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Abstrakt

In der Kardiologie stellt die nichtinvasive Differenzierung von Myokardschdden
noch immer eine diagnostische Herausforderung dar. In dieser Arbeit wurde die
kardiale Magnetresonanztomographie genutzt, um Myokardschdden zu
differenzieren und Zusammenhdnge zu funktionellen Verénderungen,
insbesondere bei primdren und sekundéren Kardiomyopathien zu untersuchen. Es
ist gelungen, Einsatzmdglichkeiten der Methode aufzuzeigen, die bereits auch
Verbreitung in der klinischen Routine gefunden haben.

Bei der Hypertrophischen Kardiomyopathie fliihrten wir die Planimetrie der Fldche
des linksventrikuldren Ausflusstraktes zur Quantifizierung der Obstruktion ein und
konnten nicht nur Patienten nach Septumablation kontrollieren, sondern erstellten
auch Normwerte zur Differenzierung der Obstruktion. Nach der Intervention
wurden im zeitlichen Verlauf die Evolution des peri-infarziellen Odemes und der
Infarktnarbe, einschlieBlich des Zusammenhanges zur funktionellen und
klinischen Verbesserung untersucht. Durch die Anwendung einer Kombination von
T2-gewichteten und kontrastverstarkten T1-gewichteten Sequenzen im zeitlichen
Verlauf konnten sowohl die sehr frihen als auch die spéten
Myokardverdnderungen dargestellt werden. Da die therapeutisch indizierte
Intervention ohne Induktion einer alkoholbedingten Kolliquationsnekrose mit
Schaumstoffpartikeln durchftihrt wurde, ist das Ergebnis mit einer nicht iatrogenen
akuten Koronararterienokklusion vergleichbar. Dies erlaubt Ruickschltisse auf die

Darstellung eines akuten Infarkt mittels Magnetresonanztomographie.



Der echokardiographische Nachweis von Wandbewegungsstérungen ist eine
grundlegende diagnostische Information, allerdings ist die Unterscheidung
zwischen einer entzlindlichen oder ischdmischen Genese nicht mdglich. Diese
Lticke kann nunmehr durch die kardiale Magnetresonanztomographie geschlossen
werden. Das von uns eingefliihrte multisequentielle Protokoll flihrte zum Beispiel
bei der Myokarditis zu einer Verbesserung der diagnostischen Genauigkeit der
magnetresonanztomographischen  Untersuchungen. Ebenso konnte eine
myokardiale Mitbeteiligung bei Sarkoidose bereits bei normaler linksventrikuldrer
Funktion gezeigt werden.

Fir die Darstellung der Koronararterien wurde eine 3D-Steady-State-Free-
Precession-Sequenz  bei gesunden Probanden und in klinischer Umgebung

geprtift, sie erwies sich als verldsslich, muss aber noch weiter evaluiert werden.

Die kardiale MRT hat in einigen kardiologischen Bereichen bereits Eingang in die
Routine gefunden. Die Methode hat das Potenzial, prospektiv reversible und
irreversible myokardiale Veradnderungen zu unterscheiden und sie dartiber hinaus
im Verlauf zu untersuchen. Es ist zu erwarten, dass auf dem Gebiet der
myokardialen Erkrankungen nichtinvasive bildgebende Differenzierungen zur
Charakterisierung des klinischen Status und Therapieerfolges beitragen werden.
Weitere Studien werden gestatten, die prognostische Relevanz frlihzeitig erfasster

Veradnderungen zur bewerten.

Schlagworte: Hypertrophische Kardiomyopathie, Kardiomyopathie,

Magnetresonanztomographie, Myokarditis, Systemerkrankungen,



Abstract

Non-invasive differentiation of myocardial injury is an ongoing diagnostic challenge
in cardiology. We used cardiac magnetic resonance to characterize myocardial
injuries and to investigate their relations to functional changes, especially in
primary and secondary cardiomyopathies. We were able to describe novel
applications of CMR, which are currently used in routine settings.

The planimetry of the left ventricular outflow tract area to quantify obstruction was
developed to characterize hypertrophic cardiomyopathies (HCM). We applied the
method in patients after septal artery embolization to monitor the success of the
intervention. We then extended our observations to establish cut-off values to
differentiate between the obstructive and non-obstructive forms of HCM and to
provide the first reference standard for planimetric values in healthy volunteers.
After intervention infarct related edema and fibrosis was detected during follow-up
and correlated to functional and clinical improvement of the patients. Combining of
T2-weighted and contrast-enhanced T1-weighted images allowed the detection of
very early and late myocardial changes during follow-up. As the intervention was
performed using foam gel instead of alcohol, the therapeutically induced infarction
was similar to an abrupt coronary occlusion in the clinical setting in contrast to the
non-physiological alcohol-like colliquation-necrosis. As such, we were able not
only to monitor the intervention-related tissue injuries but also to gain novel
insights into the very early myocardial tissue injuries in acute myocardial infarction
Assessment of wall motion abnormalities applying echocardiography is a basic

diagnostic information, but it is not possible to differentiate between e.g.



inflammatory or ischemic aetiologies. Applying cardiac magnetic resonance
(CMR), this information can be provided. Exploiting the unique tissue
characterization capabilities of CMR, we introduced a multi-sequential approach,
which was shown to increase the diagnostic accuracy of magnetic resonance
imaging to detect myocarditis. Applying a similar approach we were able to detect
myocardial involvement in sarcoidosis even when left ventricular function was still
preserved.

A 3D-steady-state-free-precession pulse sequence was applied in volunteers and

patients and could be shown to be applicable, but has to be improved.

Cardiac magnetic resonance is routinely applied in many areas of cardiology. The
method has the potential to differentiate prospectively between reversible and
irreversible myocardial injuries. The changes can be detected during follow-up.

One could expect, that in the field of myocardial diseases the differentiation by
non-invasive imaging modalities will improve clinical characterization and monitor
the success of therapy or (therapeutic success). Further studies will allow

identifying the prognostic values of the early-detected injuries.

Key words: cardiomyopathy, hypertrophic cardiomyopathy, magnetic resonance

tomography, myocarditis, systemic disorder



Abkiirzungsverzeichnis

DCM Dilatative Kardiomyopathie

DG Druckgradient

FSE Fast-Spinechosequenz
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KMP Kardiomyopathie

MRT Magnetresonanztomographie
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TR Repititionszeit



| Darstellung von Myokardschaden als diagnostische

Herausforderung in der Kardiologie

Der Nachweis regionaler Wandbewegungsstérungen,  morphologischer
Verdnderungen, als auch Funktionsmessungen geben Hinweise auf kardiale
Erkrankungen und werden in der téaglichen klinischen Routine eingesetzt. Es ist
davon auszugehen, dass eine darliber hinaus gehende nichtinvasive
Differenzierung der Krankheitsursache und eine prospektive Einschétzung der
Reversibilitdt die Diagnostik bereichert und die Festlegung therapeutischer
Strategien erleichtert.

Dies erscheint insbesondere deshalb relevant, da bei myokardialen Erkrankungen

der weitere Krankheitsverlauf oftmals von einer friihen Diagnose abhéngig ist.

1. Nicht-ischamische Herzkrankheiten
Im Folgenden wird nur auf die Erkrankungen nicht koronarer Ursache
eingegangen, flir die im Rahmen dieser Arbeit neue diagnostische Konzepte

entwickelt wurden.

1.1. Kardiomyopathien

Kardiomyopathien sind chronische, vorwiegend genetisch bedingte Erkrankungen,
die meist progredient verlaufen. Sie werden in 4 Hauptformen unterteilt: Dilatative
Kardiomyopathie (DCM), Hypertrophische Kardiomyopathie (HCM), Restriktive
Kardiomyopathie (RCM), und arrhythmogene rechtsventrikuldre Kardiomyopathie

(ARVC).!



Ein Schwerpunkt unserer Arbeit ist die kardiale Magnetresonanztomographie
(MRT) bei der HCM. Die HCM wird durch unterschiedliche Mutationen verursacht,
die flir das Sarkomer kodieren. Phanotypisch imponiert eine nicht allein durch die
H&modynamik  oder andere  Erkrankungen  erkldrbare  Hypertrophie
unterschiedlichen AusmaBes. Allerdings liegt bei einigen, durchaus malignen
Formen keine ausgepréagte Hypertrophie vor oder prégt sich erst im spéteren

4 Umso

Lebensalter aus (z.B. Troponin T- und Protein C-Mutationen).”
entscheidender ist es, alternative Wege der Phénotypisierung zu beschreiten.

Die heute dUbliche Einteilung unterscheidet nach nichtobstruktiven, latent
obstruktiven und obstruktiven Formen, die Letzteren werden nach der Lokalisation
der Obstruktion in subaortal (linksventrikuldrer Ausflusstrakt, LVOT) respektive
mitventrikuldr gelegene unterteilt.® Der Nachweis der Obstruktion wird durch den
invasiv. gemessenen und/oder den echokardiographisch  berechneten
Druckgradienten (DG) erbracht. Allerdings weist der DG eine groBe spontane
Variabilitat auf, die zusétzlich durch hdmodynamische Verénderungen beeinflusst
wird. ®7 Es gibt Hinweise darauf, dass einer LVOT-Obstruktion eine prognostische
Bedeutung zukommt. 8

Sowohl bei den obstruktiven, als auch bei den nicht obstruktiven Erkrankungen ist
das histologische Bild gepragt durch ein irreguldres Anordnungsmuster der
Myozyten, sogenanntes myocardial disarray, dartiber hinaus sind in einigen Féllen
auch diffuse, intramyokardial gelegene Fibrosen nachweisbar. Die Progredienz der

fibrotischen Umwandlung scheint mit einer Verschlechterung des klinischen

Befundes einherzugehen.®
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1.2.  Sekundédre Myokarderkrankungen

Sekunddre oder auch spezifische Kardiomyopathien werden definiert als
myokardiale Erkrankungen mit bekannter Ursache (z.B. ischédmisch, hypertensiv
oder entzlindlich). Eine hdaufige Ursache der DCM ist eine Myokarditis, die in
unseren Breiten vorwiegend durch virale Infektionen (z.B Coxsackievirus,
Parvovirus B 19, Herpesviren), aber auch durch bakterielle, allergische oder
toxische Reaktionen induziert werden kann.” Die histologischen Verdnderungen
variieren in Abhéngigkeit von dem auslésenden Agens, dem Stadium der
Myokarditis und umfassen sowohl fokale als auch diffuse Lésionen."" Histologisch
kénnen entzindliche zellulédre Infiltrationen mit und ohne myozytdre Nekrosen
vorliegen.” Die Ausprdgung der myokardialen Schaden und deren rasche
Diagnose préagen den Verlauf der Erkrankung, der von einer restititio ad integrum
bis zum Tod reichen kann.™

Bei Systemerkrankungen bestimmt insbesondere die myokardiale Mitbeteiligung
die Prognose. Obwohl bei einigen Systemerkrankungen spezifische
Verdnderungen (z.B. Granulome bei der Sarkoidose) auftreten, wird
Autopsiestudien zufolge, die klinische Diagnose viel zu selten gestellt. Als Beispiel
sei wiederum die Sarkoidose genannt, bei der gemessen an autoptischen
Befunden nur 50% der post mortem nachgewiesenen Myokardbeteiligungen
bereits klinisch erfasst wurden.” Neben den Granulomen konnten histologisch im
Myokard in einigen Féllen auch ausgedehnte Fibrosen nachgewiesen werden.™
Auch bei Vaskulitiden, wie dem Churg-Strauss-Syndrom imponieren myokardiale
Nekrosen. Perimyokarditiden stellen in 48% der Félle die Todesursache dar.® Bei

der sich vorwiegend als RCM ausprdgenden kardialen Amyloidose liegen
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extrazelluldre Amyloideinlagerungen vor.” Nach der Diagnosestellung der
myokardialen Beteiligung betrdgt die mittlere Uberlebensdauer nur noch 13
Monate."” Ebenso sind beim Lupus erythematodes vielféltige Formen der kardialen
Beteiligung beschrieben', aber insbesondere bei der inflammatorischen
myokardialen Beteiligung bestehen groBe Unterschiede zwischen der autoptisch

nachgewiesenen Héaufigkeit (bis zu 40%) und dem klinischen Nachweis (8 - 14%).

19, 20

2. Koronare Herzkrankheit

Bevor es zu einer hamodynamisch relevanten Einengung der subepikardialen
KoronargefdBe kommt, liegen bereits eine endotheliale Dysfunktion und
Lipideinlagerungen in der GefdBwand vor.?' Bei einem fortgeschrittenen Stadium
wird die Myokardperfusion in den abhédngigen Gebieten durch die progrediente
Einengung der KoronargefdBe vermindert. Durch Plaquerupturen kénnen
Koronarobliterationen induziert werden, die zu einer akuten Myokardischdmie und
dann Nekrose flihren.? Die in solchen Situationen meist entstehenden
Myokardinfarkte sind durch Nekrosen charakterisiert, die sich im Verlauf von
subendokardial nach subepikardial ausdehnen kénnen.?® Wéhrend innerhalb der
ersten halben Stunde nach Beginn einer Ischdmie die Schaden reversibel sind,
erwiesen sich die danach entstehenden Nekrosen und Einblutungen als
irreversibel. Elektronenmikroskopisch wurden mittels Triphenytetrazolium Chlorid
(TTC)-Farbung bereits nach 3,5 Stunden Nekrosen, fokale Einblutungen und

Odeme nachgewiesen. Man geht bei einem nicht reperfundierten Myokardinfarkt

12



davon aus, dass sich nach ungefdhr sechs Wochen die Fibrose vollstdndig

ausgebildet hat.**

3. Differenzierung von Krankheitsstadien und - ursachen

Im Verlauf myokardialer Erkrankungen kann sich die Lokalisation der Schadigung
andern, z.B. kénnen sich primér fokale Verdnderungen wie bei der Myokarditis
diffus ausbreiten und das histologische Substrat kann eine Wandlung erfahren. '
Wéhrend anfénglich h&ufig, wie auch beim Myokardinfarkt beobachtet, reversible
Schéden erfassbar sind, bestehen zu bestimmten Zeitpunkten reversible und
irreversible Verdnderungen nebeneinander. Ubergédnge zur Irreversibilitit sind
méglich, deren Ausdehnung potenzielle FunktionseinbuBen bestimmen und die
Prognose mit beeinflussen kénnen. Wéhrend die klinische Manifestation und die
klassischen paraklinischen Parameter bei kardialen Erkrankungen sehr &hnlich
sein kénnen, unterscheidet sich die therapeutische Konsequenz erheblich. Sowohl
eine Myokarditis als auch ein Myokardinfarkt kénnen klinisch als ein akutes
Koronarsyndrom imponieren. Obwohl in den meisten Féllen die Differenzierung
gelingt, wirde eine direkte Visualisierung der Pathologie einen Zugewinn an
Sicherheit erbringen.

Ein wesentlicher Aspekt unserer Arbeit ist es, funktionelle und myokardiale
Verdnderungen nachzuweisen, Krankheitsverldufe darzustellen und

Myokardschéden zu differenzieren.
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i Die MRT in der Kardiologie

1. Integrative Bildgebung in der Diagnostik kardialer Erkrankungen-
Rolle der MRT

Eine ideale Bildgebung in der Kardiologie ist dadurch gekennzeichnet, dass sie
ohne jede Belastung flir den Patienten rasch funktionelle und morphologische
Veranderungen detektiert, die ursdchlichen Gewebeverdnderungen differenziert,
schnell anwendbar und weit verbreitet ist. Die meist in der Routine eingesetzte
Echokardiographie erfillt eine Reihe dieser Anforderungen, kann aber
Myokardschaden (z.B. entziindlicher vs. ischdmischer Schaden) nicht
unterscheiden und ist dartber hinaus in ca. 20% limitiert durch eingeschréankte
Schallbedingungen.”®  Szintigraphische Methoden, z.B. die Single-Photon-
Emmission-Computertomographie  gestatten durch die Beurteilung von
Nuklidanreicherungen den Nachweis von Durchblutungsstérungen und der
linksventrikuldren Funktion. Allerdings liegt die rdumliche Auflésung bei etwa

7-10mm Bildelementkantenldnge und damit deutlich tber der MRT, wodurch
Detektion kleinerer mit MRT darstellbarer Defekte (wie z.B. subendokardialer
Infarkte) unmdéglich wird.*® Die Positronen-Emmissions-Tomographie (PET) gilt
gegenwadrtig noch als der Goldstandard bei  Vitatilitdts- und
Ischamieuntersuchungen, allerdings ist die sehr teure Methode schlecht verfligbar
und spielt in der Routinediagnostik kaum eine Rolle. Die kardiale MRT weist eine
exzellente Korrelation zur PET sowohl bei der Vitalitdts-, als auch bei der
Perfusionsdiagnostik auf.?” ?® > % Wahrend die Echokardiographie sicherlich in
den néchsten Jahren die Methode der ersten Wahl zur Erfassung von

Wandbewegungsstérungen und morphologischen Verdnderungen sein wird, hat
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die MRT die Méglichkeit, zusatzlich Odeme®" %, Infarktnarben® oder Fibrosen
anderer Genese® darzustellen. Da die nicht invasive, strahlenfreie MRT-Technik
mit hoher rdumlicher Auflésung entstandene morphologische und funktionelle
Veradnderungen aufzeigen kann, hat man eine Methode zur Verfligung, die ein
neues Verstdndnis von Erkrankungen erlaubt. Gegenwaértig ist, in Abhéngigkeit
von der Indikation, die Untersuchungsdauer noch relativ lang (zwischen 10-60 min,
durchschnittlich 30 min). Es ist zu erwarten, dass es mit einer weiteren
Entwicklung der Technik zur Verktirzung kommt. Allerdings ist die kardiale MRT
bisher nur eingeschrénkt verfligbar, da es erst wenige hochqualifizierte Zentren

gibt, deren Zahl sich aber stédndig vermehrt.

