restricted [14].
CMR also competes with other non-invasive imaging tech-
niques in terms of scan time optimization leading to efforts
for faster standardized CMR scan protocols [15].

In order to address these issues, multi-slice LGE
sequences have been developed with acquisition of the
entire k-space of an individual image slice within one
heart cycle [16]. Different approaches utilize navigator-
based, free breathing sequencing which works without
breathhold but mostly still requires stable heart rhythm
for optimal image quality [17].

Several small clinical studies have shown that multi-slice
LGE sequences provide similar image quality to standard
segmented LGE sequences [18, 19]. However, the vast ma-
jority of these studies investigated only patients with a sin-
gle disease entity, i.e. myocardial infarction or HCM and/
or excluded patients with arrhythmia. Hence, these studies
are not reflecting clinical reality where the underlying
cause of LGE is often not known prior to the CMR scan
and sinus rhythm is often unstable or non-existent.

In this prospective study we intended to determine the
comparability of standard segmented PSIR LGE imaging
with two different multi-slice LGE sequences with and
without breathhold in a large number of patients with is-
chemic and non-ischemic cardiomyopathy, namely
chronic myocardial infarction, HCM and inflammatory
heart disease. Furthermore, we explicitly did not exclude
patients with arrhythmia. We aimed to assess if multi-
slice LGE sequences represent a robust alternative for
LGE assessment independent of pathophysiologic origin
of LGE, heart rhythm and patient breathhold capabilities.

Methods

Study population

312 consecutive patients with known or suspected LGE
were prospectively recruited. All patients were referred
for clinical LGE assessment using CMR for both, ische-
mic and non-ischemic cardiomyopathies, based on the
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clinical information provided by the referring cardiolo-
gist. A total of 212 patients had chronic myocardial in-
farction, 53 patients had HCM and 47 patients had
inflammatory heart disease.

All patients underwent a single CMR scan with three
different LGE sequences. Exclusion criteria were contra-
indications to CMR and severe chronic renal disease
with an estimated glomerular filtration rate < 30 ml/min/
1.73m?. All studies were performed in accordance with
the local institutional review board and local ethics
committee approval.

Image protocol

All CMR studies were performed on a 1.5 Tesla scanner
(AvantoFit®, Siemens Healthineers, Erlangen, Germany).
Patients were scanned with electrocardiogram (ECG)-
triggering in the supine position using 16-channel
surface phased array coils.

All imaging protocols included assessment of myocar-
dial function in balanced steady-state free precession
(bSSFP) cine sequences and of myocardial morphology
by LGE imaging.

bSSEP cine imaging (TE 1.19 ms, TR 33.36 ms, flip angle
55°,  retrospective  ECG-triggered  gating, matrix
192x156mm, FOV 340 mm, slice thickness 6 mm, band-
width 930 Hz, 30 phases per heart cycle, iPAT GRAPPA
acceleration factor 2) was performed in long axis two- and
four-chamber view for biplanar assessment of left
ventricular (LV) end-diastolic volume (LVEDV), LV mass
(LVM) and LV ejection fraction (LVEF). Contours were
drawn manually and biplanar anatomical and functional
parameters calculated automatically by the post-
processing software according to an established in-line bi-
plane ellipsoid model. [20] The standard three-point
method was used on short axis localizers to define stan-
dardized long axis two-chamber (one point in the LV apex,
one point in the anterior and one point in the inferior wall
of the Iv myocardium in the slice with the maximum LV
area) and four-chamber view (one point in the LV apex,
one point in the interatrial septum below the aorta and
one point into the most lateral corner of the right ven-
tricle (RV) on the short axis localizer with the maximum
RV area).

For LGE imaging, a 0.2 mmol/kg intravenous injection
of contrast agent was administered into an antecubital
vein. In patients with myocardial infarction or HCM as-
sessment gadoteridol (ProHance®, Bracco S.p.A., Milan,
Italy) was used. For patient with known or suspected in-
flammatory heart disease gadopentetate (Magnevist®,
Bayer Healthcare, Wayne, New Jersey, USA) was admin-
istered due to established normal values for this contrast
agent for the early enhancement technique which was
clinically assessed in these patients independently from
this study [21].
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Ten minutes after contrast administration, a segmented
IR cine bSSFP inversion time (TI) scouting sequence was
performed at a mid-ventricular short axis location to de-
termine optimal TI [22]. TI was adapted to optimally null
the signal of the remote myocardium. Two-dimensional
LGE images were acquired in short-axis views covering
the entire LV myocardium by using three different LGE
sequences: i) a segmented, single-slice, single-breathhold
2D FLASH-based phase-sensitive inversion recovery se-
quence (FLASH-PSIR) which was considered as the refer-
ence standard; ii) a multi-slice 2D bSSFP-based inversion
recovery sequence (bSSFP-IR); iii) a multi-slice 2D bSSFP-
based PSIR sequence (bSSFP-PSIR).

Sequence details are displayed in Table 1.

All LGE sequences were acquired in end-expiratory
breathhold while the bSSFP-PSIR sequence was add-
itionally acquired in free breathing. In case of suspected
artifacts in the LGE images a second perpendicular slice
through the affected region was acquired or read-out of
the phase encoding direction was swapped. Segmented
and multi-slice LGE images were acquired in random
order. Acquisition times and occurrence of arrhythmia
during image acquisition were noted for all sequences.

Qualitative and quantitative image analysis
For all post-processing analyses commercially available
software was used (CVI42 Release 5.6.2, Circle Cardio-
vascular Imaging, Calgary, Canada). A blinded reader
performed LV function assessment in bSSFP cine long
axis slices. For assessment of LVEF endocardial contours
were drawn in the end-diastolic and end-systolic phase
of two- and four-chamber view. All parameters were
automatically calculated after contouring by the post-
processing software. Separately, image quality and
quantitative LGE assessment were performed in a
random and blinded order.

For 30 randomly selected individuals, the same reader
and a second experienced reader repeated analyses for
assessment of intra- and interobserver variability.

Image quality

Visual assessment of image quality was performed on all
LGE sequences for each patient using a previously estab-
lished 4-point-scale using the following grading: excellent
quality, no artifacts (score of 1); good quality, minimal ar-
tifacts (score of 2); moderate quality, some artifacts which
may impair diagnostic quality (score of 3); poor quality,
unacceptable artifacts (score of 4) [19].

Signal intensities were measured in regions of interest
(ROISs) that covered areas of contrast-enhanced myocar-
dium, as well as areas of remote non-enhanced myocar-
dium with an additional ROI located outside the patient
for calculation of background noise. Signal enhancement
was measured as recommended by Simonetti et al. [12].
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Table 1 LGE sequence parameters

FLASH-PSIR SSFP-IR SSFP-PSIR

Mode Segmented Multi-slice Multi-slice
(single shot) (single shot)

TE [ms] 517 1.06 1.05
Flip Angle 30° 50° 65°
Field of view [mm] 350-450 350-450 350-450
Matrix [mm] 192 X 256 154 %192 144 % 192
Slice thickness [mm] 7 7 7
Slice gap [mm] 0 0 0
TE Echo time

In detail, we calculated signal intensities and their
standard deviations in ROIs of LGE-positive myocar-
dium, as well as areas of remote myocardium. Contrast
was defined as difference between mean signal intensity
of both ROIs. Image noise was defined as the standard
deviation of the signal intensity in the normal-appearing
myocardium ROI. Contrast-to-noise ratios (CNR) were
calculated by using these values. Measurement of signal-
to-noise ratios (SNR) is limited on PSIR images conven-
tionally because the measurement of background noise
is invalid in the reconstructed images [23]. Therefore,
we did not perform SNR assessment.