2. Geriétetechnische Voraussetzungen *

Die von uns durchgeftihrten MRT-Untersuchungen wurden anfangs an einem 1.0T
System (Expert, Siemens-Medical Solution, Erlangen, Deutschland), spéter an
1.5T Scannern (CVi GE, Waukesha, Wisconsin, USA respektive Sonata Siemens-
Medical Solution, Erlangen, Deutschland) durchgefiihrt. Gegenwértig sind die 1.5T
Magneten am weitesten verbreitet in der kardiologischen Anwendung und
gestatten eine zuverlassige Durchflihrung von Untersuchungen mit hoher Qualitéat.
Eine wesentliche Rolle fur die MRT-Bildgebung spielen die Hochfrequenzspulen,
die das Signal-Rausch-Verhéltnis verbessern kénnen, ohne dass es zu einer
Verschlechterung der rdumlichen Auflésung oder zu einer Messzeitverldngerung
kommt. In unseren Arbeiten kamen Volumen-Hochfrequenz-Spulen (als
Kérperspule ,body-coil“) und Matrixanordnungen von Oberflachen-Hochfrequenz-

Empfangsspulen, so genannte ,Phased-Array-Spulen“ zum Einsatz.
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Die Kérperspule zeichnet sich durch ihre groBe Signalhomogenitét aus und wurde
insbesondere bei geplanter Quantifizierung des Signals eingesetzt, z.B. in der
Texturanalyse bei Myokarditis. Ansonsten wurden Phased-Array-Spulen
verwendet, die aus mehreren parallel geschalteten Spulenelementen bestehen.
Diese Spulen gestatten auf Grund ihres Signal-Rausch-Vorteiles eine héhere
rdumliche und zeitliche Auflésung. AuBerdem untersttitzen sie neue Entwicklungen
der schnellen Bildgebung, wie zum Beispiel die parallele Bildgebung. In
Abhéngigkeit vom Durchmesser der Spulenelemente und der Superposition des
Signals der einzelnen Elemente weisen Phased-Array Spulen stark ausgeprégte
Gradienten in der Signalintensitat auf.

Mit zunehmendem Abstand von den Spulenelementen wird die Signalintensitét
geringer, so dass eine zuverldssige Quantifizierung der absoluten Signalintensitéat

zusétzliche aufwendige Korrekturen erfordert.

3. Uberblick iiber verwendete Bildgebungstechniken *

3.1. Kardiale Funktion und Morphologie

Durch die Anwendung von Gradientenecho-Sequenzen (GRE) kénnen Bilder tiber
den gesamten Herzzyklus im cine-Mode aufgenommen und dargestellt werden.
Dies gestattet durch die Quantifizierung von Volumen und Masse die Berechnung
von Funktionsparametern, dartiber hinaus die Detektion von
Wandbewegungsstérungen. Da bei dieser Technik sehr kurze Repititionszeiten
erreicht werden, ist im Vergleich zu Spinecho-Techniken (Kapitel 1l 3.2.; Seite 18)
eine schnellere Bildaufnahme méglich. Die GRE sind damit weniger anféllig fir

Bewegungsartefakte; weisen auf Grund der kurzen Repititionszeit ein
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vergleichsweise geringes Signal-Rausch-Verhéltnis (,signal-noise ratio“, SNR) auf.
Um insbesondere Suszeptibilitdtsartefakte zu vermeiden, wird die Echozeit (TE) so
kurz wie mdéglich gehalten und betrédgt in der Praxis zwischen 2-6 ms. Anfénglich
standen vorwiegend so genannte ,spoiled“ GRE-Techniken zur Verfligung, bei
denen das von der vorherigen Anregung verbliebene Signal vor der nachsten
Messung durch spezielle Hochfrequenzpulse zerstért wird. Seit Ende der 90iger
Jahre stehen zunehmend ,Steady State Free Precession“ (SSFP)-Techniken zur
Verfligung. Hier wird das verbleibende Signal nicht zerstért sondern die
transversale Magnetisierung trdgt zu mehreren Echos bei. Die Bildgebung mit
SSFP-Techniken offeriert einen SNR-Vorteil gegenuber GRE-Techniken,
auBerdem wird durch die Verwendung groBer Anregungswinkel (alpha > 45°) ein
im Vergleich zu Gradientenechotechniken gréBerer Blut-Myokard-Kontrast
erreicht. Dieser wird durch das Verhéltnis von T, zu T, geprégt und ist im Vergleich
zu Gradientenechotechniken unabhéngiger vom Einstrom ungeséttigten Blutes in
die Schicht. Somit kann das Myokard besser von Blut abgegrenzt werden, dies
ermdglicht im Vergleich zu GRE-Techniken eine deutlich bessere Beurteilung der
regionalen und globalen Ventrikelfunktion.

Die bessere Detailerkennbarkeit muss bei der Erstellung von Normwerten
berlicksichtigt werden, da im Vergleich zu spoiled GRE-Techniken Unterschiede
bei der Bestimmung von Volumen und Masse Unterschiede auftreten kénnen.*
Insbesondere im Rahmen von Studien missen die Parameter konstant gehalten
werden, da bereits eine Anderung der zeitlichen Aufldsung (z.B. durch eine
Anderung der Phasenkodierschritte pro Herzphase (views per segment)) und die

dadurch induzierten Anderungen der Bildqualitdt zu signifikant unterschiedlichen
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Werten flihren kénnen.*” Gegenwdértig werden in der kardiologischen
Routineanwendung bei entsprechenden Fragestellungen in der Mehrheit SSFP-
Techniken eingesetzt. Bei den hier vorgestellten Arbeiten wurden in Abhéngigkeit
von der vorhandenen Sequenztechnik anfangs vorrangig spoiled GRE verwendet,
die bereits im friihen Stadium der Entwicklung der SSFP-Techniken durch diese

erganzt bzw. ersetzt wurden.

3.2. Myokarddifferenzierung

Es kommen Fast-Spinecho (FSE)- und Inversion-Recovery (IR)-Sequenzen mit
und ohne Kontrastmittelverstarkung zum Einsatz.

FSE sind modifizierte Spinecho-Sequenzen, bei denen die Bildaufnahmezeit durch
das sequentielle Auslesen multipler Echos pro Anregung reduziert wird. Dadurch
werden im Vergleich zur konventionellen Spin-Echo Technik léngere
Wiederholzeiten (TR) bendtigt, die insbesondere flir T,- und protonengewichtete
Bilder geeignet sind. Der Vorteil von FSE-Techniken gegentiber GRE liegt in der
Unempfindlichkeit gegentber statischen Magnetfeldinhomogenitdten. Sie kommen
im Kardio-MRT insbesondere bei der anatomischen Bildgebung zum Einsatz und
sind geeignet flir die Myokarddifferenzierung. Dabei kann bereits der native
Gewebekontrast genutzt werden, da in Abhédngigkeit von der eingesetzten
Kontrastwichtung bzw. den benutzten Bildgebungsparametern Fllssigkeiten hell
dargestellt werden (T2-Wichtung) kénnen. Zuséatzlich ké6nnen Muskel- oder/und
Fettsignalbeitrdge durch den Einsatz von Sattigungsvorbereitungsmodulen
unterdriickt werden. IR-Sequenzen werden vorwiegend zur Aufnahme von T1-

gewichteten Bildern verwendet, wobei Uber eine Verdnderung der Inversionszeit
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die T1-Wichtung beeinflusst wird. Dies wird unter anderem genutzt, um
Signalanteile ausgewéhlter Gewebe zu unterdriicken und die Darstellung von
Gewebskomponenten mit einem hohen Kontrast-Rausch-Verhéltnis zu erreichen.
Bei Myokardinfarkten gelang mit dieser Technik eine Steigerung des Kontrast-
Rausch-Verhdltnis® im Vergleich zu den Erstbeschreibungen Anfang der 80iger
Jahre.*®

Bei unseren Untersuchungen kamen T,- und T,-gewichtete Sequenzen zum
Einsatz. Durch die Einflihrung eines Turbofaktors bei der FSE konnte die Messzeit
deutlich verkiirzt werden. Fiir die Quantifizierung eines Odems verwendeten wir
eine T,-gewichtete Triple Inversion Recovery Sequenz (STIR).

Die Sequenzparameter der in den Publikationen verwendeten Sequenz sind:

TR 2 x RR, TE 65 ms, Tl 140 ms, Schichtdicke 15 mm, Schichtabstand 5 mm,
Field of View 34 bis 38 cm, Matrix: 256 x 256, eine Mittelung. Das Signal wurde
quantifiziert durch die Plazierung einer Region of Interest (ROI) im Myokard und
zum internen Vergleich im Skelettmuskel.

Dies ist exemplarisch in Abbildung 1 auf der Seite 21 dargestellt.

Unter Anwendung von T,-gewichteten Sequenzen erfolgte die Analyse der
Kontrastmittelauswaschung zu unterschiedlichen Zeitpunkten. Fur die Phase der
frihen Auswaschung wurde das Signal Uber die ersten vier Minuten nach
Kontrastmittelapplikation quantifiziert. Daflir kam eine nicht atemangehaltene
Mehrschicht-T,-gewichtete FSE-Technik zur Anwendung. Der Signalanstieg wurde
im Verhdltnis zu dem vor der KM-Applikation aufgenommenen Signal berechnet.
Die Sequenzparameter der publizierten Sequenz sind: TR 475 — 480 ms,

TE 30 ms, Matrix 256 x 256; Schichtdicke 6 mm, 4 - 6 Mittelungen.
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Der Signalanstieg wurde im Verhéltnis zum vor der KM-Applikation akquirierten
Signal sowohl im Myokard als auch im Skelettmuskel berechnet. Das Verhéltnis
der beiden Werte wird durch das so genannte globale relative Enhancement (gRE)
widerspiegelt. Zum besseren Verstadndnis ist dies in der Abbildung 2 auf der Seite

21 dargestellt.
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Abbildung 1:
Darstellung der Signalquantifizierung in den T,-gewichteten Sequenzen

Region of Interest (ROI) exemplarisch flir das Myokard (gelb) und den

Skelettmuskel (weiss)

Signalintensitat yoxarg roi 1)

T2 Ratio =

Signalintensitat g elettmuskell (RoI 2)

Abbildung 2:

Darstellung der Signalquantifizierung in den T,-gewichteten Sequenzen
Region of Interest (ROI) exemplarisch flir das Myokard (gelb) und den
Skelettmuskel (weiss)

Links axiale Schicht vor und rechts nach Kontrastmittelapplikation

Signal post Gd-DTPA ~ Signal pre Gd-DTPA
Enhancement Ratio =

Signal ;e go-oTPA

Enhancement ratio , arq roi 1

gRE =

Enhancement ratio Skelettmuskel ROI 2

21



Die quantifizierten Werte wurden im Vergleich zu Normalpersonen beurteilt. Um
spulenbedingte Signalinhomogenitdten auszuschlieBen, wurde eine Kdrperspule
verwendet. Diese Technik wurde bereits 1998 von uns publiziert.** Nach der
Implementierung eines zweiten Scanners einer anderen Herstellerfirma passten
wir anhand eines Normalkollektives (n=47 gesunde Probanden) die verwendeten
Techniken und Protokolle an und re-evaluierten die Normwerte.*' Die spéte
Kontrastmittelauswaschung wurde mittels IR-GRE dargestellt. Die Auswertung
erfolgte in Abhédngigkeit von der Fragestellung qualitativ oder quantitativ. Die
quantitative Analyse beruht auf einem von uns entwickelten Algorithmus, der eine
gut reproduzierbare Auswertung gestattet.*

Da viele unserer Arbeiten auf der kombinierten Anwendung aller genannten
Sequenzen beruhen, wird das Untersuchungsprotokoll in der folgenden Abbildung
3 zusammengefasst dargestellt.

Abbildung 3:

Darstellung des multi-sequentiellen MRT-Protokolles

0.1 mmol/kg KW 0.1 mmol/kg KW
Gd-DTPA Gd-DTPA
T2 FSE T1 vor KM FSR T1 nach KM Late
Hyperenhancement
—p
1 4 6 8 10 20 Zeit in Minuten
Body-coll Cardiac coil

22



Ohne Zweifel wére eine direkte Quantifizierung der T1-Zeiten anstrebenswert, um
eine Myokarddifferenzierung vornehmen zu kénnen.

Bei der Darstellung der Myokardperfusion wird die initiale Passage des KM
genutzt. Hierbei kommen bisher T,-gewichtete Techniken unter Anwendung
verschiedener Kontrastmitteldosierungen zum Einsatz. Es besteht gegenwdértig
keine Einigung Uber das optimale Vorgehen bei dieser Untersuchung. Direkte
Vergleichstudien innerhalb und unterhalb der Hersteller sind nicht verfligbar. Um
eine prospektive Studie mit geplanter quantitativer Auswertung effektiv
durchfihren zu kénnen, priften wir vorhandene Techniken und stellten
insbesondere die Optimierung der Kontrastmitteldosis in den Vordergrund. Die in
der Studie verwendete Techniken/Protokolle (Firma Siemens Medical Solution
Erlangen/Germany) sind:

a) Fast Low-Angle Shot (FLASH), TR/TE = 172 ms/1.25 ms/, Tl = 100 ms,
Flipwinkel = 12°, Matrix 192 x 94, Schichtdicke 10 mm, parallele Bildgebung
(generalized  autocalibrating  partially  parallel  acquisition, GRAPPA)
Beschleunigungsfaktor 2, Bandweite 500 Hz/pixel;

b) Segmented Echo Planar Imaging (EPI), TR/TE = 5.6/1.17 ms, Tl = 135 ms,
Flipwinkel = 25°, Matrix 128 x 80, Schichtdicke 8 mm, EPI Faktor 4, Bandweite

1860 Hz/pixel.

3.3. Parallele Bildgebung
Die parallele Bildgebung bietet eine Mdglichkeit zur supplementéren
Ortskodierung, die Uber die  Ausnutzung der Signalintensitatsprofile von

Matrixanordnungen von Oberfldchenspulen realisiert wird. Jedes dieser
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Spulenelemente besitzt ein charakteristisches Signalintensitatsprofil tber einen
rdumlich begrenzten Abbildungsbereich, das zur Ortskodierung genutzt wird.
Kernkomponente der spulenintensitdtsprofilkodierten parallelen MRT ist die
gleichzeitige Aufnahme von Teilortsfrequenzraumdaten fiir jedes Spulenelement
und den dazugehdrigen rdumlich begrenzten Abbildungsbereich.

Im Unterschied zum konventionellen Ansatz wird zur Datenaufnahme eine
verminderte Anzahl von gradientenbasierten Phasenkodierungsschritten zur
Fillung des k-Raumes verwendet. Der entsprechende Beschleunigungsfaktor ist
durch die Verringerung der Abtastdichte der Phasenkodierungsgradienten
definiert. Jedes Teilbild zeichnet sich aufgrund der Datenreduktion durch einen
entsprechend reduzierten Abbildungsbereich entlang der
Phasenkodierungsrichtung aus, so dass flir Objekte mit einer Ausdehnung gréBer
als das reduzierte Field of View eingefaltete Bildkopien entstehen.

Parallele  Rekonstruktionsmethoden erlauben unter Einbeziehung der
Signalintensitéatsprofile der einzelnen Spulenelemente die Erstellung eines
korrekten und vollsténdigen Gesamtbildes.* ** Der mit der parallelen Bildgebung
verbundene Geschwindigkeitsvorteil gegentber konventioneller sequentieller
Ortsauflésung mittels Phasenkodierungsgradienten kann in einen Zugewinn der
raumlichen und/oder zeitlichen Aufldsung umgesetzt werden. Durch das Risiko
einer potenziellen Neurostimulation oder Gewebeerwdrmung sind in der
konventionellen Bildgebung einem weiteren Geschwindigkeitszuwachs Grenzen
gesetzt, die durch zu schnelles Schalten der Gradienten diktiert sind. Die parallele
Bildgebung untersttitzt durch die Reduktion der zur Phasenkodierung notwendigen

Gradientenschaltpunkte die Herabsetzung physiologischer dB/dt-Einfltisse. Der
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Geschwindigkeitsvorteil der parallelen Bildgebung wird in der kardiovaskulédren
MRT vielfédltig genutzt.* Gegenwartig werden meist 6-8 Elementspulen in der
Routine eingesetzt. Erste 32-Kanal-Spulen sind im Einsatz.*®

In dieser Arbeit wurde die parallele Bildgebung sowohl bei der Anwendung der
SSFP-basierten Sequenzen, bei der Perfusionsbildgebung und bei den IR-GRE

angewandt.