Visual LGE assessment

The distribution area and transmurality of fibrosis was
evaluated according to the American Heart Association
(AHA) 16-segment model. The distribution area of scar
in each segment was scored by the proportion of scar to
each segment (0: no LGE, 1: 1-25%, 2: 26-50%, 3: 51—
75%, 4: 76—100%).

For each subject, the number of segments with
presence or absence of fibrosis and location within
the myocardial wall (subendocardial, intramural, sube-
picardial, transmural) was noted for each LGE
sequence as previously described [24].

Quantitative LGE assessment

Quantification of LGE was performed with the estab-
lished semi-automated signal threshold versus reference
mean (STRM) method as published previously by our
and other groups [21, 25, 26]. On all LGE images, endo-
cardial and epicardial contours were manually traced
and ROIs were defined in hyperenhanced and remote
myocardium.

True LGE was defined by myocardial signal intensity
plus 6 standard deviations (SD) above that of remote,
normal-appearing myocardium within the same slice in
patients with myocardial infarction. For subjects with
HCM and inflammatory heart disease, plus 3 SDs were
defined as true LGE [27].
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The automated LGE detection could be manually cor-
rected by the reader for a specific location to exclude
obvious artifacts. After segmentation, myocardial and
scar tissue mass (in grams) were calculated and com-
pared for each AHA segment in each sequence.

Statistical analysis

All statistical analyses were conducted by using statis-
tical software package SPSS 17.0 (International Business
Machines, Armonk, New York, USA). Quantitative data
are expressed as means + SD. Sample size was calculated
by using power analysis for two proportions to reach a
statistical power of more than 80% to detect differences
of 5%, using the assumption of 16 + 12 g scar tissue for
patients with chronic myocardial infarction, and 9+5 g
for HCM and inflammatory heart disease which were re-
ported previously by our group [26].

Image quality scores were compared by using the
Mann-Whitney U test. Interobserver and intraobserver
agreement was assessed by using Cohen k statistics.

Statistical comparison of means of LGE size in each
individual multi-slice technique against the segmented
reference standard technique was performed by using
two-tailed paired t tests and Bland-Altman analysis. Scar
tissue percentages per segment, CNR and signal en-
hancement ratios were assessed using the Wilcoxon
signed rank test, as these values did not show normal
distribution.

Results

Patient characteristics

In total, 312 patients were recruited. Fourteen of these
patients were excluded due to incomplete image acquisi-
tion. All remaining 298 patients were successfully
scanned using all techniques and were included in sub-
sequent analyses (203 patients with chronic myocardial
infarction, 50 patients with HCM and 45 patients with
inflammatory heart disease). Patient characteristics are
shown in Table 2. Study individuals with inflammatory
heart disease were significantly younger than patients in
the other groups. HCM patients had an increased LVM
index (LVM-I), decreased LVEDV index (LVEDV-I) and
a slightly elevated LVEF. Figure 1 shows representative
images of LGE short axis slices for each group and each
sequence.

Acquisition time

The average scan time was significantly longer for the
reference standard sequence (361.5+95.3 s including
breaks between slice acquisitions) than for any multi-
slice sequence (SSFP-IR: 23.4 + 7.2 s; SSFP-PSIR: 21.9 +
64 s, p <001 of all sequences against reference
standard).
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Table 2 Patient Characteristics
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Chronic myocardial infarction HCM Inflammatory heart disease
Number of patients 203 50 45
Gender [& / 9] 160 / 43 (78% / 22%) 35 /15 (72% / 28%) 32/ 13 (71% / 29%)
Age [years] 66.2+10.7 620+ 145 463+154*
BMI [kg/m2] 276+42 279+43 258+438
HR [min-1] 681+£115 69.8+16.2 722+129
LVEF [%] 529+107 63.0+109 * 526+133
LVEDV-I [ml/m?] 825+243 69.6+£22.1* 90.9+269
SV-I [ml/m?] 419+87 433+£126 448+89
LVM-I [g/mz] 593+158 89.5+284 * 619+17.2
SR / Arrhythmia 166 / 37 (82% / 18%) 39/ 11 (78% / 22%) 38/ 7 (84% / 16%)

LGE detected [yes / no] 176 / 27 (87% / 13%)

39/ 11 (78% / 22%) 32/ 13 (71% / 29%)

HCM Hypertrophic cardiomyopathy; BMI Body mass index; HR Heart rate; LVEF Left ventricular ejection fraction; LVEDV-I Left ventricular end-diastolic volume index;
SV-I Stroke volume index; LVM-I Left ventricular mass index. SR Sinus rhythm. * p < 0.05

Image quality assessment
Image quality scores differed significantly between each
multi-slice and the reference standard sequence. How-
ever, they were not influenced by disease entity or — re-
garding bSSFP-PSIR sequence — breathhold versus free
breathing acquisition. Overall, bSSFP-PSIR images
showed the best image quality scores. (Fig. 2).
Arrhythmia had a negative impact on image quality
scores on the segmented FLASH-PSIR sequence, result-
ing in poor or non-diagnostic image quality in 48,8% of
all patients. Image quality score was not influenced by
arrhythmia in any multi-slice sequence.

Assessment of infarcted-to-remote area CNR is shown
in Table 3. Mean infarcted-to-remote myocardium CNR
was significantly higher on bSSFP-PSIR than on refer-
ence standard sequences (p <0.01), and on bSSFP-IR
lower than reference standard (p <0.01). Free breathing
acquisition of bSSFP-PSIR slightly decreased mean
infarcted-to-remote area CNR as compared to acquisi-
tion under breathhold, however, was still superior to ref-
erence standard (p<0.01). LGE due to chronic
infarction showed significantly higher CNR values in all
sequences than LGE due to HCM or inflammatory heart
disease (p <0.01).

infarction

>
oS
©
S a
o0
S 3
T E
9]
a
=1
T
S

Inflammatory
heart disease

(d:h;l). nonbh = non-breathhold

Fig. 1 Representative LGE images. Three selected patients with chronic myocardial infarction (a-d), hypertrophic cardiomyopathy (e-h) and acute
myocarditis (i-I) with typical LGE localization: subendocardial for infarction, patchy intramural for HCM and subepicardial for myocarditis.
Horizontal rows display corresponding slices of LGE in the same patient, vertical columns show the used techniques: conventional segmented
FLASH-PSIR (a;e;i), multi-slice bSSFP-IR (b;f;j), multi-slice bSSFP-PSIR with breathhold (c;g;k) and free-breathing multi-slice bSSFP-IR
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3
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0
SR Arrhythmia SR Arrhythmia
FLASH-PSIR SSFP-IR

Fig. 2 Image quality scores. Values represent average image quality score for all patients in each group. Score system: 1 = excellent quality, no
artifacts; 2 = good quality, minimal artifacts; 3 = moderate quality, some artifacts which may impair diagnostic quality; 4 = poor quality,
unacceptable artifacts. * p < 0.05 within sequence. ** p < 0.05 towards FLASH-PSIR. ns = non-significant, p > 0.05. SR = sinus rhythm

ns ns

*% * %

SR Arrhythmia SR Arrhythmia

SSFP-PSIR bh SSFP-PSIR nbh

Qualitative LGE analysis

Using reference standard sequence, 201 patients (67.4%)
had detectable LGE (# =143 with chronic infarction,
n =31 with HCM and »n =27 with inflammatory heart
disease). All 201 LGE-positive patients also had detect-
able LGE on bSSFP-IR. With both bSSFP-PSIR se-
quences, two small LGE lesions (<1 g scar size) were
visually not detected in one patient with chronic infarc-
tion and one patient with HCM by two blinded readers.

On visual assessment, circumferential extent of scars
was similar in all sequences; summation of scores
showed excellent matching with reference standard
FLASH-PSIR sequence (total score 3875) for bSSFP-
PSIR with (total score 3903) and without breathhold
(total score 3886) while on bSSFP-IR circumferential
scar extent was slightly underestimated (total score
3726). Details are shown in Fig. 3a.

On all multi-slice sequences, the visual allocation of
LGE within the myocardial wall (subendocardial, subepi-
cardial, intramural, transmural) showed good matching
with FLASH-PSIR for the chronic infarction and inflam-
matory heart disease group while for inflammatory heart
disease there was a higher number of visually transmural
LGE areas on bSSFP-PSIR versus FLASH-PSIR (14%
versus 10% segments with transmural LGE, see Fig. 3b).

Quantitative LGE analysis

There were no significant differences in mean LGE size
between reference standard FLASH-PSIR and multi-slice

Table 3 Contrast-to-noise ratios

sequences independent from LGE origin (Table 4). How-
ever, Bland-Altman analysis showed that on bSSFP-PSIR
LGE size showed a non-significant trend to be smaller in
all study groups compared to reference standard - mean
difference in LGE size towards reference standard being
0.58£1.99 g on bSSFP-PSIR with breathhold, 0.96 +
2.03 g on bSSFP-PSIR with free breathing and 0.26 £
2.4 g on bSSFP-IR (see Fig. 4 for Bland-Altman plots).

The presence or absence of breathhold during LGE
imaging using bSSFP-PSIR had no impact on LGE size
for any disease entity (Table 4).

Intraobserver agreement (Pearson coefficient) on LGE
size was >0.95 for all sequences. Interobserver agree-
ment was 0.92 for bSSFP-PSIR under free breathing and
0.88 for all other sequences.

In patients with arrhythmia during image acquisition
mean LGE size did not differ in any multi-slice se-
quence, with bSSFP-IR 7.6 + 6.1 g and bSSFP-PSIR 7.7 +
5.6 g under breathhold and 7.4 + 5.6 g under free breath-
ing. Reference standard FLASH-PSIR sequence was not
evaluated in arrhythmic patients due to mostly non-
diagnostic image quality.

Discussion

The present study compared for the first time a refer-
ence standard segmented (FLASH-PSIR) with two
multi-slice LGE sequences (bSSFP-IR and bSSFP-PSIR)
in 298 patients with ischemic and non-ischemic
cardiomyopathies.

All groups Chronic infarction HCM Inflammatory heart disease
FLASH-PSIR 659+ 719 679 + 585 * 804 £ 1268 370+ 213 *
SSFP-IR 40.1 £ 268t 432 + 284 *t 385+ 199 1 315+ 222t
SSFP-PSIR 1378 + 103.7% 1498 + 1149 *+ 1184 + 669t 95.7 + 492 *t
SSFP-PSIR nonbh 1259 + 7251 1345+ 725 *t 101.7 £ 65.8t 1090 + 734 t

*p < 0.05 towards the other disease entities for the individual LGE sequence. t p < 0.05 towards FLASH-PSIR gold standard for individual disease entity
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Our key findings were: Firstly, image quality and CNR
were highest on multi-slice bSSFP-PSIR with and with-
out breathhold. Secondly, acquisition time is relevantly
shorter on any multi-slice sequence compared to refer-
ence standard. Thirdly, visual detection of LGE and vis-
ual assessment of LGE extent was consistently very good
and equivalent in all sequences. Fourthly, quantification
showed no significant difference in LGE size for any
multi-slice sequence. Fifthly, in patients with arrhythmia
all multi-slice sequences generated good image quality

Table 4 Quantitative Assessment - LGE size

and consistent LGE quantification results, whereas the
reference standard provided non-diagnostic image qual-
ity in half of all exams. Finally, acquisition of bSSFP-
PSIR under free breathing or under breathhold had no
impact on LGE detection and quantification. Results
were independent of the cause of LGE from ischemic or
non-ischemic etiology.

The assessment of myocardial fibrosis has enormous
diagnostic and prognostic impact in ischemic and non-
ischemic cardiomyopathy [5-7]. Over the last decade

All groups Chronic infarction HCM Inflammatory heart disease
FLASH-PSIR 896+ 1064 g 747 £6659 1542 +20.00 g 939+£1028 g
SSFP-IR 869+10.75¢ 726+703 g 1531+£2002 ¢ 867 +9.66 g p>0.05
SSFP-PSIR 905+ 1084 g 768+7.18 g 1551+2031 g 889+930¢ p>0.05
SSFP-PSIR nonbh 885+1071g 7411691 g 15381996 g 8971994 g p>005

Values represent mean LGE size in gram. P values for each multi-slice sequence compared to FLASH-PSIR in all study groups
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Fig. 4 Bland-Altman plots of LGE mass. Blue dots represent mean LGE size (x-axis) versus delta LGE mass towards FLASH-PSIR (y-axis) in gram for
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many clinical studies have paved the way for CMR to be
integrated into a variety of cardiologic, radiologic and
other clinical guidelines [9]. The role of LGE in detec-
tion of myocardial fibrosis remains unequivocally im-
portant despite the development of new parametric
mapping techniques, which play an increasing role
especially in detection of diffuse fibrosis [28, 29].

Our study demonstrates that bSSFP-PSIR and bSSFP-
IR multi-slice LGE sequences provide excellent alterna-
tives to segmented FLASH-PSIR in routine CMR proto-
cols. We showed that not only for ischemic LGE lesions
but also for more diffuse lesions in inflammatory heart
disease or HCM multi-slice sequences are sufficient to
visualize fibrosis and — when quantified in size — show
equivalent results compared to the reference standard.
The equivalence of multi-slice LGE sequences to seg-
mented sequences has previously been shown in studies
for either HCM, ischemic or inflammatory heart disease
[18, 19, 30]. However, these studies each used different
sequences, smaller patient groups and mostly looked at
single disease entities.