4. Kontrastmittel

Das in der kardialen MRT am hdaufigsten verwendete Kontrastmittel (KM) ist
Gadolinium (Gd). Prinzipiell beruht die Wirksamkeit der paramagnetischen
Substanz auf der Verklirzung der Relaxationszeiten T, und T,, die durch die
Kontrastmittelanreicherung und der damit verbundenen Verdnderung des lokalen
Magnetfeldes induziert werden. Um die Anreicherung von Gd in pathologisch
verdndertem Gewebe darzustellen, werden T,-gewichtete Bilder aufgenommen.*’
Die KM-Anreicherung flhrt zu einer Signalverstarkung, die quantifiziert werden
kann. Gadolinium selbst ist eine toxische Substanz und wird deshalb in
gebundener Form angewendet. Wir verwendeten in diesen Arbeiten Gd-DTPA,
das sich durch eine sehr gute Vertraglichkeit auszeichnet. Die Nebenwirkungen
Ubersteigen nicht die von Placebo, solange die zugelassene Hd6chstdosis nicht
Uberschritten wird.*

Gd-DTPA ist ein extrazelluldres Kontrastmittel, das bei intravasaler Applikation
eine Signalintensitdtszunahme in Abhéngigkeit von der Gewebeperfusion und
Kapillarpermeabilitdt bewirkt. Insbesondere bei Fibrosen kommt es zu einer

verzégerten Auswaschung aus dem extrazelluldren Raum.* Die verwendete Dosis
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hdngt von der Indikation ab. Die unterschiedlichen Pathologien kénnen

insbesondere anhand der Ein- und Auswaschkinetik des KM differenziert werden.
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]l MRT in der Diagnostik kardialer Erkrankungen — eigene

wissenschaftliche Arbeiten

Im Mittelpunkt der eigenen Arbeiten steht die weitere Phéanotypisierung und
Gewebedifferenzierung bei verschiedenen myokardialen Erkrankungen unter
Anwendung der kardialen MRT. Dieser Schwerpunkt begriindet sich auf der
Mdglichkeit der MRT, Pathologien dreidimensional zu erfassen, diese mit hoher
Genauigkeit zu quantifizieren und Uber die Funktionsdarstellung hinaus
Myokardschédden zu differenzieren und im Verlauf darzustellen.

Ubersichten (iber die Rolle der MRT bei Kardiomyopathien konnten bereits im
Jahre 2000 und 2005 publiziert werden.*® Das Interesse an dieser Thematik fand

Ausdruck in weiteren eingeladenen Ubersichtsarbeiten.
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Magnetic Resonance Imaging in Patients with
Cardiomyopathies: When and Why

Jeanette Schulz-Menger, Matthias G. Friedrich’

Abstract
Cardiac magnetic resonance imaging (MRI) is a noninvasive
tool which is able to diagnose and differentiate cardiomyopa-
thies in a single study. The assessment of essential information
such as alterations of myocardial and ventricular geometry
and function is possible with a high degree of accuracy and re-
producibility, based on a small inter- and intraobserver vari-
ability. Thus, very small morphological and functional changes

in different types of cardiomyopathy are detectable, thereby
enabling the cardiologist to increase the safety of therapeutic
decisions. Furthermore, MRI bears the potential to character-
ize tissue transformation in the different types of myocardial
affections including ischemic, toxic, infiltrative or inflammato-
ry forms.

Key Words: Cardiomyopathy - Magnetic resonance imaging

Magnetresonanztomographie bei Kardiomyopathien: wann und warum

Zusammenfassung
Die kardiale Magnetresonanztomographie (MRT) bietet als
nichtinvasives Verfahren die Moglichkeit, innerhalb einer
Untersuchung die fiir die verschiedenen Formen der Kardio-
myopathien charakteristischen funktionellen und morpho-
logischen Verinderungen darzustellen. In dieser Ubersicht
werden die Einsatzmoglichkeiten der MRT bei den ver-
schiedenen Formen dieser Erkrankung diskutiert.

Die geringe Variabilitdt der MRT-Messungen gestattet
ge-naue Verlaufskontrollen im klinischen Alltag, erdffnet
aber auch die Moglichkeit, Therapiestudien mit einer gerin-

geren Anzahl von einzuschlieBenden Patienten zu sicheren
Ergebnissen zu fithren. Damit erweitert sich das Spektrum der
Indikationen tiber die Prézisierung unklarer Befunde hinaus
auf die Verlaufsbeobachtung wihrend einer pharmakolo-
gischen Intervention und auf alle wissenschaftlichen Frage-
stellungen.

Der Vorzug der MRT, nichtinvasiv Gewebe charak-
terisieren zu koénnen, verdeutlicht das Potential dieser Tech-
nik bei sekundidren Kardiomyopathien sowie bei entziind-
lichen und infiltrativen Formen myokardialer Erkrankungen.

Schliisselworter: Kardiomyopathie - Magnetresonanztomographie

Cardiomyopathies are chronic, progressive myocardial
diseases associated with altered cardiac function [42].
They are classified into 4 main forms: dilated cardiomyo-
pathy (DCM), hypertrophic cardiomyopathy (HCM), re-
strictive cardiomyopathy (RCM), and arrhythmogenic
right ventricular cardiomyopathy (ARVCM). Specific
cardiomyopathies have been defined as myocardial dis-
eases based on certain cardiac or systemic disorders,
such as ischemic, hypertensive or inflammatory cardio-
myopathy. The typical morphological feature of dilated
cardiomyopathy is rather uniform and characterized by
progressive left ventricular dilation and loss of contrac-
tile function. This phenotype can also be the result of ex-
tensive ischemic injury of the myocardium with subse-

'Franz-Volhard-Klinik, Charite, Humboldt-University, Berlin,
Germany.
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quent remodeling (sometimes called ischemic cardio-
myopathy) or long-term pressure overload in arterial
hypertension (known as hypertensive cardiomyo-

pathy).

For establishing the diagnosis of cardiomyopathy
the exclusion of other cardiac diseases is necessary,
mostly done by echocardiography, cardiac catheteriza-
tion, radionuclide ventriculography, and recently mag-
netic resonance imaging (MRI).

Echocardiography as a bedside tool is the work

horse of a routine clinical approach to cardiomyopa-
thies. However, the quality of echocardiographic results
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depends on the ultrasound window of the patient and
the experience of the investigator [5]. Thus, the standard
transthoracic approach may suffer from a significant
interstudy and intraobserver variability, which limits its
usefulness to accurately visualize cardiomyopathic fea-
tures and observe changes during follow-up [18, 35, 57].
In this review we will discuss the value of MRI as a diag-
nostic tool for cardiomyopathies.

In a diagnostic approach to cardiomyopathy MRI
can be used to evaluate morphological, functional pa-
rameters and to measure flow velocities [3, 18,36]. MRI
visualizes left and right ventricular morphology and
function with a high degree of accuracy and reprodu-
cibility 2, 37].

Published guidelines such as those of the Task Force
of the European Society of Cardiology and the Associa-
tion of European Pediatric Cardiologists, recommend
the use of MRI as an alternative in hypertrophic and re-
strictive cardiomyopathy. Concerning dilated cardio-
myopathy, other imaging techniques are accepted as
usually adequate. The application of MRI in the diagno-
sis of arrhythmogenic right ventricular dysplasia is de-
scribed as investigational [32].

Thus MRI is accepted to be applicable in all forms
of cardiomyopathies, but not clearly advantageous
when compared to other techniques. However, in the
future the advantage of MRI over echocardiography to
more precisely measure functional parameters may be-
come very important as patients need precise measure-
ments during pharmacological interventions [33], where
subtle changes may have an important impact on thera-
peutical decision-making. Furthermore, MRI may de-
tect or exclude early changes in members of families
with inherited forms of cardiomyopathies, including
frequent forms of hypertrophic cardiomyopathy [51],
dilated cardiomyopathy [42] and arrhythmogenic right
ventricular cardiomyopathy [11, 60]. Moreover, the
statistically adequate sample size of clinical studies
could be markedly reduced by the choice of methods
with a small inter- and intraobserver variability [6, 12,
18, 50].

Metabolic alterations frequently occur in cardiomyo-
pathy and can be assessed by the use of MR spectroscopy.
Clinical results have been reported for 3'P-MR of dilated
cardiomyopathy [31] and hypertrophic cardiomyopathy
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[20] This approach is not yet used in a routine clinical set-
ting, because it is time-consuming and needs a lot of ex-
pertise. However, this may change in the future, when the
clinical impact is further elucidated.

The ability of MRI to obtain information about
myocardial tissue changes is currently being investigat-
ed. T1-weighted, black-blood spin echo sequences visu-
alize the myocardium with a high contrast to adjacent
structures such as epicardial fat and intracavital blood.
The application of gadolinium may be helpful to identi-
fy inflammatory and infiltrative processes. T2-weighted
spin-echo sequences are suitable to detect fluid accumu-
lation such as myocardial edema or pericardial effusion.
It is to be expected that this unique capability of MRI
will further increase its importance for the understand-
ing and clinical assessment of cardiomyopathies and
underlying processes.

The main advantages of MRI are the lack of ioniz-
ing radiation and its non-invasiveness. The rapid devel-
opment of cardiovascular MR techniques will further
expand the spectrum of suitable applications and thus
make frequent updates of indication lists necessary.

Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy is characterized by an in-
appropriate myocardial hypertrophy with a diminished
diastolic function. The obstructive forms feature an ad-
ditional narrowing of the left ventricular outflow tract
(LVOT). Echocardiography with the use of Doppler
and two-dimensional (2-D) imaging is established as the
method of choice for the clinical diagnosis of hyper-
trophic cardiomyopathy. Its characterization depends
on an accurate display of the morphological and func-
tional changes [17, 19, 44]. For MRI studies of left ven-
tricular volume and mass gradient echo sequences are
applied. Breathhold sequences in a short-axis orienta-
tion from the mitral valve to the apex are suitable for an
accurate assessment of locally hypertrophied myocardi-
um. The quantification of left ventricular mass is more
reliable than 2-D-echo which uses geometric assump-
tions [3, 28].

Apical hypertrophic cardiomyopathy may be very
difficult to assess by echocardiography [37, 44, 54]. In
contrast, of MRI exactly depicts the morphological pat-
tern in very early stages of apical [54] or other localized
forms of hypertrophy [40, 41].
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Using cine gradient-echo imaging and velocity map-
ping, functional measurements, including estimation of
the outflow tract gradient, are possible. However, the
reliability of MRI measurements is not superior to ech-
ocardiography [1, 19, 30, 59]. MRI planimetry of the
transplanar flow in the outflow tract may serve as an al-
ternative to assess the degree of obstruction, thereby
overcoming the problem of a low reproducibility of an
echocardiographic determination of pressure gradients
[22, 45] (Figure 1).

Using tagging techniques it is possible to quantify
small changes in regional wall motion [52], and also to
reveale specific functional differences to patients with
other causes of hypertrophy and healthy subjects [24,
53]. Metabolic changes of the myocardium in hyper-
trophic cardiomyopathy can already be detected by
SP-NMR spectroscopy in asymptomatic patients [20].

Figure1

Hypertrophic obstructive cardiomyopathy with a history of my-
ectomy 10 years ago. Diastolic (left) and systolic (right) gradient echo
images in the 4-chamber view, long axis view (upper panel) and short
axis (lower panel). The systolic signal void in the left ventricular
outflow tract is due to turbulent flow within the obstructed outflow

tract.

Abbildung1

Hypertrophische obstruktive Kardiomyopathie, Zustand nach My-
ektomie vor zehn Jahren. Diastolische (links) und systolische (rechts)
Gradienten-Echo-Sequenz). Vier-Kammer-Blick lange Achse (obere
Abbildung) und kurze Achse (untere Abbildung). Die Signalausléschung
im systolischen Bild widerspiegelt den turbulenten Fluss im links-
ventrikularen Ausflusstrakt, der durch die Obstruktion induziert wird.
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Studies on the prognostic relevance of these findings
are not yet available.

MRI may reveal specific signal patterns in
different forms of left ventricular hypertrophy [9, 55].
Myocardial ischemia and reduced coronary vasodila-
tor reserve as estimated by invasive procedures or
PET are frequent findings in hypertrophic cardiomyo-
pathy and seem be of prognostic value for these pa-
tients. Assessment of myocardial blood flow is also
possible using velocity-encoded cine MR without
breathhold in healthy subjects was successfully applied
[56], and this technique has recently been applied for
evaluating coronary blood flow and coronary flow re-
serve in patients with hypertrophic cardiomyopathy
[21]. Therefore, MR techniques open new roads in the
evaluation of hypertrophied myocardium.

Dilated Cardiomyopathy

Functional and anatomical changes in patients with di-
lated cardiomyopathy are easily quantified using MRI.
In general, echocardiography provides basic informa-
tion of left ventricular changes. However, MRI may
serve as a valuable alternative in the diagnostic work-up
of patients with limited ultrasound conditions and when
data on the right ventricular morphology and function
are requested [8, 43]. Furthermore, MRI provides a
more accurate detection of endocardial border resulting
in a very low variability of functional measurements [48]
(Figures 2a and 2b). Thus, MRI may be preferable in the
follow-up during medical therapy [8, 12].

Pilot studies revealed that MRI may be able to differ-
entiate between acute and chronic alterations of the myo-
cardium, e. g. in acute myocarditis [14, 15] which may lead
to the clinical pattern of dilated cardiomyopathy. Con-
trast-enhanced T1-weighted MRI may visualize rever-
sible myocardial changes in acute myocarditis [15]. Dur-
ing follow-up there is a correlation between ongoing
symptoms related to myocarditis and MRI findings [13].
Although contrast-enhanced MRI may be more sensitive
for detecting subtle myocardial changes associated with
acute myocarditis, edema associated with acute inflam-
mation may also be detected using T2-weighted spin-
echo sequences [14, 16] (Figures 3a and 3b)

Changes of high-energy phosphate metabolism as

demonstrated by MRI were shown to have a prognostic
impact in patients with dilated cardiomyopathy [31].
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Figure 2a - Abbildung 2a

Figures 2a and 2b

a) Dilative cardiomyopathy. Diastolic (left) and systolic (right)
gradient-echo images in the long axis orientation. Upper panel: 4-
chamber- view. Lower panel: 2-chamber view. A biplanar volumetry
resulted in a left ventricular ejection fraction as low as 20%. b) short
axis view as contiguous slice set of a short axis view from base to apex
used for the detection of small changes.

Abbildungen 2a und 2b

a) Dilatative Kardiomyopathie. Diastolische Bilder (links) und
systolische Bilder (rechts) (Gradientenechosequenzen) in den langen
Achsen. Obere Abbildung: Vier-Kammer-Blick. Untere Abbildung:
Zwei-Kammer-Blick. Die biplane Volumetrie ergab eine links-
ventrikulare Ejektionsfraktion unter 20%. b) Kurzachsenschnitte
durch den gesamten linken Ventrikel zur Erfassung geringer
Veranderungen nachweisbar.

Figure 2b - Abbildung 2b
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Figure 3a

Myocarditis:32-year-old patient with acute precordial discomfort, ECG-
changes, positive creatine kinase, history of respiratory infection a week
ago and invasive exclusion of coronary artery disease. Axial T1-weighted
spin-echo images before (right) and after (left) application of contrast
medium (Gd-DTPA). There is an increased myocardial contrast enhance-
ment.

Abbildung 3a

Myokarditis: 32-jahriger Patient mit akuten thorakalen Beschwerden,
EKG-Veranderungen, erhdhter CK, einem Atemwegsinfekt vor einer
Woche und nachgewiesenen unauffélligen Koronararterien. Axiale
T1-gewichtete Spin-Eecho-Sequenzen vor (rechts) und nach (links)
Applikation von Kontrastmittel (Gd-DTPA). Erhéhte myokardiale Kon-
trastmittelanreicherung.

Figure 3b

Myocarditis in systemic lupus ery-
thematodes (sLE): 25year-old patient
with known sLE, precordial discomfort-
short axis: T2- weighted (STIR) spin-
echo images (left) visualising a little
pericardial effusion (bright signal) and
a myocardial edema was detectable.
T1-weighted spin-echo images before
(middle) and after (left) application of
contrast medium (Gd-DTPA). There is
an increased relative enhancement of
the myocardium demonstrable.

Abbildung 3b

Figure g4
Pericarditis constrictiva: T1-weighted spin-echo sequences in a short
axis view (left) and axial (right) showing thickenend pericardium
(arrows).

Abbildung 4

Pericarditis constrictiva: Ti-gewichtete Spin-Echo-Sequenzen in
kurzer Achse (links) und axial (rechts) mit Darstellung des verdickten
Perikards (Pfeile).

Myokarditis bei systemischem Lupus erythematodes: 25-jahriger Patient mit gesichertem systemischem Lupus erythematodes (sLE). Kurze Ach-
sen: Die T2-gewichteten Spinechosequenzen (links) zeigen einen kleinen Perikarderguss (helles Signal), und es war ein myokardiales Odem nach-
weisbar. T1-gewichtete Spin-Echo-Bilder vor (mittleres Bild) und nach (rechts) Gabe von Kontrastmittel (Gd-DTPA). Ein erhohtes relatives En-

hancement war nachweisbar.

In conclusion, MRI may contribute significantly to
the scientific assessment and the clinical care of patients
with dilated cardiomyopathy.