The superiority of multi-slice over segmented PSIR
sequences in regard to image quality and CNR is in line
with other publications [18, 19]. This is attributable to
the reduction of motion artifacts and artifacts due to
arrhythmia. CNR also depends on the amount of
gadolinium-based contrast media in the myocardium,
which is influenced by amount and molarity of contrast
agent, distribution volume and hemodynamics. As we
strictly dosed gadolinium to body weight and tested
sequences in a random order, effects on results should
be neglectable.

We have also seen variations in CNR between the
different disease entities. Since CNR is dependent on
the voxel composition of fibrotic tissue, LGE in
chronic infarction with more compact fibrosis is ex-
pected to result in higher CNR values than LGE in
more diffusely fibrotic tissue such as in HCM and in-
flammatory heart disease.

On bSSFP-PSIR sequence visual assessment revealed
slightly larger scar transmurality as compared to the ref-
erence standard. We believe that visual assessment of
bSSEP-PSIR images is impacted by its comparably higher
CNR values which may lead to subjectively higher trans-
murality of scars.

In two patients, small LGE lesions detectable with the
reference standard sequence, were not detected with
multi-slice bSSFP-PSIR but, nevertheless, could be visu-
alized with bSSFP-IR. Note that for these two patients
LGE amount was less than one gram, which suggests
that partial volume effects or shifted slice position due
to heavy respiratory motion may have caused the missed
lesion. However, it cannot be safely excluded that very
small LGE lesions may be missed with multi-slice
bSSFP-PSIR due to its different matrix size as compared
to the reference standard.

It has been shown that even a small amount of
LGE has prognostic implications in cardiomyopathies
[31-34]. In case of inflammatory heart disease missed
small subepicardial LGE may even impact diagnosis
[35], as Lake Louise criteria define myocarditis as two
out of three parameters, LGE being one of them [36].

Our results suggest that in patients with known or
suspected myocardial infarction bSSFP-PSIR or bSSEP-
IR multi-slice sequences can be primarily utilized for
LGE detection. In case of an unknown cardiomyopathy
or for assessment of HCM and inflammatory heart dis-
ease segmented FLASH-PSIR images should be used in
scenarios of stable sinus rhythm and sufficient breath-
hold capabilities. For patients with arrhythmia and/or in-
sufficient breathhold capabilities at the time of CMR
scan we showed that segmented sequences fail to pro-
vide sufficient image quality. This is in line with previous
studies [37, 38]. In these patients we suggest to primarily
use multi-slice sequences such as bSSFP-PSIR and/or
bSSEP-IR.

In this study two different contrast media were
used; gadoteridol in CAD and HCM patients and
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gadopentate for inflammatory heart disease. The rea-
son for use of gadopentate was established normal
values for relative enhancement sequences, which
were acquired in these patients independently from
this study. However, there is good evidence that
relaxivity and contrast enhancement are nearly identi-
cal for both agents so that impact on results should
be neglectable. [39]

In our study we explicitly did not exclude patients
with arrhythmia. We demonstrated good to excellent
image quality and equivalent amount of LGE quantifica-
tion with all multi-slice sequences. There is no gold
standard for LGE detection and quantification in
arrhythmic patients. Hence, we cannot definitely state
that results are perfectly correct using multi-slice se-
quences. Still, due to the consistently high image quality
scores and — as compared to patients with sinus rhythm
— similar CNR values we feel confident that usage of any
multi-slice sequence is superior to attempts of seg-
mented image acquisition and shortens scan protocols
significantly in these patients.

Interestingly, presence or absence of breathhold
during image acquisition on bSSFP-PSIR did not
affect detection or quantification of LGE across all
study groups. While there must be minimal slice
shifting due to respiratory motion on acquisition of
an entire LV short axis package within approximately
20 s of acquisition time we could show in a large
number of patients that this has no statistically sig-
nificant effect on diagnostic value. Lower numbers of
breathhold cycles may also positively affect patient
comfort and may be considered in all patients when
SSFP-PSIR sequence is used.

Alternative methods for LGE assessment include 3D
sequences, which have been shown to also accurately
visualize fibrosis and scarring [40, 41]. These 3D se-
quences have the advantage of potentially higher spatial
resolution, especially in the vertical axis, and the possi-
bility of free movement through the ventricular myocar-
dium. On the other hand, 3D sequences typically require
a relatively long acquisition time. This necessitates a
continuous adaptation of the optimal myocardial inver-
sion time, which may impair image quality and CNR.
Implementation of 3D LGE sequences with dynamic in-
version time adjustments may help to overcome this
obstacle [42].

In another recent study dark blood PSIR imaging
was published using T2 preparation pulses for im-
proved visualization of fibrosis close to the adjacent
LV blood pool in 30 patients with subendocardial in-
farction [43]. This promising technique also included
motion correction for acquisition under free breathing
but needs to be validated across myocardial disease
entities in larger studies.
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Conclusions
LGE sequences are a mandatory part of most CMR pro-
tocols in ischemic and non-ischemic cardiomyopathy
[8]. The broader spread of CMR in clinical routine has
several implications: demand for CMR access increases
and there is a continuous need for fast scanning proto-
cols [14]. While segmented LGE sequences may give
excellent image quality under stable sinus rhythm and
sufficient breathhold the issue of time investment pre-
vails. We demonstrated equivalence of multi-slice LGE
sequences (bSSFP-IR and bSSFP-PSIR) and segmented
FLASH-PSIR sequence in a large number of patients
with ischemic and non-ischemic cardiac disease.

For that reason we suggest further strengthening the
role of multi-slice sequences in routine CMR protocols
whenever it is reliable to use.

Limitations

In spite of the large patient number in this study, all pa-
tients were scanned and analyzed in a single CMR center.
Male gender was overrepresented in all study groups.
Comparability of LGE sequences maybe impacted by dif-
ferent matrix size and, hence, different in-plane resolution
used for each sequence. This may also affect SNR and
CNR as well as assessment of LGE-positive areas.
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Abstract

Aims This study aims to assess subclinical changes in functional and morphological myocardial magnetic resonance param-
eters very early into an anthracycline treatment, which may predict subsequent development of anthracycline-induced cardio-
myopathy (aCMP).

Methods and results Thirty sarcoma patients with planned anthracycline-based chemotherapy (360-400 mg/m? doxorubicin-
equivalent) were recruited. Median treatment time was 19.1 + 2.1 weeks. Enrolled individuals received three cardiovascular
magnetic resonance studies (before treatment, 48 h after first anthracycline treatment, and upon completion of treatment).
Native T1 mapping (modified Look—Locker inversion recovery 5s(3s)3s), T2 mapping, and extracellular volume maps were
acquired in addition to a conventional cardiovascular magnetic resonance with steady-state free precession cine imaging at
1.5 T. Patients were given 0.2 mmol/kg gadoteridol for extracellular volume quantification and late gadolinium enhancement
imaging. Development of relevant aCMP was defined as drop of left ventricular ejection fraction (LVEF) by >10%. For analysis,
23 complete data sets were available. Nine patients developed aCMP with LVEF reduction >10% until end of chemotherapy.
Baseline LVEF was not different between patients with and without subsequent aCMP. When assessed 48 h after first dose of
antracyclines, patients with subsequent aCMP had significantly lower native myocardial T1 times compared with before therapy
(1002.0+37.9vs.956.5 +29.2 ms, P < 0.01) than patients who did not develop aCMP (990.9 + 56.4 vs. 978.4 + 57.4 ms, P > 0.05).
Patients with aCMP had decreased left ventricular mass upon completion of therapy (86.9 + 24.5vs. 81.1 +22.3 g; P=0.02), while
patients without aCMP did not show a change in left ventricular mass (81.8 + 21.0 vs. 79.2 + 18.1 g; P > 0.05). No patient
developed new myocardial scars or compact myocardial fibrosis under chemotherapy.

Conclusions Early decrease of T1 times 48 h after first treatment with anthracyclines can predict the development of sub-
sequent aCMP after completion of chemotherapy.
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Introduction

Anthracyclines are the mainstay of treatment in many malig-
nancies. Approximately 32% of all breast cancer patients,*
60% of elderly lymphoma patients, and most soft tissue sar-
coma patients receive anthracyclines during the course of
their oncological treatment.?

As outcomes of most cancer patients significantly improved
over the last decades, the number of cancer survivors has dras-
tically increased.?

This fortunate development leads to a progressive impor-
tance of long-term side effects of chemotherapy.

Anthracyclines are known to frequently have cardiotoxic
side effects. Heart failure due to anthracyclines has severe

© 2018 The Authors. ESC Heart Failure published by John Wiley & Sons Ltd on behalf of the European Society of Cardiology.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
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prognostic implications as it can lead to mortality rates worse
than that associated with many malignancies.*

The overall incidence of cardiotoxicity, defined as a reduc-
tion in left ventricular ejection fraction (LVEF) of >10%, has
been reported in up to 30% of patients receiving
anthracyclines.®

While the exact mechanism of cardiotoxicity has not been
fully understood yet, studies have shown that oxidative tissue
injury from free radicals, impaired protein synthesis, and al-
tered calcium handling in cardiomyocytes contribute to its
development.®”’

There is empirical evidence for the existence of risk factors
increasing the likelihood of cardiac dysfunction due to
anthracyclines, that is age, known cardiovascular disease,
dosage and bolus application.?

However, until now, there is no tool for prediction of
cardiotoxicity before or early in the treatment. Hence, clinical
guidelines and consensus statements of major cardiology and
oncology societies on prevention and treatment of
anthracycline-induced cardiomyopathy (aCMP) concentrate
on serial screening for LVEF reduction before, during, and af-
ter chemotherapy.”*°

Cardiovascular magnetic resonance (CMR) is a non-
invasive imaging technique that allows thorough myocardial
tissue differentiation. Myocardial T1 and T2 mapping are
promising techniques in this regard as they enable quantita-
tive assessment of diffuse myocardial tissue alteration
through a pixel-wise analysis approach.***?

Several studies with animals and human cancer survivors
revealed that anthracycline therapy can induce diffuse myo-
cardial fibrosis several years after completion of treatment,
which can be assessed by T1 mapping.*>*

While myocardial fibrosis is well known to be associated
with increased risk for development of congestive heart fail-
ure and worse patient outcome, it can only be detected late
into or after completion of chemotherapy and, hence, has
no substantial preventive benefit for patients receiving
anthracyclines.*>*®

Early preclinical detection of patients with aCMP could
lead to a benefit of earlier treatment, thus enabling patients
to receive full chemotherapy with lower risk for development
of acMp."’

Until today, there is no single universally accepted
definition or  categorization of cardiotoxicity by
anthracyclines. There are several types of aCMP that are
categorized according to timing of onset of cardiac
dysfunction into acute (days after start of chemotherapy),
early-onset (months after start of chemotherapy), and
late-onset aCMP (years after completion of chemotherapy).*®
In this study, we focused on development of early-onset
aCMP.

We hypothesized that cardiotoxicity of anthracyclines af-
fects cardiac tissue morphology already very early into the
treatment and that these alterations may be detected by

CMR. Accordingly, the purpose of this study was to assess
the predictive value of parametric mapping techniques for
detection of acute effects of anthracyclines on cardiac tissue
at the beginning of treatment, which may lead to reduction in
LVEF after completion of treatment.

Methods
Study population

A total of 30 patients were prospectively recruited. All patients
had histologically confirmed soft tissue sarcoma and were
planned for anthracycline-based chemotherapy with a cumu-
lative doxorubicin-equivalent dose of 360-400 mg/m?. Exclu-
sion criteria were chronic renal failure (glomerular filtration
rate < 30 mL/mZ), cardiac metastases, previous treatment
with anthracyclines, known incompatibility for gadolinium
contrast media, and contraindication for magnetic resonance
imaging. All enrolled individuals were approved by the local
ethical review board and gave written informed consent be-
fore participation.

Cardiovascular magnetic resonance protocol

All study participants underwent three CMR scans of 45 min
each on a 1.5 T Siemens AvantoFit® scanner (Siemens
Healthineers, Erlangen, Germany) with a 32 channel phased
array coil. The first CMR scan was performed within 48 h
before start of anthracycline treatment (baseline CMR), the
second scan 48 h after the first anthracycline treatment,
and the third scan 4 weeks after the last anthracycline
treatment (usually 5 to 6 months after begin of therapy).
Participants received 0.2 mmol/kg of gadoteridol contrast
agent (ProHance®, Bracco Diagnostics, Princeton, New Jersey)
during each scan. All imaging sequences were performed
according to previously published techniques. Left ventricular
(LV) and right ventricular (RV) volumetric and functional
parameters were assessed in long-axis and short-axis
steady-state free precession cine sequences. Cine imaging
parameters included field of view (FOV) 340 mm, voxel size
1.8 x 1.8 x 7 mm>? 3 mm gap, echo time (TE) 1.2 ms,
repetition time (TR) 33.4 ms, flip angle 74°, and bandwidth
930 Hz.

T1 mapping was performed using a modified Look—Locker
inversion recovery sequence in a mid-ventricular short-axis
slice before and 15 min after contrast administration. Se-
quence parameters include native T1: 5s(3s)3s with FOV
360 mm, voxel size 1.6 x 1.6 x 7 mm?>, TE 1 ms, TR 339.4 ms, flip
angle 35°, and bandwidth 1063 Hz and post-contrast: 4s(1s)3s
(1s)2s with FOV 360 mm, voxel size 1.6 x 1.6 x 7 mm?>, TE 1 ms,
TR 419.4 ms, flip angle 35°, and bandwidth 1063 Hz.
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Motion-corrected T2 mapping was performed using an
established T2 prepared steady-state free precession
technique (3 single-shot images with T2 preparation times
of 0/24/55 ms and voxel size of 1.6 x 1.6 x 6.0 mm).*°

Late gadolinium enhancement (LGE) was used for focal
fibrosis imaging and performed in the same slice positions
as cine imaging using a gradient echo-based segmented
phase-sensitive inversion recovery sequence in single-slice,
single-breathhold fashion. LGE scan parameters: FOV
380 mm, voxel size 1.8 x 1.8 x 7 mm, no interslice gap,
TE 1 ms, TR 700 ms, flip angle 65°, and bandwidth
1184 Hz.