Restrictive Cardiomyopathy
Restrictive cardiomyopathy is a rare condition. The
main diagnostic challenge is to differentiate the disease
from constrictive pericarditis. MRI is able to detect
functional changes associated with constrictive pericar-
ditis. Moreover, it can be especially useful to detect per-
icardial thickening (above 4 mm) as the typical feature
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of constrictive pericarditis [27, 29, 46] (Figure 4). The
sensitivity and specificity of MRI using spin echo tech-
niques were found to be as high as 88% and 100%, re-
spectively, with a diagnostic accuracy of 93% [25].

Arrhythmogenic Right Ventricular Cardiomyopathy
One of the accepted major criteria of arrhythmogenic
right ventricular cardiomyopathy is fibrofatty replace-
ment of myocardium as found in biopsy specimens
[26]. This phenomenon, as well as regional wall thin-
ning can be visualized by T1-weighted spin-echo tech-
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Figures

Arrhythmogenic right ventricular cardiomyopathy. Axial T1-weighted
images without (right) and with (left) fat saturation in a 50-year-old
patient with electrocardiographic features suggestive for ARVC and
frequent ventricular extrasystoles and invasive exclusion of coronary
artery disease. Fatty replacement of the myocardium leading to a
bright signal (left), which is suppressed in a fat-saturated image
(right). A regional dyskinesia was detected in gradient-echo images
(not shown).

Abbildung 5

Arrhythmogene rechtsventrikuldre Dysplasie. Axiale Ti-gewichtete
Bilder mit (rechts) und ohne (links) Fettsattigung bei einem s5o-
jahrigen Patienten mit elektrokardiographischen Hinweisen fiir eine
ARVC, gehauften ventrikuldren Extrasystolen und invasiv aus-
geschlossener koronarer Herzkrankheit. Fettige Degeneration des
Myokards, erkennbar an einem hellen Signal, welches in den
fettgesattigten Bildern (rechts) unterdriickt ist. In diesem Bereich war
eine Dyskinesie nachweisbar (nicht abgebildet).

niques, although these MRI findings are not yet ac-
cepted formally as diagnostic criteria (Figure 5). Re-
cent reviews indicate that MRI may become an impor-
ta nt tool to diagnose the disease [11, 60]. Typical
functional disturbances, such as global and/or regional
dysfunction, and morphological features such as global
or segmental dilation, localized aneurysms (akinetic or
dyskinetic areas with diastolic bulging) are accurately
detected by MRI [59] and accepted additional features
for the diagnosis of arrhythmogenic right ventricular
cardiomyopathy (generally in combination with ECG
abnormalities) [26].

Secondary Forms - Infiltrative and Inflammatory

Disease
Systemic diseases may be complicated by myocardial in-
volvement leading to impairment of ventricular func-
tion. Typical so-called “infiltrative cardiomyopathies”
include sarcoidosis, amyloidosis, and hemochromatosis.
The incidence of myocardial involvement in systemic
sarcoidosis is about 20 to 30% [10] with a substantial
risk of subsequent death [39]. The sarcoid lesions can be
visualized using T2-weighted and/or contrast-enhanced
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Figure 6

Infiltrative cardiomyopathy caused by amyloidosis. Upper panel:
Thickened wall gradient-echo images in a 4-chamber view (left panel)
and in a short axis view. Lower panel: Axial T1-weighted spin-echo im-
ages before (left) and after (right) application of Gd-DTPA with anin-
creased contrast media accumulation in the myocardium.

Abbildung 6

Infiltrative Kardiomyopathie — Amyloidose. Oben: Darstellung der
linksventrikuldren Hypertrophie (rechts im Vier-Kammer-Blick, links
in der kurzen Achse) — Gradientenechosequenzen. Unten: T1-gewich-
tete Spin-Echo-Sequenzen vor (links) und nach (rechts) Applikation
von Gd-DTPA mit global vermehrter Kontrastmittelaufnahme.

T1 spin-echo sequences in muscular sarcoidosis [34] and
in the brain [47]. There are some reports on patients
with similar findings in the myocardium [4, 7]. This may
be useful to guide biopsy and valuable for monitoring
the patient during therapy.

Infiltration of the heart by amyloidosis may lead to
aloss of atrial and/or left ventricular function and subse-
quent congestive left heart failure [23]. Changes of the
signal intensity after application of Gd-DTPA may dis-
criminate myocardial amyloidosis from simple hyper-
trophy [9] (Figure 6).

Cardiac hemochromatosis is not very common, but
may lead to a significant loss of contractile function.
The characteristic iron deposits lead to a signal drop
in spin-echo studies due to the paramagnetic proper-
ties of iron, a well known phenomenon in body MRI
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[49, 58]. However, these MRI signal intensity changes
may — with the exception of hemosiderosis — be not
very specific for the disease, and the diagnosis of car-
diac hemochromatosis should currently not solely be
based on MR findings.

When and Why - Making an Attempt to

Summarize
The diagnosis of cardiomyopathy can comprehensively
be established in virtually all the patients by a single
MRI study. In follow-up investigations even small
changes in myocardial function, mass and morphology
are detectable, thereby reducing the sample size and
duration of clinical trials and furthermore improving
the safety of patients undergoing therapeutic interven-
tions.

At time of writing this, the main clinical applica-
tion of MRI is in patients who are suspected to having
a cardiomyopathy but cannot be adequately evaluated
by echocardiography due to impaired ultrasound win-
dows. The higher accuracy of MRI is helpful during
pharmaceutical interventions and in clinical trials on
cardiomyopathy. Furthermore, MRI may be valuable
for the detection of early changes in asymptomatic
members of families with a patient suffering from
cardiomyopathy.

Further scientific work will need to exploit the po-
tential of MRI to investigate ischemic, toxic or inflam-
matory injuries of the myocardium as well as involve-
ment in systemic diseases.

MRI will serve not only as in-vivo gold standard in
diagnosis of cardiomyopathies but also as the tool of
choice in their investigation leading to better under-
standing of myocardial disease.
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J. Schulz-Menger

Kardiomyopathien und Magnetresonanztomographie

Cardiomyopathies and magnetic resonance imaging

Die kardiale Magnetresonanztomographie (MRT) st68t durch
ihre Moglichkeit, Gewebe und Funktion zu charakterisieren, zu-
nehmend auf Interesse in der Kardiologie und somit auch bei
der Diagnostik der unterschiedlichen Kardiomyopathieformen.

Durch die Anwendung unterschiedlicher Techniken kénnen in
einem Untersuchungsgang morphologische und funktionelle
Verdnderungen erfasst, Flussgeschwindigkeiten gemessen und
GefdRdarstellungen durchgefiihrt werden.

Fiir eine kardiologische ,State of the Art“-Diagnostik sind 1,5
Tesla MRT-Scanner, mit einer entsprechend Aufriistung not-
wendig. Eine Untersuchung dauert in Abhdngigkeit von der Fra-
gestellung zwischen 30 - 60 Minuten. Neben speziellen Frage-
stellungen kommt die Methode auch bei eingeschrdnkten echo-
kardiographischen Untersuchungsbedingungen zum Einsatz.

Zur Beurteilung der kardialen Funktion und Wandbewegungs-
analyse werden Gradientenechosequenzen (heute meist als
Lsteady state free precession“) eingesetzt. Die freie Schichtwahl
ermoglicht die Darstellung auch atypisch gelegener pathologi-
scher Strukturen. Zur genauen Darstellung der Ejektionsfrakti-
on, der Volumina und der Masse sollten dreidimensionale Da-
tensdtze angewendet werden, da damit eine erhebliche h6here
Messgenauigkeit und Reproduzierbarkeit erreicht wird (3).

Unterschiedliche Sequenzen erlauben es, Myokardveranderun-
gen voneinander zu differenzieren. Als Beispiele seien ange-
fiihrt: myokardiale Odeme, Fettinfiltrationen, fibrotische, in-
flammatorische Prozesse und Perfusionsverdnderungen (2, 5).

Die MRT erlaubt durch den Einsatz verschie-
dener Techniken eine nicht invasive Myokardcharakteri-
sierung ohne Strahlenbelastung.

Die hdufigste Fragestellung bei einer dilatativen Kardiomyopathie
(DCM) betrifft die Quantifizierung von Volumina und Masse im
Rahmen von Verlaufsbeobachtungen. In klinischen Studien kann
die bessere Reproduzierbarkeit zu einer Kostenersparnis fiihren,
da die GruppengrofRen deutlich reduziert werden koénnen (19).

Neue Moglichkeiten erdéffnen sich durch den Einsatz der kon-
trastverstairkten MRT (Abb.1). McCrohon etal. (11) zeigten,
dass bei Patienten mit einer eingeschrankten linksventrikuldren
Funktion die Darstellung der Lokalisation der Kontrastmittel-
Anreicherung zur Differentialdiagnose zwischen ischdamischer
und dilatativer Kardiomyopathie beitragen kann. Bei zugrunde
liegender koronarer Herzkrankheit waren immer subendokar-
dial lokalisierte Kontrastmittelanreicherung nachweisbar .

Eine mdgliche Ursache einer DCM ist eine Myokarditis, deren
Atiologie vielschichtig sein kann (z.B. virale Infektionen, toxi-
sche Reaktionen, myokardiale Mitbeteiligung bei Systemer-
krankungen). Die MRT kann zwar nicht das auslésende Agens
diagnostizieren, aber es ist moglich, den Myokardschaden akut
und im Verlauf darzustellen, somit kénnte man nach weiterer
Validierung der Methode den Krankheitsverlauf nicht invasiv
dokumentieren (Abb.2).

Myokardiale Odeme konnten im Verlauf {iber 2 - 4 Wochen nach
Krankheitsbeginn nachgewiesen werden (7). Die vermehrte kapilld-
re Permeabilitit und die verstdrkte Durchblutung bei Inflammation
fiithren zu einer verdnderten Kontrastmittelauswaschung. Mittels
kontrastverstarkter T,-gewichteter Techniken kann die Kontrast-
mittelanreicherung (Enhancement) dargestellt werden. Wenn auch
unterschiedliche Ansdtze der kontrastverstirkten MRT verwendet
wurden, gelang es mehreren Arbeitsgruppen, inflammatorische Pro-
zesse zu verschiedenen Zeitpunkten nach Beginn der Erkrankung
darzustellen (6). Mahrholdt et al. konnten ihre Ergebnisse mittels Bi-
opsie validieren (9).
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Abb.1

Frage an das MRT: Hinweis fiir eine Myokarditis? Links und Mitte: Gradientenechosesequenz: links Diastole, Mitte Systole (LVEF 10%),

Nebenbefund: Pleura- und Perikarderguss. Rechts: Kontrastverstarkte T,-gewichtete Sequenz: ausgepragte transmurale Fibrosierung (helles Signal)
mit Darstellung eines Thrombus (Signalausléschung - Pfeil). MR-Diagnose: Bild einer schweren ischdmisch bedingten Kardiomyopathie.

Abb.2 MR-Bild eines 17-jdhrigen Patienten mit Infektanamnese,
EKG: ST-Strecken-Hebungen in den lateralen EKG-Ableitungen, sowie

CK-Erhéhung bei koronarographisch unauffélligen Koronarien. Im
MRT Zeichen der Inflammation und dariiberhinaus fokale KM-Anrei-
cherungen in den Spataufnahmen (delayed Enhancement) in der
mittleren Myokardschicht (Pfeile) als Hinweis auf Nekrosen.

Auch bei der Darstellung einer myokardialen Beteiligung bei ei-
ner Sarkoidose erscheint die kontrastverstirkte MRT vielver-
sprechend, da fokale und/oder globale Kontrastmittelanreiche-
rungen nachweisbar sind (15), die in einer ersten Studie unter
Glukokortikoidtherapie (17) riickldufig waren.

Bei der DCM erscheint es moglich, durch den
Einsatz kontrastverstdrkter Techniken Hinweise auf die
Genese der Einschrinkung der linksventrikuliren Funk-
tion zu erhalten.

Als Screeningmethode wird die Echokardiografie weiterhin im
Vordergrund stehen, aber eine genaue Erfassung von atypischen
und sehr umschriebenen Hypertrophien ist haufig nur mittels
MRT moéglich (14). Dies trifft insbesondere auf apikale Hyper-
trophien zu (20), bei denen Verdnderungen der Hypertrophielo-
kalisation im Verlauf gezeigt werden konnten (Abb.3).

Der turbulente Fluss im Bereich von Obstruktionen fiihrt zu Sig-
nalausléschungen, die eine Lokalisation der Obstruktion ermog-
lichen. Eine Alternative zur Quantifizierung der sehr variablen
Obstruktion des linksventrikuldren Ausflusstraktes bietet die
MRT durch die Planimetrie der hdmodynamisch relevanten
kleinsten systolischen Fldche. Kontrastverstirkte Techniken
werden zur Darstellung des therapeutisch induzierten Infarktes
nach Septumablation genutzt (16) (Abb.4).

Dagegen scheinen fokale Kontrastmittelanreicherungen ohne vor-
angegangene Intervention eine Gruppe von Patienten mit hohe-
rem Risiko zu charakterisieren (13). Dies betrifft sowohl die Aus-
pragung einer spdteren systolischen Herzinsuffizienz, als auch das
Risiko einen plétzlichen Herztod zu erleiden. Diese Daten miissen
allerdings noch in prospektiven Studien validiert werden (13).

Bei der hypertrophen Kardiomyopathie kon-
nen auch atypisch lokalisierte Myokardverdickungen
dargestellt werden. Die Darstellung von Gewebeverande-
rungen ermdoglicht vielleicht in naher Zukunft, zur Risi-
kostratifizierung beizutragen.

Die Diagnose einer arrhythmogenen rechtsventrikuldren Kardi-
omyopathie (ARVC) beruht auf Haupt- und Nebenkriterien (12).
Die typischen funktionellen Verdnderungen, beispielsweise glo-
bale oder regionale Kinetikstérungen der rechtsventrikuldren
Kinetik, lassen sich ebenso wie morphologische Veranderungen
mittels MRT exakt erfassen.
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Abb.4 MRT-Bild eines 41-jdhrigen Patient 3 Monate nach erfolgreicher Septumarterienembolisation bei hypertrophischer obstruktiver Kar-
diomyopathie (HOCM). Kontrastverstérkte T,-gewichtete Sequenz: Das helle Signal (Pfeil) stellt den induzierten Infarkt dar.

Ein anderes Hauptkriterium ist der Ersatz rechtsventrikuldrer
Myokardanteile durch Fettgewebe. Wenn auch die MR diese
Verdnderungen unkompliziert mittels T,-gewichteter Spi-
necho-Sequenzen darstellen kann, werden diese Gewebeverdn-
derungen gegenwadrtig im Rahmen der Kriterien nur als gesi-
chert akzeptiert, wenn sie bioptisch bestdtigt wurden. Es gibt
erste Hinweise darauf, dass im MRT erfasste morphologische
Verdnderungen eine prognostische Bedeutung fiir das Arrhyth-
mie-freie Uberleben haben (8). Wenn auch die Darstellung der
ARVC zu den bereits lange akzeptierten Indikationen fiir die
Kardio-MRT gehoren, gibt es doch eine Reihe unterschiedlicher
Protokolle und Interpretationen, die potenziell zu Qualitatsver-

lusten fithren konnen. Ursdchlich ist ein unterschiedlicher Er-
fahrungsschatz, aber auch das sehr Zeit aufwandige Protokoll.

Die morphologischen Verinderungen bei
ARVC sind mittels MRT sehr genau erfassbar, es bedarf
aber einer grofRen Erfahrung bei erheblichem zeitlichen
Aufwand.
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Die isolierte restriktive Kardiomyopathie (RCM) ist sehr selten,
ein klassisches Beispiel sind die Speichererkrankungen. Rele-
vant ist die Fragestellung der RCM aber meist in der Differenzi-
aldiagnose zu perikardialen Erkrankungen.

Zum Ausschluss einer relevanten Konstriktion ist die Darstellung
eines nicht verdickten Perikards erforderlich. Eine Perikarddicke
von mehr als 4mm ist verddchtig (18). Durch nicht invasive Diag-
nostik kann es gelingen, eine chirurgische Exploration des Peri-
kards zu vermeiden. Es sind allerdings Fille mit konstriktiver Phy-
siologie ohne Perikardverdickung berichtet worden, bei denen
eine ausgeprdgte Fibrosierung vorlag (1). Zur himodynamischen
Beurteilung sollte auch eine Gradientenechosequenz im Vierkam-
merblick hinzugezogen werden (4). So ldsst sich die Relaxation des
rechten Ventrikels und eine Dilatation der Vorhofe zumindest qua-
litativ beurteilen.

Im Fall einer akuten Perikarditis kann ein Perikarderguss darge-
stellt werden und das Perikard erscheint hyperintens im T,-ge-
wichteten Bild (18). Eine sichere Darstellung verkalkter Anteile
ist allerdings nicht moglich.

In den kiirzlich veroffentlichten Guidelines zur Diagnose der Pe-
rikarditis wird die kardiale MRT als alternatives Verfahren emp-
fohlen, wenn die konventionelle klinische Diagnostik ein-
schlieBlich Echokardiografie nicht zu schliissigen Ergebnissen
fiihrt (10).

Im MRT gelingt eine Darstellung auch um-
schriebener perikardialer Veranderungen, zur sicheren
Darstellung von Verkalkungen sollte die Computerto-
mographie hinzugezogen werden.