Image analysis

Experienced readers (F. M., S. F,, L. Z,, and A. S.) with at least
3 years of experience in cardiac MR analysis in a centre with
3.000 scans per year were blinded to clinical patient
information. All image analysis was performed using cvi42®
post-processing software version 4.2 (Circle Cardiovascular
Imaging Inc., Calgary, Canada). LV and RV size and function
as well as LV mass were assessed in short-axis cine images,
and atrial volumes were assessed monoplanar (right atrium)
or biplanar (left atrium) in long-axis cine four-chamber and
two-chamber views.

Epicardial and endocardial contours in a mid-ventricular
short-axis slice were traced for T1 and T2 mapping analyses
and a 5% safety margin was applied endocardial and epicar-
dial to minimize partial volume effects. Both T2 and T1 maps
were quantified as average global values in the analysed slice
as previously reported.™ Visual surveys were evaluated for
artefacts before quantification, and segments with relevant
artefacts were excluded from analysis (e.g. caused by suscep-
tibility, unintended motion effects, or incorrect motion
correction).

Relative and absolute extracellular volume (ECV) fraction
were calculated by means of native and post-contrast T1
values and haematocrit as previously established.™® Relative
ECV was reported as per cent of myocardial volume of the
corresponding short-axis plane, and absolute ECV in gram
extrapolated towards LV mass.

Visual evaluation of LGE images was performed by two
independent readers and included presence, location, and
transmurality of identified lesions. Differentiation of real
LGE lesions from artefacts was realized during image
acquisition by verification in two perpendicular slices or
altered readout direction.

Interobserver and intraobserver variability analysis was
performed on subsets of 10 subjects.

According to current guidelines, patients with LVEF drop of
>10% points were defined as patients with aCMP. All other
patients were defined non-aCMP patients for further
analysis.

Laboratory blood analysis

On the day of each CMR scan, venous blood samples were
obtained and immediately sent for laboratory analysis at
our central laboratory. High-sensitivity cardiac troponin T
concentrations were measured using the Elecsys® hsTNT
STAT assay (Roche Diagnostics, Mannheim, Germany). The
analytical limit of detection was 5 ng/L, and the 99th percen-
tile upper reference limit was 14 ng/L.

Plasma N terminal pro brain natriuretic peptide (NT-
proBNP) concentrations were measured using the Elecsys®
proBNP Il assay (Roche Diagnostics). The analytical limit of
detection of NT-proBNP was 5 pg/mL.

Electrocardiography

A 12 lead electrocardiography (ECG) was obtained before each
CMR scan and assessed for pathological findings. In detail, pa-
tients were ranked positive if one of the following criteria was
newly present: no sinus rhythm, PQ interval of >200 ms, QRS
duration of >120 ms, and atrioventricular blockage, elevation,
or depression of ST interval > 0.1 mV. 30.

Statistical analysis

All measured values are shown as mean + standard deviation.
Statistical analysis was performed using SPSS Statistics 22.0.0
(IBM, Armonk, NY, USA). Using Wilcoxon signed-rank test, sig-
nificant values were accepted by P < 0.05.

Univariate analysis for prediction of LVEF drop was per-
formed using two-sided t-test embedded into ANOVA analysis.

Correlation analyses were performed using the Spearman
rank correlation coefficients. To test for group-differences
of categorical variables y*-test was applied.

For intraobserver and interobserver reproducibility, images
were analysed twice by blinded readers. The results were
evaluated by intraclass correlation coefficients.

Results
Patient characteristics

We initially recruited 30 patients. Seven individuals had to be
excluded because of early study abort because of individual
wish (n = 2) or termination of anthracycline chemotherapy
during the study (n = 5). Finally, we had 23 data sets for anal-
ysis. Mean age of study cohort was 58.7 £ 13.4 years; 12 pa-
tients (52%) were female. Baseline characteristics of study
cohort are summarized in Table 1. Patients received a mean
cumulative dose of doxorubicin-equivalent chemotherapy of
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Table 1 Patient characteristics

Patient characteristics

Age 58.7 = 13.4 years
Gender 11 M/12F
BMI 23.5 = 3.4 kg/m?
Hypertension 11/23 (48%)
Diabetes 3/23 (13%)
CAD 1/23 (4%)

(Ex-) Smoker 5/23 (22%)

BMI, body mass index; CAD, coronary artery disease.

342 + 23 mg/m2 within a mean treatment time of
19.1 + 2.1 weeks.

Left ventricular and right ventricular function

At the end of chemotherapy, nine patients had developed
LVEF reduction >10% as compared with baseline and were de-
fined as aCMP patients for further analysis. See Figure 1A,B for
representative example. In this aCMP group mean, LVEF de-
creased from 63.5% + 5.8% at baseline to 49.9% + 5.0% after
chemotherapy (P < 0.01), whereas the remaining 14 non-
aCMP patients had no difference in LVEF until completion of
therapy (baseline: 59.2% + 10.3%; after chemotherapy:
58.3 + 7.8%; P = 0.47). Individual LVEF changes between

baseline and completion of chemotherapy are displayed in
Figure 2, and detailed results of anatomical and functional pa-
rameters of all CMR studies are illustrated in Table 2A. Nota-
bly, in aCMP patients, LV mass decreased from baseline
(86.9 + 24.5 g) until completion of therapy (81.1 + 22.3 g;
P =0.02), while LV mass did not change in non-aCMP patients
over the course of chemotherapy (baseline: 81.8 + 21.0 g; after
therapy: 79.2 + 18.1 g).

As illustrated in Table 2A, at 48 h after the first treatment
with anthracyclines, non-aCMP patients showed an increase
in LVEF (59.2% + 10.2% vs. 63.9% *+ 7.9%, P = 0.02), LV end-
diastolic volume (165.1 + 39.6 vs. 177.5 * 36.2 mL,
P = 0.03), and RV ejection fraction (47.3% + 59.% vs.
51.1% + 6.2%, P < 0.01) as compared with baseline, while pa-
tients with subsequent aCMP did not. RV end-diastolic vol-
ume and LV mass did not change in either group after the
first dose of anthracyclines.

Myocardial tissue differentiation

In patients who developed aCMP, we observed a significant
decrease of native T1 times from 1002.0 + 37.9 ms at baseline
10 956.5 £ 29.2 ms at 48 h after the first dose of anthracyclines
(P < 0.01). Patients without development of aCMP until com-
pletion of chemotherapy did not show a significant change in

Figure 1 Representative anthracycline-induced cardiomyopathy imaging data. Steady-state free precession cine imaging captures in diastole and sys-
tole (A) before start of chemotherapy [baseline (left ventricular ejection fraction 65%)] and (B) after completion of chemotherapy (left ventricular ejec-
tion fraction 45%). (C) Native myocardial T1 maps of patient with anthracycline-induced cardiomyopathy before chemotherapy and 48 h after first dose
application. Displayed T1 times were measured as average global left ventricular times in each slice.
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1000ms

*T1=1001ms
900ms
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Figure 2 Left ventricular ejection fraction (LVEF) development before and after chemotherapy. Red data points indicate anthracycline-induced cardio-
myopathy (aCMP) patients with LVEF drop of >10% during chemotherapy. Averages for aCMP and non-aCMP patients are displayed above.
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Table 2 Quantitative magnetic resonance parameters. (A) Volumetric and functional assessment. (B) Myocardial tissue differentiation

parameters.
48 h after first dose After therapy

Before therapy P value P value

A
Non-aCMP LVEDV mL 165.1 £ 39.6 177.5 + 36.2 0.03 164.7 = 34.8 0.67
LVEF % 59.2 + 10.2 63.9 +7.9 0.02 583 + 7.8 0.47
RVEDV mL 185.7 = 41.8 196.0 + 43.0 0.06 184.6 + 40.7 0.52
RVEF % 473 £5.9 51.1 £ 6.2 <0.01 47.2 £ 5.8 0.98
LVM g 81.8 £21.0 81.8 = 20.1 0.92 79.2 = 18.1 0.33
aCMP LVEDV mL 154.1 = 32.2 164.3 = 30.4 0.17 155.8 = 25.0 0.86
LVEF % 63.5+ 5.8 65.1 = 4.9 0.34 499 + 5.0 <0.01
RVEDV mL 171.2 = 36.0 181.6 = 40.7 0.11 156.9 + 33.1 <0.01
RVEF % 51.7 £ 35 53.3 = 3.7 0.34 44.2 = 5.1 <0.01
LVM g 86.9 + 24.5 85.5 + 24.6 0.52 81.1 = 22.3 0.02

B
Non-aCMP T2 ms 52.0 = 3.5 529+ 27 0.07 54.6 + 3.2 0.08
Relative ECV % 26.4 = 2.0 28.1 2.7 0.12 294 + 1.6 0.06
Absolute ECV g 21.0 £ 5.4 234 +58 0.20 23.7 = 3.9 0.08
aCMP T2 ms 543 + 2.8 553+ 15 0.37 548 + 2.9 0.73
Relative ECV % 275+ 2.7 293 + 2.7 0.16 29.8 + 1.7 0.04
Absolute ECV g 23.4 +9.2 254 = 8.6 0.33 26.8 £ 4.5 0.15

aCMP, anthracycline-induced cardiomyopathy; LVEF, left ventricular ejection fraction; LVEDV, left ventricular end-diastolic volume; LVM,
left ventricular mass; RVEF, left ventricular ejection fraction; RVEDV, right ventricular end-diastolic volume.
P values indicate statistical significance towards baseline data (before therapy).

native T1 at 48 h (9909 + 56.4 ms at baseling;
978.4 + 57.4 ms at 48 h; P = 0.08). After completion of ther-
apy, native T1 times were not significantly different from
baseline values in either group. For details, see Figure 3, a
representative imaging example is displayed in Figure 1C. Re-
liability was excellent for both interobserver and
intraobserver evaluations (Spearman rank correlation for na-
tive T1 times r, = 0.90 with P = 0.01 and for T2 times r, = 0.91
with P = 0.01, intraclass correlation coefficient 0.96 for native
T1 and 0.98 for T2).

Extracellular volume analysis showed that relative and ab-
solute ECV values did not change significantly between base-
line and 48 h after first dose of anthracyclines in aCMP and
non-aCMP patients (Table 2B). Because of the loss in LV mass
over the course of chemotherapy, we observed an increase of
relative ECV after completion of chemotherapy in aCMP pa-
tients against baseline from 27.5% + 2.7% to 29.8% + 1.7%
(P =0.04). However, this change was not verifiable in absolute
ECV values (23.4 + 9.2 g at baseline vs. 26.8 + 4.5 g after ther-
apy, P = 0.15; for details, see Table 2B).
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Figure 3 Native T1 mapping. Grey columns represent patients without development of anthracycline-induced cardiomyopathy (aCMP), and red col-
umns represent aCMP patients. P values indicate statistical significance towards baseline data (before therapy).
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Table 3 Laboratory blood test assessment

i Uy 48 hr after first dose After therapy
P value P value
Non-aCMP High-sensitive troponin T ng/L 8.1 = 6. 8670 0.71 23.3 = 253 <0.01
NT-proBNP pg/mL 169.9 = 160.8 175.0 = 163.5 0.33 203.0 = 208.4 0.19
aCmMP High-sensitive troponin T ng/L 11.4 £11.2 11.4x7.2 0.65 17.7 £ 8.5 0.02
NT-proBNP pg/mL 160.7 = 209.0 169.4 = 181.2 0.55 265.0 = 304.7 0.30

aCMP, anthracycline-induced cardiomyopathy; NT-proBNP, N terminal pro brain natriuretic peptide.
P values indicate statistical significance towards baseline data (before therapy).

On evaluation of T2 maps, we did not find focal lesions in
any patient at any time point. At baseline, average T2 times
were not different between patients with development of
subsequent aCMP (54.3 + 2.8 ms) and non-aCMP patients
(52.0 £ 3.5 ms) (P =0.11). Also, on follow-up at 48 h and after
completion of therapy, average T2 times did not significantly
change in either patient group. For details, see Table 2B.

LGE analysis revealed that three patients had myocardial
fibrosis at baseline CMR. Two of these three subjects were
in the non-aCMP group and had minor subendocardial scars
as well as known coronary artery disease. One individual
was in the aCMP group and had a small intramyocardial fibro-
sis inferolateral. None of the detected LGE lesions changed
on both follow-up CMR scans. No patient developed new
LGE lesions over the course of this study.

Laboratory results

High-sensitive troponin T and NT-proBNP blood analysis are
displayed in Table 3. There was no significant difference in tro-
ponin T levels at baseline between aCMP (11.4 + 11.2 ng/L) and

non-aCMP patients (8.1 + 6.5 ng/L) and no significant change at
48 h after first anthracycline treatment (aCMP: 11.4 £ 7.2 ng/L;
non-aCMP: 8.6 + 7.0 ng/L). However, upon completion of study,
we observed an increase of troponin T levels against baseline in
both patient groups (aCMP: 17.7 + 8.5 ng/L — P = 0.04; non-
aCMP: 23.3 +25.3 ng/L— P < 0.01). NT-proBNP was neither dif-
ferent between aCMP and non-aCMP patients at any time
point nor did we see a statistically significant increase at 48 h
or upon completion of chemotherapy (Table 3). Glomerular fil-
tration rates did not significantly change in aCMP (baseline:
87.8 + 14.1 mL/min/1.73 m?; at 48 h: 91.1 + 16.5 mL/min/
1.73 m?; after chemotherapy: 90.8 + 13.6 mL/min/1.73 m?,
P > 0.05) and non-aCMP patients (baseline: 88.1 + 18.0 mL/
min/1.73 m?; at 48 h: 91.8 + 19.1 mL/min/1.73 m?; after che-
motherapy: 93.9 + 20.3 mL/min/1.73 m?, P > 0.05) over the
course of the study.