Durch den Einsatz der MRT kann die kardiale Funktion mit ho-
her Genauigkeit quantifiziert werden, dariiber hinaus sind um-
schriebene pathologische Verdnderungen erfassbar. Dies kann
und sollte gezielt fiir die Diagnose der verschiedenen Kardio-
myopathieformen eingesetzt werden. Im Rahmen klinischer
Studien konnen deutliche Reduktionen der GruppengrofSe er-
reicht werden und somit potenzielle therapeutische Ansdtze
schneller und kosteneffektiver {iberpriift werden. Ein besonde-
res Potenzial der Methode besteht in der Moglichkeit der Diffe-
renzierung von Myokardschdden und Perikardveranderungen.
Kontrastmittelanreicherungen scheinen einen pradiktiven Wert
bei einzelnen Erkrankungen zu besitzen, es ist jedoch noch eine
Validierung in multizentrischen Studien erforderlich.

In den ndchsten Jahren ist aufgrund der rasanten technischen
Entwicklungen ein stindiger Informationszuwachs im Verstdnd-
nis der myo- und perikardialen Erkrankungen zu erwarten.
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1. Hypertrophische Kardiomyopathie

Um den Effekt einer Septumablation auf die Obstruktion des Ausflusstraktes bei
der HOCM evaluieren zu kdénnen, planimetrierten wir die hdmodynamisch
relevante kleinste systolische Flache des LVOT und stellten die induzierten
gezielten Infarkte mit kontrastverstadrkten Techniken dar. Die dreidimensionale
Quantifizierung der Obstruktion vor und im Verlauf nach der Intervention zeigte
nicht nur eine gute Ubereinstimmung mit der klinischen Verbesserung der
Patienten, sondern wies auch erstmals auf eine Verzégerung des Remodelling
nach perkutaner transluminaler septaler Myokardablation (PTSMA) hin. Im Jahre
2000 konnten wir diese Arbeit im Journal Circulation veréffentlichen.®" Ursachlich
fur das verzégerte Remodelling ist mit hoher Wahrscheinlichkeit das
infarktassoziierte Odem, dessen Riickbildung invers mit der Verminderung der
Obstruktion korreliert. Bemerkenswerterweise blieb die Ausflusstraktfliche ab dem
Zeitpunkt stabil, da kein Odem mehr nachweisbar war. (American Heart
Association 2004, Abstrakt) Es ist vorstellbar, dass die Darstellung des Odemes
mit T2-gewichteten Sequenzen in Zukunft hilfreich sein kénnte bei der Planung
von Reinterventionen.

Bei der PTSMA, die in unserem Hause mit Schaumstoffpartikeln durchgeftihrt
wird®, konnten wir bereits innerhalb der ersten Stunde eine Nekrose nachweisen,
wéhrend die sichere Darstellung des Odemes erst spater gelang.*®

Waéhrend die Quantifizierung von Funktion, Volumina, Masse und die Darstellung
lokalisierter Hypertrophien nebst Flussbeschleunigungen bereits zur klinischen
MRT-Routine gehéren, ist dies fir die exakte Einschdtzung der Obstruktion noch

nicht der Fall. Um die Quantifizierung der LVOT-Obstruktion weiter verbreiten zu
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kénnen, wurden nicht nur die methodischen Details publiziert, sondern Grenzwerte
bei Probanden und HCM-Patienten validiert. Die ROC-Analysen ergaben, dass mit
einer LVOT-Flache von 3,7 cm® Patienten mit einer HCM von Gesunden
differenziert werden kénnen (Sensitivitdt 83%, Spezifizitdt 100%, positiver bzw.
negativer pradiktiver Wert 100% und 70%). Interessanterweise zeigte sich, dass
die MRT-Methode bereits in Ruheuntersuchungen die Diagnose einer Obstruktion
bei der Gruppe der latent obstruktiven Patienten gestattet.*

Eine Pilotstudie weist darauf hin, dass die bekannte hdmodynamisch bedingte
Variabilitédt des in der Echokardiographie ermittelten Druckgradienten bei der im
MR quantifizierten Fldche des LVOT keine Rolle zu spielen scheint. Die unter
Applikation von Glyceroltrinitrat sublingual ermittelten echokardiographischen
Druckgradienten unterschieden sich signifikant von den Ausgangswerten, wahrend
die LVOT-Flache stabil blieb. Dieses Ergebnis wurde im Jahre 2004 als Abstrakt
bei der Jahrestagung der American Heart Association vorgestellt. Urséachlich ist
wahrscheinlich der dreidimensionale Ansatz der Planimetrie im Gegensatz zu
einem kalkulierten Druckgradienten, der auf Geschwindigkeitsmessungen beruht.
Geschwindigkeitserhéhungen sind auch an kleinen Strukturen bekannt, ohne dass
eine  Obstruktion vorliegt. Einen zusatzlichen EinfluB haben aktuelle
Flllungsbedingungen des Herzens z.B. durch variablen Flissigkeitshaushalt des
Patienten. Hier sind Experimente mit Strémungsphysikern geplant, da eine
verldssliche Quantifizierung der Obstruktion zu einer klinisch bedeutsamen
Sicherheit in der Diagnose flihren wirde.

Anhand der gemessenen Grenzwerte konnte bei Patienten mit Septumablation

gezeigt werden, dass es postinterventionell zu einer deutlichen Zunahme der
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Offnungsfliche, nicht aber zu einer Normalisierung kommt. Die untersuchten
Patienten zeigten klinisch eine deutliche Verbesserung und die ermittelte
Offnungsflache entsprach den Patienten mit nichtobstruktiver HCM. Diese neuen
Ergebnisse werden 2006 im Rahmen des jéahrlichen Treffens der Arbeitsgruppe
Cardiovascular Magnetic Resonance der European Society of Cardiology
vorgestellt.

Bei der HCM sind mittels kontrastverstarkter MRT auch unabhéngig von einer
Intervention Fibrosen nachweisbar. Um diese Verdnderungen bei der
Differenzierung nichtischdmischer Herzerkrankung nutzen zu kénnen, haben wir
einen Algorithmus eingeftihrt, der eine systematische Evaluation gestattet. Bei 29
HCM Patienten mit LHE konnte gezeigt werden, dass die Fibrose im Gegensatz zu
anderen myokardialen Erkrankungen insbesondere im Bereich der RV-Insertion

lokalisiert ist und sich haufig diffus darstellt.*?
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The Value of Magnetic Resonance Imaging of the Left
Ventricular Outflow Tract in Patients With Hypertrophic
Obstructive Cardiomyopathy After
Septal Artery Embolization

Jeanette Schulz-Menger, MD; Oliver Strohm, MDrgen Waigand, MD; Frank Uhlich, MD;
Rainer Dietz, MD; Matthias G. Friedrich, MD

Background—We tested the value of magnetic resonance imaging (MRI) in the follow-up of patients with hypertroph
obstructive cardiomyopathy after septal artery embolization. MRI provides a noninvasive visualization of transpla
turbulent flow in order to quantify left ventricular outflow tract obstruction.

Methods and Results-We followed 10 patients who were treated with septal artery embolization for 12 months. We us
gradient echo sequences to document continuous improvement of the outflow tract area and T1- and T2-weightec
echo sequences to visualize myocardial infarction. A continuous, but not linear, improvement of the outflow tract &
occurred after septal artery embolization during the 12-month follow-up period. The improvement of the outflow tr:
area correlated well with the amelioration of symptonts=(.86).

Conclusions—We conclude that MRI reliably detects the degree of obstruction in patients with hypertrophic obstructi
cardiomyopathy. This modality may be especially useful for follow-up after septal artery emboliz&iculation.
2000;101:1764-1766.)

Key Words: hypertrophym cardiomyopathym magnetic resonance imagimgembolism
m ventricular outflow obstruction

he hemodynamic relevance of hypertrophic obstructive semi-invasive 3D echocardiography in describing LVOT
cardiomyopathy (HOCM) is determined by the degree of obstruction in 13 patients with congenital LVOT obstruction.
left ventricular outflow tract (LVOT) obstruction. The pres- The advent of septal artery infarctioto decrease LVOT
sure gradient serves as a follow-up parameter and is generallyobstruction in HOCM patients mandates objective monitor-
estimated by transthoracic echocardiography. Pressure gradiing.” Recent series have included up to 114 patierits.
ents can be calculated by a modified Bernoulli formula, Gradient echo sequences with magnetic resonance imaging
according to which maximal flow velocities across a stenosis (MRI) permit the visualization of transplanar turbulent flow.
reflect the severity of obstruction. Pressure gradients calcu- When adequate echo times are used, a signal void is gener
lated by echocardiography may be overestimated comparedated by turbulent blood flow due to the dispersion of spin
with those measured invasively. However, a significant num- magnetization. We capitalized on the turbulent flow crossing
ber of patients have an impaired acoustic window, thereby the imaging plane to estimate the degree of LVOT obstruc-
contributing to the disappointing reproducibility of echocar- tion in HOCM patients undergoing septal artery
diographic pressure gradieritd.Cardiac catheterization al- ~embolization.
lows for the comparison of simultaneous pressures proximal
and distal to the obstruction. However, this technique is Methods
invasive and is also susceptible to variations of preload, e investigated 10 patients (7 men and 3 women) with HOCM who

fterload d tractilit Il as t tst fi were undergoing septal artery embolization. Their mean age was
afterlioad, and contractility, as well as to postSienotlic pressuré g 5, years. The intervention was performed when patients had a

recovery? A reliable noninvasive technique to assess the status of New York Heart Association (NYHA) class 1l or IV (mean
hemodynamic relevance of LVOT obstruction in HOCM 3.2+0.2) and when maximal medical treatment was no longer
would be highly useful. Such a method should provide helpful. One patient sequentially underwent the embolization of 2

: : . . septal arteries. MRI was performed before embolization and 3, 7, 14,
information on the degree of the anatomical obstruction 28, 90, 180, and 360 days after the intervention.

rathel’ than on b|00d ﬂOW VE‘|OCItIeS or pressure gl’adlents. MRI was performed using a standard clinical System (Magnetom
Dall Agata et & reported their initial experience with  Expert/1.0T, Siemens AG). We assessed left ventricular morphology
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Figure 1. During follow-up, the initially thickened septum shows
a significant reduction of its mass, thereby decreasing LVOT
obstruction. A, Gradient echo sequence with turbulent flow
through the LOVT 7 days after intervention using the region of
interest for planimetry. B, Increased LVOT area 6 months after
intervention; image shows partially laminar flow through the
LVOT. C, Contrast-media—enhanced T1-weighted axial view of
the septum on day 7. The thickened septum and its infarcted
zone are clearly visible. D, Axial view using the same technique
and position after 6 months. A substantial shrinkage of the sep-
tum has occurred in the area of the occluded septal artery.

and function by standard gradient echo sequences (2D fast imaging
steady-state pression [FISP]; echo time [TE], 6.1 ms; repetition time
[TR], 70 ms; flip angle, 39. Measurements included LV mass and
volume, as well as wall thickness. For MRI planimetry of the LVOT
area, we first determined the time of peak systolic flow using a flow
guantification sequence (phase contrast; TR, 28 ms). We then
visualized the turbulent flow in the long axis of the LVOT by a
flow-sensitive gradient echo sequence (2D FISP). Finally, we placed
a multiplanar series (slice thickness, 5 mm) perpendicular to the base
of the turbulent jet (“vena contracta”) at the time of peak systolic
flow. From the resulting image set, the image with the smallest area
of turbulent flow (narrowest part of the obstruction) was selected for
evaluation.

The area of the proximal vena contracta (perpendicular to this
slice) was then quantified by simple planimetry (Figure 1, A and B).
After embolization, the resulting myocardial infarction was assessed
by T1-weighted multislice spin echo sequence images (4 to 6
acquisitions; TE, 30 ms, TR, 480 to 725 ms) before and 20 minutes
after the application of contrast media (0.1 mmol/kg gadolinium-
DTPA, Magnevist; Schering AG) into the antecubital vein (Figure 1,
C and D). The diameters of the left ventricle were measured, and the
left ventricular ejection fraction was calculated in a biplanar fashion.

Results
Total measuring time generally requireed5 minutes. No

al MRI After Septal Artery Embolization 1765

decrease in the pressure gradient and the clinical outcome
after 12 monthsr&0.03; P<0.9). During the intervention, 5
patients reported chest pain, and 2 developed nausea an
vomiting. All patients recovered quickly and uneventfully.
Creatine kinase levels increased to 6244 mmol/L within

the first 24 hours after the intervention. In 3 patients, the ECG
revealed signs of septal infarction, as defined by ST segment
elevation &0.1 mV) in =2 adjacent chest leads (V2 to V4).
Transient third-degree atrioventricular block occurred in 2
patients. The temporary pacemakers were removed 6 to 48
hours after the intervention. All patients left the hospitél
week after undergoing the treatment.

The clinical status of all patients improved: NYHA class
improved from grade 3:80.1 to grade 1.30.3. The diam-
eter of the septum at the site of the obstruction was reduced
from 24+2 to 19.2:1.0 mm (23.9%) within 12 months. No
significant change occurred in posterior wall thickness (from
15.1+2.1 to 13.21.8 mm) or the ejection fraction (from
70=5% to 71+4%).

Three independent cardiologists experienced in cardiac
MRI, who were not aware of the each other’s results or the
patients’ symptoms, performed LVOT planimetry in 11
typical cases (of the 80 performed MRIs) using images with
varying quality. The resulting intracbserver variability was
10.7%. The interobserver variability was 12.8%. The LVOT
area increased from 1#39.1 cnt to 3.5+0.6 cnf, which
represents a 12812% (range, 100% to 156%) improvement.

A close relationship existed between the increase in LVOT
area and the decrease in septal wall thickness0(93;
P<0.018; f =0.86). Remarkably, the increase in LVOT
orifice area was not complete within the first weeks after
embolization. Instead, most patients reached maximum im-
provement no earlier than 3 months after the intervention
(Figure 2A). The LVOT increase paralleled the degree of
clinical (NYHA class) improvement (Figure 2B). A close
relationship P<0.0001; r’=0.95) between LVOT orifice
area and NYHA class was identified.

Discussion

Our study documents the usefulness of MRI in following
HOCM patients treated with septal artery embolization. The
LVOT orifice area determined by the planimetry of the
transplanar flow with MRI proved to be a suitable parameter
to characterize patients with HOCM, both initially and during
follow-up. In contrast to parameters routinely used in echo-
cardiography, MRl is relatively free of interobserver variabil-
ity and variable imaging conditions. Other investigators have
measured interobserver variability with MRI and found such
variability to be negligible for both estimates of mass and
diametertt12 In contrast to cardiac catheterization, MRI is
noninvasive and free of radiation.

MRI was successful in visualizing the extent of myocardial

complications occurred, and image quality was sufficient for infarction after septal artery embolization and the relationship
evaluation in all patients. Septal artery embolization was of the lesion to the outflow tract. Thus, MRI served as a tool
successful, as defined by a rapid onset of regional septalto evaluate the morphological and functional changes due to
hypokinesia resulting in an immediate decrease of the pres-interventional or medical therapy. The time course of the
sure gradient from 8810 mmHg to 3%*11 mm Hg decrease in LVOT obstruction after septal embolization
(P<0.001), which was measured during the catheter proce- varied. The initial pressure gradient decrease was not a gooc
dure. No significant correlation existed between the initial predictor of long-term outcome after 12 months. The systolic
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A

LVOT-area cm?

be evaluated 4 months after the intervention, and it was stable
for the remainder of the observation.

35 Septal artery embolization is gaining popularity as a
: treatment for refractory HOCM. Our experience documents
3] the utility of MRI in following these patients. We suggest that
251 MRI provides major advantages and will become the diag-
2| nostic tool of choice.
1,5
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Abstract:

The relation to the pressure gradient as assessed by Echo and the CMR-derived
planimetry of the LVOT is not known, no values for the differentiation of obstruction
exist. We studied 37 patients with hypertrophic cardiomyopathy and 14 healthy
controls using standard sequences with 3D coverage of the left ventricular outflow
tract. A cutoff value of 2.7 cm?® identified obstruction as defined by
echocardiography with 100% accuracy. CMR planimetry at rest is a promising tool

to evaluate patients with hypertrophic cardiomyopathy.
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Introduction

A crucial step in the diagnostic work-up of patients with hypertrophic
cardiomyopathy (HCM) is to differentiate between obstructive and non-
obstructive forms of the disease. In patients with obstruction of the left
ventricular outflow tract (LVOT) the Doppler echocardiography-derived
pressure gradient (PG) is currently the accepted approach (1,2); however, it is
limited by the variability of the measurements (3) and the need to apply stress
to detect the ‘latent’ obstruction (4). Furthermore, PG measurements vary
significantly in relation to hemodynamic conditions (5,6). More than 20 years
ago Spirito et al.(7) introduced the planimetry of LVOT-area by transthoracic
echocardiography. The method however was not applicable in clinical routine
due to technical limitations of available ultrasound technique. Recently, 3D
echocardiography partly overcame this limitation (8), yet complex image
processing is needed (9) and a significant fraction of patients may not be
evaluated due to poor image quality(8). Transesophageal 3D-
echocardiography was also used to measure the LVOT in HCM patients before
and after myectomy (10). However the technique is relatively invasive,
frequently requires sedation and is not very well tolerated by many patients.
Finally, in all echocardiographic approaches, the actual position of the obtained
views cannot be easily controlled for accuracy.

A unique feature of CMR is the ability to provide noninvasive, reproducible and
direct planimetric quantification of complex-shaped structures such as stenotic

valves (11-13). We have shown the feasibility and relevance of LVOT
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planimetry using CMR (14). The results correlate well with the clinical severity
of the disease both before and after septal artery embolization.

Yet, there are no reports using CMR or 3D echocardiography that attempted to
assess the LVOT area in the full scale of HCM i.e. obstructive, latent
obstructive and non obstructive HCM. Furthermore there are neither CMR-
LVOT area measurements from healthy subjects available nor a validation
against the well-established PG measurements in HCM patients. CMR
assessment of the LVOT area would allow for relating obstruction to tissue
changes such as edema or focal fibrosis.

This study was designed to measure LVOT area by CMR in different forms of
HCM and healthy subjects in comparison to pressure gradient measurements

as the standard technique.

50



Schulz-Menger et al LVOT planimetry in hypertrophic
cardiomyopathy

Methods

Patients:

Thirty-seven HCM patients were consecutively enrolled. HCM was defined based
on the echocardiographic demonstration of a hypertrophied (wall thickness of 15
mm or more), non-dilated left ventricle in the absence of another related cardiac or
systemic disorder. The clinical status of the patients was classified depending on
the degree of dyspnea following the classification of the New York Heart
Association (NYHA). Exclusion criteria were atrial fibrillation with large RR-interval-
variations, contraindications to CMR and poor ultrasound imaging conditions.
Control group:

Fourteen healthy subjects (10 males, 28+10 years) with no current or previous
cardiovascular disorders and with normal ECG served as our control group. Those
subjects underwent only CMR but not Doppler echocardiography.
Echocardiography:.

Echocardiographic examinations were performed on a commercially available
instrument (Acuson Sequoia C256, Siemens Medical Solutions, Erlangen,
Germany) with a 3.2 MHz transducer. Left-ventricular dimensions, ejection fraction
and wall thickness of the anteroseptal and posterior wall were measured in the
parasternal long axis according to the guidelines of the American Society of
Echocardiography. Maximum thickness of the septal wall was measured in the
apical four-chamber view using 2D-echocardiography. The maximum velocity
within the LVOT was measured at rest and after Valsalva maneuver in the five-
chamber view, applying multiple PW- and CW-Doppler-measurements. We

cautiously tried to avoid contamination of the Doppler-signal by flow from mitral
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regurgitation or flow through the aortic valve. The maximum PG was calculated
from velocity measurements.

Patients were divided into 3 groups based on their PG: a) Non-obstructive HCM
(HNCM) (PG<30 at rest and after provocation, n= 12), b) Latent obstructive HCM
(LHOCM) (PG<30 at rest and >30 after provocation, n=8),) and c) Obstructive
HCM (HOCM) (PG>30 at rest, n=17).

CMR

CMR studies were performed in a 1.5 Tesla system (Signa CV/i, GE medical
systems, Milwaukee) using a four-element phased array coil with the patient in the
supine position. Breath-hold, real-time scout images and a subsequent series of
breath-hold gradient-echo images (SSFP/steady-state free precession, TR 4.5 ms,
TE 1.8 ms, matrix: 256 x 192, FOV: 32x32-38x38 cm, number of phases: 20-30)
were used for localization of the LVOT (figure 1). Based on long-axis views of the
LVOT, a stack of cross-sectional views was obtained to cover the whole LVOT
(cine mode, 6-8 slices, slice thickness 5mm, no gap). The LVOT in HCM was
defined as the whole region bounded by the anterior mitral valve leaflet and the
septal wall. The smallest LVOT area obtained in theses slices was measured
during systole, including the effect of the systolic anterior movement of the anterior
mitral valve leaflet. The smallest area during systole was accepted as
hemodynamic relevant and was documented. A reader blinded to other subject-
related data manually traced the LVOT area using the anterior mitral valve leaflet
and the septum as anatomical borders.

Figure 2 shows the LVOT in different forms of disease.
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Statistics

All statistical tests were performed using a commercially available statistical
program (SPSS 11 for Macintosh). Data are presented as mean =+ one standard
deviation. Continuous variables were compared using ANOVA. Correlations
between continuous variables were tested using linear regression and the Pearson
correlation coefficient. A p value of less than 0.05 was considered significant.
Non-parametric data were compared by Mann Whitney U-Test, Receiver operated
curves were used to define the cutoff values of LVOT area to differentiate patients
from controls as well as obstructive from non-obstructive HCM. As the gradient
measure showed a non-linear relation to area, we applied a cubic root

transformation prior to correlation analysis.
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Results

Table 1 summarizes the patients’ characteristics. The mean duration between
echocardiography and CMR was 5+6 days. 43% of the patients however
underwent both examinations on the same day. LVOT was evaluable in all but one
patient. CMR assessment of myocardial mass and volume could not be performed

in 4 patients, due to incomplete coverage of the left ventricle.

LVOT area by CMR:

Figure 3 shows the relation of the size of the LVOT area to the presence or
absence of the pressure-gradient-defined obstruction. Compared to volunteers
with a mean LVOT area of 4.8+0.8 cm? the area was significantly smaller in
patients with HNCM (3.6x1.1 cm?, p<0.004), LHOCM (2.2+1.5 cm? p<0.002.) and
HOCM (1.6+0.6 cm? p<0.0001) respectively. Patients with HNCM had significantly
larger LVOT than latent (p =0.013) or HOCM (p <0.0001) respectively. When the
latent obstructive and obstructive forms were considered together as obstructive
HCM, significant differences in LVOT still existed between the obstructive and non-
obstructive (1.8 cm®+1.0 vs. 3.6x1.1 cm? p<0.0001) forms of the disease. No
significant difference was found between the LVOT in LHOCM and HOCM (p =
0.478). (figure 3) The comparison of the mean values (Bland-Altman plots) in a
representative sample showed an excellent agreement between readers
(correlation = 0.97). Based on ROC analysis, a cutoff value of 3.7 cm? could be
shown to differentiate patients from controls (sensitivity 83%, specificity 100%,

positive and negative predictive values 100% and 70%, respectively). On the other
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hand, a cutoff value of 2.7 cm? was able to differentiate HOCM from HNCM with a
sensitivity and specificity of 100%.

Correlation between PG and LVOT:

There was no significant relation of area or gradient with height and weight. Age
showed a significant inverse correlation to area (r=-0.68), even after restricting the
analysis to patients only (r=-0.50). There was no significant correlation between
age and gradient (r=0.22). The correlation between area and gradient was -0.67
and remained significant after correction for age (partial correlation r=-0.68). (figure

4)
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Discussion

This is the first report describing CMR planimetry of the LVOT in different forms of
HCM compared to healthy subjects. We could verify the step-wise reduction of the
LVOT area from HNCM, LHOCM to HOCM, as expected by the disease definition.
These findings can be explained by the inverse relation between flow velocity and
the size of the anatomic structure, mainly described by the smallest systolic LVOT
area. Based on this theory, however one would expect a linear correlation between
LVOT area and PG which was not the case neither in ours nor in previous reports
using 3D echocardiography (8,10). This is likely related to two factors: First, the
susceptibility of PG measurements to minor changes in loading conditions (6)
and/or the variability of PG measurement from day to day (3). This is especially
true for LVOT areas with borderline hemodynamic relevance at rest. Second:
Based on simple considerations on flow dynamics in obstructed vessels, the
linearity between flow velocity and a narrowed LVOT is expected to get lost once a
‘critical’ LVOT area range is reached. In such a case (likely to be accompanied by
symptoms in HCM patients), small changes as induced by preload variations may
lead to a significant increase of resistance and thus of measure pressure
gradients.

The finding that the LVOT area was significantly reduced in apparently non-
obstructive at rest forms of HCM (LHOCM and HNCM) deserves special attention.
Panza et al. (15) found that a reduction of the LVOT diameter in children with
HNCM was predictive of the future development of SAM and significant

obstruction. Although extrapolation of these results to adult patients should be
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taken with care, it seems conceivable that a mild obstruction although not yet
hemodynamically overt will have a relevant predictive value.

A LVOT cutoff value of 3.7 cm? appears to offer a promising screening tool to rule
out the disease whereas a LVOT value of 2.7 cm? has an accuracy of 100% to
differentiate obstructive from non-obstructive HCM.

This value is larger than the 2.0 cm? identified by Qin et al (8) using 3D
echocardiography. The reason of this difference is most likely related to the PG
cutoff value to define obstructive HCM. Whereas we used a value of 30 mmHg (1),
Qin et al. defined obstruction as values above 50 mmHg.

Clinical implications

An emerging role of CMR to evaluate HCM is being shaped with unique features to
assess tissue structure and ventricular function (16-20). Planimetry of the LVOT
area provides relevant additional information and may have an important role
within a comprehensive CMR exam of HCM patients.

Limitations and technical considerations

The major limitation of this study is the limited number of patients in the
subgroups. The aim however was to validate the concept that LVOT is related to
the degree of obstruction. Future studies in larger patient cohorts are definitely
warranted. Due to the known day-to-day variation in PG measurements it would
have been ideal to perform both Doppler and CMR on the same day. For logistical
reasons, this demand was fulfilled in only 43% of our patients. Yet, the correlation
between PG and LVOT area measurement remained significant even after
correcting for the inter-study duration.

Conclusion
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CMR planimetry of the LVOT accurately differentiates obstructive from non-

obstructive HCM without the need for hemodynamic provocation.
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Abbreviations list

CMR: cardiovascular magnetic resonance

HCM: hypertrophic cardiomyopathy

HOCM: hypertrophic obstructive cardiomyopathy
HNCM: hypertrophic non-obstructive cardiomyopathy
LHOCM: latent hypertrophic obstructive cardiomyopathy
LVOT: left ventricular outflow tract

PG: pressure gradient

Echo: echocardiography
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Table 1: Characteristics of the study’s patient population

Non-obstructive Latent obstructive Obstructive

Number of subjects 12 8 17

EF 71£9% 76+10% 79+10%:
LVM 197+51 g 20725 g 249+78 g
LVM/height 1.2+0.3 g/cm 1.2+0.2 g/cm 1.5+0.7 g/cm
Age 48+15 57+14 61+12:x

Male gender 67% 50% 53%
*p<0.05

EF: ejection fraction

LVM: left ventricular mass
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Figure legends

Figure 1:

Localization and planimetry of the left ventricular outflow tract -

Stepwise localization of LVOT

Left: LVOT defined by the interventricular septal wall and the anterior leaflet of the
mitral valve with lines visualizing the slices for coverage of the LVOT. It is
demonstrated in a patient with HNCM

Middle: short axis through the LVOT

Right: short axis through the LVOT with region of interest giving the quantified area

of the LVOT

Figure 2:
Alteration in size of the LVOT area in patients with obstructive forms of
hypertrophic cardiomyopathy:
Top: HOCM signal void to obstruction in the whole LVOT (area = 1.0cm?)
Bottom: LHOCM signal void is also assessable (area = 1.9cm?)
In both:
left: long axis view of the LVOT

right: short axis view of the LVOT

Figure 3:

Step-wise reduction in the LVOT-area from controls, non-obstructive to obstructive

HCM
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Figure 4:
Inverse nonlinear relation between the LVOT area and pressure gradient in

Doppler echocardiography
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figure 1 Localization and planimetry of the LVOT
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Figute 2
Alteration in the size of the LVOT area




figure 3

Step-wise reduction in the LVOT-area from controls, non-obstructive to obstructive HCM
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figure 4

Inverse nonlinear relation between the LVOT area and pressure gradient in Doppler echocardiography
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2 Myokardschaden bei sekunddren myokardialen Erkrankungen

2.1.  Myokarditis

Im Jahre 1998 konnte unsere Arbeitsgruppe den Einsatz der kardialen MRT bei
Myokarditis erstveréffentlichen.* Da aus kardiologischer Sicht die Diagnose einer
Myokarditis h&ufig schwierig erscheint, ist dies unverdndert einer unserer
Forschungsschwerpunkte. Sowohl die bei uns eingesetzten T,-gewichteten
Sequenzen, als auch die kontrastverstérkten T,-gewichteten
Gradientenechosequenzen mit Inversionspuls lieBen erwarten, dass sich
pathologische Verénderungen besser differenzieren lassen. Der dann verwendete
quantitative multi-sequenzielle Ansatz (Kapitel Il 3.2; Seite 18) flihrte zu einer
deutlich hdéheren diagnostischen Sicherheit bei der akuten Myokarditis im
Vergleich zur Einzelanwendung von Sequenzen.”® Die gesamte durch uns
eingefliihrte MRT-basierte Myokarditisdiagnostik findet zunehmend Akzeptanz in
internationalen Ubersichtsarbeiten zur Myokarditis.” Erfreulicherweise erlaubt
dieses Wissen auch eine rege wissenschaftliche Diskussion, die sich unter
anderem im schriftlichen wissenschaftlichen Austausch wieder findet.*® Erste
Verlaufsuntersuchungen weisen darauf hin, dass es unser Ansatz gestattet,
bereits primar reversible von irrereversiblen Verédnderungen zu unterscheiden.
Wéhrend die durch LHE darstellbaren L&sionen auch im Verlauf nachweisbar
waren, zeigte sich sowohl eine Verbesserung der linksventrikuldren Funktion, als

auch eine Normalisierung der T,-Ratio und der friihen KM-Anreicherung. *’
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Diagnostic Performance of Cardiovascular Magnetic
Resonance in Patients With Suspected Acute Myocarditis
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The aim of this research was to identify the diagnostic performance of gadolinium-enhanced
and T2-weighted cardiovascular magnetic resonance (CMR) in suspected acute myocarditis.
Acute myocarditis is difficult to diagnose; CMR provides various means to visualize
myocardial inflammatory changes. A CMR approach with clear-cut diagnostic criteria would

We investigated 25 patients with suspected acute myocarditis (18 males, 44 * 17 years) and
23 healthy controls (13 males, 29 * 10 years). Cardiovascular magnetic resonance studies
included the following sequences: 1) T2-weighted triple inversion recovery; 2) T1-weighted
spin echo before and over 4 min after gadolinium injection; and 3) inversion recovery-gradient
echo 10 min after gadolinium injection. Qualitative and quantitative image analysis was
performed for: 1) focal and global T2 signal intensity (SI); 2) myocardial global relative
enhancement (gRE); and 3) areas of late gadolinium enhancement (LGE).

Both global T2 SI and gRE were higher in patients than in controls (T2: 2.3 * 0.4 vs. 1.7
+ 0.4; p < 0.0001, gRE: 6.8 * 4.0 vs. 3.7 = 2.3; p < 0.001). The sensitivity, specificity, and
diagnostic accuracy for T2 (cutoff value of 1.9) were 84%, 74%, and 79%, respectively; gRE:
(cutoff value of 4.0) 80%, 68%, and 74.5% respectively; LGE: 44%, 100%, and 71%,
respectively. The best diagnostic performance was obtained when “any-two” of the three
sequences were positive in the same patient yielding a 76% sensitivity, 95.5% specificity, and

OBJECTIVES
BACKGROUND
be desirable.
METHODS
RESULTS
85% diagnostic accuracy.
CONCLUSIONS

A combined CMR approach using T2-weighted imaging, early and late gadolinium

enhancement, provides a high diagnostic accuracy and is a useful tool in the diagnosis and

assessment of patients with suspected acute myocarditis.

(J Am Coll Cardiol 2005;45:

1815-22) © 2005 by the American College of Cardiology Foundation

Identifying patients with acute myocarditis is a challenging
task. Clinical presentations often mimic other disorders and
may vary from flu-like symptoms or subclinical disease to
acute heart failure and sudden cardiac death (1). Of the
imaging approaches utilized to diagnose the disease, cardio-
vascular magnetic resonance (CMR) has emerged as an

See page 1823

important tool. The two relevant gadolinium-enhanced CMR
approaches described so far depend on the measurement of
myocardial global (early) relative enhancement (gRE) (2) or
the visualization of late gadolinium enhancement (LGE) (3).
Each of these approaches monitors a different aspect of
myocardial injury in myocarditis. Whereas gRE likely reflects
myocardial hyperemia and increased capillary permeability as
features of present inflammation, LGE mostly indicates irre-
versible myocardial injury. Another interesting and yet inade-
quately studied noncontrast CMR approach in myocarditis is
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Berlin, Berlin, Germany; and the fStephenson CMR Centre, Departments of
Cardiac Sciences and Radiology, University of Calgary, Calgary, Alberta, Canada.

Manuscript received September 1, 2004; revised manuscript received November 3,
2004, accepted November 11, 2004.
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T2-weighted imaging, which almost exclusively depends on
the detection of myocardial edema. It has been shown to be of
diagnostic value (4), but experience has been reported only
sparsely. The diagnostic performance of these techniques to
identify myocarditis is not well-defined. For example, the
reported sensitivity of LGE to detect acute myocarditis varies
from 44% to 88% (3,5). Furthermore, a comprehensive CMR
protocol combining data obtained from each approach has not
reached the clinical arena and yet appears promising for two
reasons: first, the spectrum of myocardial injury caused by the
disease is diverse, ranging from mild inflammation with hy-
peremia or edema to frank necrosis (6). One would then expect
that an imaging approach designed to detect only one of these
injuries would lack sufficient sensitivity. Second, providing
information on the various myocarditis-induced injuries could
help identify patients with a severe form of the disease or those
with a potentially unfavorable prognosis.