Conduction abnormalities

We found ECG abnormalities only in three patients, two of
which were in the aCMP group. One aCMP patient had first
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degree atrioventricular blockage after completion of therapy,
which was not present at baseline. In the other aCMP pa-
tient, we detected atrial fibrillation after chemotherapy but
normal sinus rhythm at baseline and at 48 h after therapy
start. One non-aCMP patient had complete LV branch block
at baseline, which was persistent on follow-up ECGs.

Discussion

In this study, we were able to detect several myocardial tis-
sue changes predicting an early-onset cardiomyopathy be-
cause of anthracyclines. Firstly, 30% of recruited patients
showed a decrease in LVEF of more than 10% over the course
of an anthracycline-based chemotherapy, which was defined
as development of aCMP. Secondly, all patients who develop
aCMP (30% of recruited patients) had decreased LV mass
upon completion of therapy, while patients without aCMP
did not show a change in LV mass. Thirdly, a decrease of na-
tive myocardial T1 time within 48 h after the first dose of
anthracyclines was associated with subsequent development
of aCMP. This acute decrease in native T1 time resolved in all
aCMP patients until completion of therapy. Finally, myocar-
dial T2 mapping, absolute ECV values, and blood biomarkers
did not qualify to discriminate between patients with and
without development of aCMP in this study.

The prevalence of aCMP has been shown to be 3% to 48%
depending on several variables.>?%?! Besides the cumulative
dose of anthracyclines administered being one major risk fac-
tor for aCMP, there is evidence that the type of imaging mo-
dality for LVEF evaluation impacts detection rates for aCMP.
CMR is widely accepted as the reference method for mea-
surement of LV volumes and LVEF because of best reproduc-
ibility among non-invasive imaging techniques.?>?>

In several studies, CMR was shown to be superior to echo-
cardiography in detection of LVEF decline under
anthracycline therapy, that is revealing an LVEF drop to
<50% in 26% of all patients within 6 months of therapy using
CMR, which is in line with our results.?>%*

Our finding that patients with aCMP show a reduction of LV
mass over the course of chemotherapy is in line with previous
limited data on anthracyclines as well as trastuzumab therapy.*

Lipshultz et al. performed serial echocardiography on chil-
dren receiving anthracyclines. They found that LV decreased
over time under anthracycline therapy and that the reduction
in LV mass was inversely related to cumulative dose of
anthracyclines.”®

Because patients in this study received similar cumulative
dose of anthracyclines independent of development of aCMP,
the dosing factor should play a minor role in our cohort.

Myocardial atrophy and cachexia are known to be inde-
pendent predictors for mortality in cancer patients.?” The de-
crease of LV mass in patients with aCMP in this study shows
that myocardial atrophy may also serve as phenotypic

criterion for aCMP. However, it is difficult to say if LV atrophy
is cause or consequence of aCMP.

Myocardial T1 and T2 mapping, including the derived ECV,
are recognized as potential biomarkers of chemotherapy
cardiotoxicity that may have the ability to detect myocardial
tissue damage earlier than conventional functional metrics.
Several CMR studies with cancer survivors have investigated
changes in native myocardial T1 and T2 times and found that
anthracyclines can cause an increase of native T1 times and
ECV because of development of diffuse myocardial fibrosis
years after completion of treatment.***®

Hence, there clearly is a long-term myocardial remodelling
effect because of anthracyclines, which increases risk for car-
diovascular disease.

In this study, we demonstrated evidence that an early de-
crease of native myocardial T1 time after the first administra-
tion of anthracyclines is linked to subsequent development of
aCMP, allowing for very early identification of patients at
high risk for aCMP.

The pathophysiologic mechanism behind this decrease in
native T1, however, remains unclear. There is a lack of previ-
ous histologic or imaging data at this early timing of myocar-
dial tissue assessment after drug administration.

In an earlier study from our group, we reported that
changes in early myocardial enhancement after gadolinium
administration can predict LVEF drop after 28 days in patients
treated with anthracyclines.?° However, there was no longer
follow-up of patients.

One hypothesis includes the involvement of radical oxygen
species, which are known to play a key role in anthracycline-
mediated cardiotoxicity and which affect mitochondrial func-
tion and increase lipid peroxidation.®®

Native T1 time is increased in case of myocardial oedema
or inflammation and decreased by iron overload such as in
haemochromatosis or in case of lipid deposition as in Fabry
disease.®*

While it is unlikely that a temporary myocardial iron over-
load is triggered by anthracyclines, they may lead to an in-
crease of intracellular lipid contents affecting native
myocardial T1 times.

Other acute anthracycline-meditated biochemical abnor-
malities in cardiomyocytes may also play a role in the ob-
served decrease of native T1 times.

Our observation that T1 times normalize again upon com-
pletion of therapy further strengthen the possibility that
acute toxic effects are meditating the early native T1 de-
crease rather than permanent structural changes such as in-
terstitial fibrosis.

This is supported by our finding that absolute ECV values
did not change in our study population—neither acutely after
the first administration of anthracyclines nor upon comple-
tion of therapy. Other groups have reported that there is in-
crease in relative ECV because of anthracyclines, which may
occur even years after therapy.**
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In our opinion, there certainly is a degree of increased fi-
brosis attributing to increased relative ECV in the long term.
However, the reduction of LV mass during and after cancer
therapy due to weight loss and systemic atrophy may also af-
fect relative ECV values, while absolute ECV values remain
largely unaffected as reported in this study.

In our study, we did not find significant changes in myocar-
dial T2 time under and after chemotherapy, which other
groups have reported. Farhad et al. found increased myocar-
dial T2 times in mice treated with anthracyclines at 5 weeks
after beginning of anthracycline treatment, which resolves
upon a 20 week follow-up.>?

In our opinion, timing of imaging is crucial for interpreta-
tion of results. Cardiotoxicity of anthracyclines may not trans-
late into a single long-term pathophysiolic mechanism but
may rather consist of several phases. Acute toxic effects
may lead to early native T1 changes as observed in this study,
while chronic myocardial remodelling due to anthracyclines
may lead to increased native T1 times and elevated ECV be-
cause of diffuse interstitial fibrosis in cancer survivors.

Besides imaging parameters, blood biomarkers have been
shown to be altered in patients with aCMPp.333*

In our study, we observed significant elevations of high-
sensitive troponin T. However, these changes occurred inde-
pendent of development of aCMP. Troponin T is a sensitive
biomarker for myocardial cell death and may therefore be el-
evated even in patients with minor myocardial damage,
which does not lead to systolic heart failure.

NT-proBNP is well established as a biomarker for heart fail-
ure, thus maybe elevated in patients developing aCMP. How-
ever, in contrast to troponin T, we did not see significant
changes of NT-proBNP levels in patients with or without
aCMP. This is in line with findings from other groups.3>3®

In conclusion, native myocardial T1 mapping may repre-
sent a suitable tool for aCMP risk stratification very early into
the treatment. In contrast to other imaging parameters, it can
help to predict aCMP development before functional cardiac
impairment occurs. Larger, interventional studies are needed
to investigate if preventive measures—such as primary aCMP
prevention with beta-blockers or angiotensin-converting
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