METHODS

Patients. Inclusion criteria:

1) Symptoms and signs suggestive of cardiac disease (an-
gina pectoris, dyspnea, palpitations).
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Abbreviations and Acronyms
CK

CMR = cardiovascular magnetic resonance

= creatine kinase

gRE = global relative enhancement
LGE = late gadolinium enhancement
SI = signal intensity

2) Evidence for myocardial injury as defined by electrocar-
diogram (ECG) changes (ST-segment changes, con-
duction defects) and elevated serum markers (creatine
kinase [CK], troponin T or I).

Exclusion of coronary artery disease by angiographic

and/or clinical criteria.

3)

Criteria of exclusion were previous myocardial infarction,
evidence of chronic myocarditis, and known contraindica-
tions to CMR.

Control group. Twenty-three healthy volunteers (13
males, age 29.3 = 10 years) with no current or past evidence
of cardiovascular disorders served as our control group.

A written informed consent was obtained from each
subject, and the local ethics committee approved the study.
CMR. Cardiovascular magnetic resonance studies were
performed in a 1.5-T system (Signa CV/i, GE Medical
Systems, Milwaukee, Wisconsin). Localization was per-
formed using breath-hold real time and steady-state free
precession images of true anatomical axes of the heart. For
the T2- and T1-weighted spin echo sequences, which were
used for a quantitative evaluation, the body coil was used.
We applied a breath-hold, black-blood, T2-weighted, triple
inversion recovery sequence (TR 2 X RR, TE 65 ms, TI
140 ms) in three (basal, midventricular, and apical) short-
axis slices (slice thickness 15 mm, gap 5 mm, field of vision
34 to 38 cm, matrix: 256 X 256). Breath-hold steady-state
free precession images (TR 3.8 ms, TE 1.6 ms) were
acquired in two- and four-chamber views to assess global
ventricular function. We then applied a free breathing
spin echo sequence in four identical axial slices both
before and after (without any change in parameters in
between) intravascular injection of 0.1 mmol gadolinium-
diethylenetriaminepentaacetate (DTPA) (Magnevist,
Schering, Germany) using an automated injector (Medrad,
Indianola, Pennsylvania). The sequence was started imme-
diately after injection and lasted 3 to 4 min; thus, the images
reflect gadolinium enhancement at a mean of 2 min. After
the acquisition of spin echo images, an additional dose (0.1
mmol) of gadolinium-DTPA was injected, and a breath-
hold contrast-enhanced inversion-recovery gradient-echo
sequence (TR 5.5 ms, TE 1.4 ms, TI 225 to 275 ms as
individually optimized to null myocardial signal, matrix 256
X 192, slice thickness/gap 15/5 mm) was applied after a
delay of 10 min in three short- and three long- (two-,
three-, and four-chamber views, respectively) axis slices.
Coronary angiography. Coronary angiography was per-
formed on a standard angiography suite (Hicor, Siemens,
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Erlangen, Germany) in 21 patients to exclude the presence
of significant coronary artery disease (>70% stenosis).
Clinical analysis. Two observers (A.Z. and P.B.), who
were blinded to CMR data, assessed the clinical course of
the patients during their hospital stay.

Image analysis. SPIN ECHO IMAGES. Regions of interest
covering the left ventricular myocardium as well as within a
skeletal muscle (erector spinae or lattisimus dorsi) in the
same slice were manually drawn in the precontrast images
and were copied to the postcontrast images (Fig. 1), and
gRE was calculated as previously described (2).

T2-WEIGHTED IMAGES. Quantitative analysis: regions of
interest were drawn covering the left ventricular myocar-
dium and within a skeletal muscle in the same slice. The
myocardial signal intensity (SI) was related to that of the
skeletal muscle:

Relative myocardial T2 SI = SI /SI

myocardium skeletal muscle

Endocardial and epicardial contours were manually drawn,
and focal areas of high T2 SI (those with SI more than the
normal myocardium plus two standard deviations) were
identified (MASS 6, Medis, Leiden, the Netherlands).

QUALITATIVE ANALYSIS. This was performed by the con-
sensus agreement of two observers (J.S-M. and H.A-A.)
who were blinded to the patients’ clinical data. Images were
evaluated for the presence or absence of focal or segmental
areas of high T2 SI.

LGE. QUALITATIVE ANALYSIS. This was done for the
presence, number, and transmurality of LGE areas.

QUANTITATIVE ANALYSIS. Areas of LGE (those with SI
more than the normal myocardium plus two standard
deviations) were delineated similar to that in T2 imaging.
Regions of interest were also drawn within background air.
The contrast-to-noise ratio (CNR) and the signal-to-noise
ratio (SNR) of LGE were then calculated as follows:

CNR = (SILGE - SImyocardium) / SInoise
SNR = SILGE/ SInoise

Foci of high signal in delayed enhancement and T2 images
were traced, and their volume expressed as a percentage of
the total myocardial slice volume.

Statistics. All statistical tests were performed using a com-
mercially available statistical program (SPSS 11 for Macin-
tosh, SPSS Gmbh Software, Munich, Germany). Data are
presented as mean = SD. Continuous variables were com-
pared using the Mann-Whitney U test and noncontinuous
data using the chi-square test. Data were correlated using
the Spearman correlation coeffecient. Reciever operating
charcteristic curves were used to identify the cutoff values of
gRE and global T2 signal changes. A p value <0.05 was
considered significant.
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Figure 1. Cardiovascular magnetic resonance images from Patient #6. (Top) Pre- and postcontrast axial T1-weighted spin echo images of the same slice.
Global relative enhancement was elevated (4.6). Regions of interest are drawn around the myocardium and within the skeletal muscle. (Middle) Short-axis
T2-weighted images: no focal areas of high T2 signal, yet the higher global myocardial T2 signal in relation to the skeletal muscle is visibly appreciable
(exact value = 2.5). (Bottom) Corresponding late enhancement images: no evidence of late gadolinium enhancement.

RESULTS

Table 1 provides the characteristics of the study patient
population. The average duration between the onset of
cardiac symptoms and CMR was 5.6 * 4.2 days. Patients
had significantly lower ejection fraction than controls (57.1
* 12.6% vs. 642 = 52%, p 0.013). Biopsy was
performed in two patients (Patients #5 and #25) and
showed acute giant cell myocarditis with round cell infiltra-
tion and multiple necrotic foci in Patient #5 and diffuse
fibrosis, myocardial hypertrophy, regional inflammatory cell
infiltration, and fresh erythrocyte extravasation in Patient
#25.

gRE. Global relative enhancement was significantly higher
in patients compared to controls (6.8 £ 4.0vs. 3.7 = 2.3; p
< 0.001). Figures 1 and 2 show representative images from
two patients with increased gRE. Figure 3 shows the
receiver operating characteristic curve of gRE to identify
myocarditis. A cutoff value of 4.0 had a sensitivity, speci-
ficity, and diagnostic accuracy of 80%, 68%, and 74.5%,
respectively; gRE did not significantly correlate with ejec-
tion fraction (p = 0.350) or hospital stay (p = 0.320).

74

T2-weighted imaging. The global myocardial T2 SI ratio
was significantly higher in patients than in controls (2.3 *
0.4 vs. 1.7 = 0.4; p < 0.0001). Figure 3 shows the receiver
operating characteristic curve of global myocardial T2 SI to
identify myocarditis. A cutoff value of 1.9 had a sensitivity of
84%, specificity of 74%, and a diagnostic accuracy of 79%;
T2-SI ratio was not related to gRE (p = 0.462). Moderate
(0.42) significant correlation was found between T2-S1 ratio
and troponin levels (p = 0.035). Eight patients showed
focal areas of high T2 SI, which were either transmural or
subepicardial (Fig. 4) but never confined to the subendo-
cardium. These eight patients had significantly higher peak
CK (781.6 = 695.4 vs. 2545 *= 173.1; p 0.014).
Corresponding areas of LGE were noted in seven of these
eight patients with a spatial extent significantly smaller than
areas of high T2 SI (13.8 * 8.2% vs. 21.6 * 5.8%; p =
0.018).

LGE. The sensitivity, specificity, and diagnostic accuracy
of LGE were 44%, 100%, and 71%, respectively. Postero-
lateral and inferior segments were most likely to be affected

(73%) followed by anterior (36%) and septal (27%) seg-
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Patient  Age
# (yrs) Gender Symptoms EF ECG CA CK* TnT/I+ gRE T2 LGE
1 38 M ACP 56  ST-segment elevation: II, III, aVF yes 2,267 3.6 3.8 20 yes
T-negative: I, II
2 50 F ACP 47 T-negative: 1, II, aVL, aVF, V-V yes 51 1.3 28 25 no
3 35 M ACP 70  ST-segment elevation: I, II, aVF, Vi, V, yes 166 0.2 23 27 no
4 63 F ACP, D 49  ST-segment elevation: I, II, aVL; yes 429 70.1 101 23 no
T-negative: IIT
5 39 F D 26  ST-segment elevation: V,=V,, yes 246 274 11.0 33 yes
ST-segment depression: Vs, V,
T-negative: I, aVL, V-V
6 26 M ACP 65  ST-segment elevation: I, II, aVF, V-V np 8.5 2.0 46 2.5 no
7 36 F D, ACP 51  T-negative: III, aVF yes 407 8.5 25 22 no
8 18 M ACP 61  ST-segment elevation: II, III, aVF, V-V yes 168 41.0 44 3.0 yes
T-negative: II, III, aVF, V-V
9 39 M ACP 66  ST-segment elevation: V,~V yes 292 29.0 93 16 yes
10 38 M ACP 63 ST-segment elevation: II, III, aVF, V-V yes 213 15.7 9.0 22 no
11 37 M ACP 63 ST-segment elevation: I, II, aVL, V=V, yes 1,100 103 51 29 yes
12 50 M ACP, D 56  ST-segment elevation: I, II, aVF, V-V yes 609 70.0 28 29 yes
13 66 F ACP 63 T-negative: I, II, aVL, V-V, yes 547 1.8 44 22 no
14 29 M P 42 Atrial fibrillation and J-point elevation: np 84 0.4 21.0 2.0 yes
I, II, aVF, V-V
15 17 M ACP 62  ST-segment elevation: II, III, aVF, V-V np 443 39.0 93 20 no
T-negative: I, aVL
16 23 M P 57  ST-segment elevation: I, II, aVF np 570 0.3 48 20 no
T-negative: III
17 52 M ACP 65  ST-segment elevation: V-V, II, III, aVF yes 1,023 0.7 87 21 yes
18 84 F ACP 74 T-negative: I, II, aVL, aVF, V-V, yes 166 4.8 70 23 no
ST-segment elevation: V-V,
19 67 M ACP, D 76 ST-segment elevation: 1I, III, aVF, V-V, yes 213 0.4 6.1 1.7 no
20 44 M D 45  T-negative: II, III, aVF, V-V yes 105 0.1 4.5 1.7 no
21 37 M ACP 62  ST-segment elevation: II, III, aVF yes 200 1.4 41 18 no
T-negative: II, III, aVF, V-V
22 51 M ACP 67  ST-segment elevation: V,-V yes 349 1.6 79 21 yes
T-negative: III
23 40 M ACP 62  ST-segment elevation: I, II, aVL, V=V yes 594 1.0 100 22 yes
T-negative: III
24 52 M ACP 54  ST-segment elevation: II, III, aVF, V,-V yes 20 1.0 53 23 yes
25 67 F ACP,D,P 26  Atrioventricular block III yes 232 3.9 89 2.7 no

*Upper limit: 180 1/U; +Upper limit: <0.1 for TnT and <0.3 for Tnl.

ACP = acute chest pain; CA = coronary angiography excluding significant coronary artery disease; CK = creatine kinase; D = dyspnea; EF = ejection fraction; gRE = global
relative enhancement; LGE = late gadolinium enhancement; np = not performed; P = palpitation.

ments. One patient had LGE involving most of the right
ventricular free wall as well. The number of these foci
ranged from one to three (>1 in 64%); LGE was always
located in the epicardial or midportion of the ventricular
wall but never within the subendocardium (Fig. 4). Signal-
to-noise ratio and contrast-to-noise ratio (in relation to
normal myocardium) were 52 * 2.3 and 3.5 £ 1.7,
respectively. There was no significant difference between
patients with and those without LGE regarding age (p =
0.805), time from onset to CMR (p = 0.579), ejection
fraction (p = 0.742), duration of hospital stay (p = 0.977),
peak CK (p = 0.154), troponin levels (p = 0.262), or
ST-segment elevation (p = 0.122).

Combined approach. The best diagnostic performance
was obtained when any two of the criteria obtained by the
three techniques were positive (I2: SI ratio 1.9; gRE: SI
ratio 4.0; LGE: presence of visually detectable bright areas)
in the same patient. This approach had 76% sensitivity,
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95.5% specificity, and 85% diagnostic accuracy (Fig. 5).
Specifically, gRE and T2 were positive in 64%, LGE and
T2 in 40%, LGE and gRE in 36%. The three sequences
were all positive in 32% of the patients and in none of the
controls.

DISCUSSION

gRE. In agreement with previous reports (2,7), we found
that myocarditis patients have an increased gRE. Tissue
hyperemia is an integral component of the acute inflamma-
tory reaction of the myocardium, which may explain this
finding. Diffuse myocyte injury can also increase the volume
of distribution and subsequently the extraction fraction of
extracellular compounds like gadolinium-DTPA, resulting
in abnormal myocardial enhancement. This concept is
supported by the results of Almenar et al. (8) who found a
significant correlation between gRE and the presence of
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Figure 2. Cardiovascular magnetic resonance findings in Patient #21. (Top) Pre- and postcontrast axial T1-weighted spin echo images of the same slice.
Global relative enhancement was elevated (4.1). (Middle) T2-weighted images in three short-axis slices. Note the posterolateral focal high T2 signal
(arrowheads) in the basal slice with apparent focal increase in myocardial thickness. (Bottom) Corresponding late enhancement images: no evidence of late

gadolinium enhancement.

myocyte injury after heart transplantation. The diagnostic
performance of gRE to detect myocarditis in our series was
lower than that previously reported (7). Two reasons may
explain this finding: first gRE measurements depend on the
assumption that the skeletal muscles exhibit a “normal”
pattern of gadolinium enhancement. This assumption may
not hold true in some cases when the inflammatory process
extends to involve skeletal muscles as well (9). In such a
case, gRE will be “pseudonormalized” even in the presence
of abnormal myocardial enhancement. Indeed, patients with
negative gRE showed abnormally increased skeletal muscle
enhancement (22%). Second, early in the course of myocar-
ditis, the inflammatory process is predominantly focal (10),
which could result in a negative gRE. The fact that our
patients were studied at an average of six days after the onset
of cardiac symptoms supports this notion.

LGE. The exact pathophysiological grounds of LGE in
myocarditis are still under investigation. Myocardial necro-
sis in the acute phase appears to play a major role, but also
severe edema could sufficiently increase the volume of
distribution of gadolinium to cause visually detectable SI
changes. The absence of a significant correlation between

76

LGE and troponin release is not surprising and may reflect
one of two possibilities: first, it could be that—at least in
some patients—these foci represent replacement fibrosis
from previous subclinical episodes of myocarditis, which
would then result in gadolinium accumulation similar to
that in a chronic myocardial scar (11) in the absence of
elevated troponin. Second, diffuse myocarditis could result
in troponin release (12) without LGE.

The incidence of LGE in myocarditis is a controversial
issue. The 44% incidence we observed is in perfect agree-
ment with the 44% found by Rieker et al. (5). Kuhl et al.
(13), using antimyosin scintigraphy, observed focal myocar-
dial cell damage in 55%. Mahrholdt et al. (3), however,
reported a much higher incidence of LGE (88%). The
reason for discrepancy may be related to differences in
patient populations or study designs. Whereas we and
Rieker et al. (5) studied patients in the acute phase of the
disease, Kuhl et al. (13) and Mahrholdt et al. (3) included a
significant fraction of patients with “healed” myocarditis.
Moreover, the pattern of myocardial injury is influenced by
the virus type (14). This could partially explain differences
between our results and those of Mahrholdt et al. (3) where
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Figure 3. Receiver operating characteristic curves for global relative en-
hancement (solid line) and global relative T2 signal (broken line).

parvovirus was identified as a causative agent in a significant
fraction of patients. Parvovirus is unique in selectively
injuring the endothelial cells resulting in microinfarcts (15),
which may be detectable as LGE.

The classical pathological description of myocarditis, the
so-called Dallas criteria (16), can also provide insight into
the incidence of LGE in myocarditis. Active myocarditis is
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defined as inflammatory reaction with myocyte injury. This
is expected to result in LGE secondary to the focal expan-
sion of the extracellular space. In borderline myocarditis,
however, myocyte injury is lacking, and it is in this group of
patients that LGE may not be observed.

Finally, the clinical significance of LGE in myocarditis is
yet to be defined. We did not find a significant correlation
between LGE and markers of disease severity such as
ejection fraction or duration of hospital stay. Nevertheless,
the finding that there are two subgroups of myocarditis
patients—those with and those without LGE—holds
promise that LGE may provide additional significant prog-
nostic information. Specifically, we propose two hypotheses
which, if proven to be true, could define an exciting role of
CMR to risk-stratify myocarditis patients. First, the link
between myocarditis and the later development of dilated
cardiomyopathy is well-established (17). Yet only a fraction
of myocarditis patients progress to dilated cardiomyopathy.
McCrohon et al. (18) found that a group of dilated
cardiomyopathy patients exhibit a pattern of focal enhance-
ment similar to the one we observed in myocarditis patients.
It seems intriguing to postulate that those myocarditis
patients with positive LGE may be more likely to develop
dilated cardiomyopathy. Second, the border zone between
scar tissue and healthy myocardium is a known substrate for
electrical instability. The question of whether myocarditis

¥ .
LY
R

Figure 4. Representative images from 3 patients (#8, #12, and #14 from left to right, respectively). (Top) Late gadolinium enhancement (LGE). (Bottom)
T2-weighted. Focal high T2 signal (thin arrows) corresponds to areas of LGE (arrowheads) in Patients #8 and #12 but not in Patient #14. Note the
predominant epicardial distribution of high T2 signal in Patient #12. Small pericardial effusion is seen in Patient #8 (thick curved arrow).
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Figure 5. Diagnostic performance of T2, late gadolinium enhancement
(LGE), and global relative enhancement (GRE) as compared to the
“any-two” approach. Spotted bars = sensitivity; diagonal striped bars =
specificity; solid bars = diagnostic accuracy.

patients with LGE would be, thus, more liable to develop
ventricular arrthythmias deserves to be a research focus.
T2-weighted imaging. The most likely explanation for the
T2 abnormalities we observed in myocarditis patients is the
water-sensitive characteristics of this technique, which al-
lows the detection of tissue edema, a substantial feature of
the acute inflammatory reaction in the myocardium (19).
Other than expected, a focal increase in T2 signal was not
always associated with LGE. Although there was a signif-
icant correlation between the two findings, many patients
had LGE or T2 abnormality only (Figs. 2 and 4). It seems
that the evolution/resolution pattern of myocardial edema
might be different from that of LGE. Accordingly, at a
particular “time window” after the symptoms, only one of
the two is detectable. One other possibility would be that
focal edema marks a less severe form of myocardial injury,
which then may or may not progress to actual necrosis in a
cascade similar to that of acute ischemic injury (20).
Another unexpected finding was the absence of a significant
correlation between the global myocardial T2 signal and
global myocardial enhancement. One would expect that
tissue edema should increase both myocardial T2 SI as well
as the volume of distribution of gadolinium-DTPA with
subsequent increase in myocardial enhancement. It could be
that global myocardial edema results in a degree of capillary
compression hindering abnormal contrast enhancement
(21), which then starts to increase with the resolution of
edema. This differential time course is supported by the
finding that only T2 abnormalities significantly correlated
with laboratory markers of acute myocardial injury.
Clinical implications. The “any-two” approach has the
potential to increase the diagnostic performance of CMR in
the clinical setting as well as in multicenter trials. A
significant fraction of acute myocarditis patients present
with a clinical picture mimicking that of acute myocardial
infarction representing a diagnostic challenge (22,23).
Acute myocardial infarction is characterized by focal trans-
mural high T2 signal and subendocardial or transmural
LGE (24). This is different from the subepicardial LGE of
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myocarditis with no focal high T2 signal in the majority of
cases.
Study limitations and technical considerations. The pa-
rameter that should be used as the “gold standard” to
identify myocarditis remains a controversial issue. Some
investigators used endomyocardial biopsy to identify the
disease (6,22,25), and many others relied instead on a
combination of clinical, laboratory, ECG, and angiographic
findings (7,23,26,27). We have also relied on this later
approach for the following reasons: first, the sensitivity of
endomyocardial biopsy to identify myocarditis is limited
possibly secondary to the focal nature of the disease (28).
Using polymerase chain reaction to identify viral genomes in
the myocardium, disagreement with the results of myocar-
dial biopsy was noted in 50% of the cases (29). This likely
explains the discrepancy between the low incidence of
biopsy-identified myocarditis in many trials and the clinical
or postmortem incidence of the disease (25,27,30). Second,
the majority of our patients were young with an acute, often
fairly unstable presentation; thus, we did not want to subject
this group of patients to unnecessary invasive procedures.
Although there is a theoretical possibility that patients in
our study suffered from undetectable coronary heart disease,
the absence of any coronary stenosis makes an ischemic
injury unlikely. In the four patients without catheter verifi-
cation of the absence of coronary stenosis, neither the risk
profile nor other clinical criteria or injury morphology
indicated any evidence for coronary heart disease. But, more
importantly, the pattern of either a complete lack of scarring
or a focal injury distribution not attributable to epicardial
coronary artery occlusion makes this very unlikely. Late
gadolinium enhancement images were acquired using a slice
thickness of 15 mm, which may have reduced the sensitivity
to detect small lesions. This was chosen to match the slice
thickness of T2 images to maximize the signal-to-noise
ratio of this technique. To reduce the possibility of missing
small lesions, we acquired additional LGE images in long-
axis slices.
Conclusions. A combined CMR approach using T2-
weighted imaging, early and LGE provides a high diagnos-
tic accuracy and is a useful tool in the diagnosis and
assessment of patients with suspected acute myocarditis.
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Letter Regarding Article by Sharkey et al, “Acute
and Reversible Cardiomyopathy Provoked by
Stress in Women From the United States”

To the Editor:

We read with interest the article by Sharkey et al! describing
the clinical and cardiovascular magnetic resonance (CMR) fea-
tures of the apical ballooning cardiomyopathy. We have a few
concerns about the interpretation of the CMR findings in the
article as well as in the related editorial.?

The authors suggest that the lack of mid-wall delayed en-
hancement in their series should exclude myocardial inflamma-
tion as a possible underlying mechanism explaining their find-
ings. We have recently investigated the diagnostic performance
of various CMR techniques to identify acute myocarditis® and
found that delayed enhancement occurs in only 44% of these
patients, whereas T,-weighted abnormalities reflecting myocar-
dial edema and early global enhancement are noted in >80% of
the cases. For this reason, we believe that the CMR approach of
the authors does not allow exclusion of myocardial inflammation
in those cases with certainty.

The related editorial suggested that the lack of delayed
enhancement excludes the presence of myocardial edema in
these patients. We have shown in the same report® that global or
focal myocardial edema is frequently observed in the absence of
delayed enhancement. We have also previously shown that
chronic myocardial scars exhibit delayed enhancement without
myocardial edema.# Furthermore, we recently investigated a
female patient with “taku-tsubo” cardiomyopathy and found
overt regional high T, signal intensity without any evidence of
delayed enhancement. Accordingly, we believe that no firm
conclusion could be drawn about the presence or absence of
myocardial edema in these patients in the absence of T,-weighted
imaging experiments.

The editorial also suggested that “gadolinium-enhanced MRI
... failed to detect regional T, enhancement which has been
shown to detect myocardial inflammation and necrosis.” We
have 2 concerns about this statement: First, the enhancement
effect of gadolinium is mainly caused by its effect on T,
relaxation time. Second, the article cited to support the state-
ment> did not include any T,-weighted imaging experiments.

Despite these concerns, we congratulate the authors on their
report, which provides many new insights into this rare and yet
clinically relevant and novel cardiomyopathy.

Hassan Abdel-Aty, MD
Rainer Dietz, MD

Jeanette Schulz-Menger, MD
Franz-Volhard-Klinik
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Universitdtmedizin Berlin
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Response

We appreciate the interest of Dr Abdel-Aty and colleagues in
our work.! These investigators raise the question of whether the
absence of postgadolinium-delayed hyperenhancement with T-
weighted cardiac MRI (CMR) reported in our patients with stress
(“tako-tsubo”) cardiomyopathy failed to exclude myocardial
inflammation because T,-weighted imaging data were not
presented.!

For several reasons, we believe that is a highly unlikely
scenario for myocarditis to be the undetected and underlying
mechanism responsible for stress cardiomyopathy in such a
sizeable patient cohort. T-weighted imaging is the preferred and
established technique to assess myocardial viability and exclude
infarction and necrosis,”> which was in fact the priority in this
particular study. Indeed, 21 of our 22 study patients showed
myocardial viability without evidence of delayed hyperenhance-
ment (the other patient had an apical infarct caused by a previous
cardiac arrest).

In our group of severely symptomatic patients with stress
cardiomyopathy, we did initially perform some T,-weighted
scans (in addition to T;-weighted imaging), which are preferable
for the interrogation of myocardial edema (consistent with
myocarditis). Of the 22 patients, 9 had technically adequate
T,-weighted images, and 2 of these (22%) had T,-weighted scans
consistent with myocardial edema. We found no difference,
however, in clinical profile (including premonitory vital infection
and laboratory evidence of systemic inflammation) between the
2 patients with myocardial edema and the 7 patients without this
finding; furthermore, 1 of the 2 patients with myocardial edema
had a myocardial biopsy that was negative for myocardial
inflammation. Finally, and perhaps most importantly, myocardi-
tis is not particularly consistent with the clinical profile evident
in each of our patients with stress cardiomyopathy (ie, rapidly
reversible apical ballooning with hypercontractile base involving
all 3 vascular territories). Therefore, although we appreciate the
reasonable insights of Abdel-Aty et al, we do not believe there
are any data to substantiate an important role for myocarditis in
our patients with stress cardiomyopathy.*

*Original coauthor Dr Jana Lindberg did not participate in the
drafting of this letter.
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2.2. Myokardiale Mitbeteiligung bei Systemerkrankungen

Es war nahe liegend zu untersuchen, ob kontrastverstarkte Techniken auch bei
myokardialen Mitbeteiligungen im Rahmen von Systemerkrankungen die Diagnose
erleichtern kénnen. Erste Untersuchungen bei Patienten mit gesicherter
systemischer Sarkoidose konnten im Jahre 2000 verdéffentlicht werden.*® Da bei
Patienten mit Sarkoidose eine myokardiale Mitbeteiligung die Prognose deutlich
verschlechtert, insbesondere wenn dies bereits zu einer Einschrdnkung der
linksventrikuldren Funktion geflihrt hat, erschien es essentiell zu Gberprtfen, ob
die Diagnose bei noch erhaltener Pumpfunktion gestellt werden kann. In einer
kirzlich publizierten Studie konnten wir die friihe Kontrastmittelanreicherung bei
Sarkoidosepatienten mit noch normaler Funktion zeigen. Eine Aufschllisselung der
untersuchten Parameter erbrachte, dass die Verdnderung der linksventrikuléaren
Ejektionsfraktion nur in 8% zur Diagnose geftihrt hétte, die friihe KM-Anreicherung
dagegen in 83%, das LHE in 23%.%°

Der Verdacht auf eine myokardialen Beteiligung bei Amyloidose wird im klinischen
Alltag anhand des Vorliegens einer linksventrikuldren Hypertrophie und einer
auffalligen Myokardstruktur in der Echokardiographie (ein als ,sparkling®
bezeichnetes Bildmuster) geduBert. Allerdings haben die genannten Parameter
eine nicht zufriedenstellende Sensitivitdt und Spezifitdt. Unter Einsatz der
kontrastverstarkten MRT wurde ein ungewdhnliches LHE beschrieben, das die
nichtinvasive Diagnose deutlich erleichterte.”® Dieses Muster stellt einen Teil
unseres Ansatzes dar, der wiederum neben der funktionellen Beschreibung des
linken Ventrikels einschlieBlich der Quantifizierung der linksventrikuldren

Hypertrophie auch die Analyse der myokardialen Textur umfasst. Dabei kam eine
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Kombination aus T,-gwichteten und T,-gewichteten Sequenzen zur Anwendung,
die sowohl die friihe als auch die spite KM-Anreicherung erfasste. Aufféllig war
weiterhin das gehdufte Auftreten eines Perikardergusses, dagegen konnte die in
der Literatur allerdings mit &lteren Techniken beschriebene Verdickung der
Vorhofwénde nicht nachvollzogen werden. Diese Ergebnisse wurden 2006 als
Abstrakt im Journal for Cardiovascular Magnetic Resonance verdffentlicht.®' Wir
gehen davon aus, dass der vorgestellte Ansatz die Sicherheit in der Diagnose

verbessern wird. Dies muss in prospektiven Studien Gberprift werden.
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1. Background

The diagnosis of the cardiac involvement in patients
with known systemic sarcoidosis is difficult because of
the low sensitivity of myocardial biopsy. Applying con-
trast-enhanced Magnetic resonance imaging (MRI), it
is possible to detect tissue changes associated with
inflammation.

2. Patients and methods

We applied contrast-enhanced MRI in six patients
with proven systemic sarcoidois and suspected cardiac
involvement as defined by the presence of typical symp-
toms (dyspnea, fatigue) and arrhythmias documented
by ECG.Figs. 1 and 2

We performed the MRI-studies on conventional
MRI systems (1.0 T; Siemens-Expert; Siemens AG,
Erlangen, Germany and 1.5 T Signa CV/i; GE; Mil-
waukee, USA, respectively) using a body coil. We used
standard T1-weighted multislice spin-echo sequences
(TE 30 ms; TR 480-725 ms; slice thickness 6 mm) in an
axial and short-axis orientation before and after appli-
cation of 0.1 mmol/kg Gd-DTPA (Magnevist®, Scher-
ing AG; Berlin, Germany). The relative contrast
enhancement was calculated using the signal intensity
changes of the myocardium and the skeletal muscle.

* Corresponding author. Tel.: +49-30-94172593; fax: + 49-30-
94172560.
E-mail address: schulzmenger@fvk-berlin.de (J. Schulz-Menger).

Results were compared with eight patients with
proven systemic sarcoidois but without cardiac symp-
toms or arrhythmias, and to nine healthy volunteers.

3. Results

We detected a patchy accumulation of contrast me-
dia in the hearts of the patients with evidence for
cardiac involvement, but not in others. The focal rela-
tive signal enhancement was significantly higher in pa-
tients with  suspected myocardial involvement
(7.0 £ 1.7) than in patients without any clinical evi-
dence for cardiac involvement (2.2 +0.3, P <0.01).
Furthermore, the global myocardial contrast enhance-
ment was also significantly higher (6.3 +2.0) than in

relative
enhancement

12

10 »

o - »

sare-cardiac sarcoidosis volunteers
Fig. 1. Mean values of the relative enhancement in patients with
proven sarcoidosis with (sarccardiac) and without (sarcoidosis) evi-

dence for cardiac involovement as compared with volunteers.
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Fig. 2. Short axis view T1-weighted spin echo sequence after contrast-
application with a visualization of the localized contrast enhance-
ment.

patients without any clinical evidence for cardiac in-
volvement (2.2 +0.3, P <0.01). The difference of pa-
tients without cardiac involvement to controls
(1.9 + 0.2) was not significant.
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Follow-up studies over 2 years (after 1, 6, 12 and 24
months) showed a normalization of the relative en-
hancement in five of six affected patients undergoing
steroid medication. In one patient there were changing
enhancement patterns closely related to the clinical
picture with ongoing symptoms.

4. Discussion

Magnetic Resonance Imaging reveals an increased
accumulation of contrast media in patients with sys-
temic sarcoidosis and clinical evidence for cardiac in-
volvement. This was present in focal areas, but also
when quantified for the whole myocardium.

Thus, MRI may be helpful for guiding antiinflamma-
tory therapy. Further studies in larger patient groups
are necessary to assess the clinical applicability in pa-
tients with sarcoidosis.

5. Summary

Contrast-enhanced MRI may serve as a sensitive
noninvasive tool for the detection and follow-up of
myocardial involvement in patients with systemic sar-
coidosis.
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Patterns of myocardial inflammation and scarring in
sarcoidosis as assessed by cardiovascular magnetic

resonance

J Schulz-Menger, R Wassmuth, H Abdel-Aty, | Siegel, A Franke, R Dietz, M G Friedrich

ment has a strong impact on the patient’s prognosis but

is difficult to detect in vivo. This is reflected by the high
rate of unexpected cardiac sarcoidosis in postmortem studies.
In a study of patients with necropsy proven cardiac sarcoidosis,
it was established or suspected before death in only 45%, with
cardiac involvement being fatal in 67%." Cardiac sarcoidosis is
mostly identified by impaired systolic left ventricular (LV)
function, a feature of more advanced disease.

Cardiovascular magnetic resonance (CMR) detects tissue
inflammation and fibrosis. The focus of our study was to
identify cardiac tissue changes in patients with systemic
sarcoidosis by using CMR.

Sarcoidosis is a multisystemic disease. Cardiac involve-

PATIENTS AND METHODS

Between 1999 and 2003, we studied 31 patients with proven
systemic sarcoidosis (mean (SD) age 46 (2) years; 19 men).
Twelve patients (48 (4) years; 10 men) had evidence for
cardiac involvement as defined by typical symptoms and
documented arrhythmias. In eight patients with chest pain,
risk factors for coronary artery disease, or age above 30 years,
coronary artery disease was excluded by coronary angiogra-
phy. The remaining four patients were three men and one
woman (25, 30, 29, and 30 years old, respectively). All of
them were non-smokers, had a normal serum lipid profile,
and had no family history of coronary artery disease. We also
investigated 19 patients with sarcoidosis and without cardiac
symptoms (45 (3) years; 15 men). Sarcoidosis was confirmed
by biopsy in all cases, taken from either the lungs (n = 27)
or the skin (n = 4).

Nine healthy subjects served as controls (38 (8) years,
seven men).

We used a dedicated cardiovascular MRI system (Signa CV/
7, 1.5 T; GE Medical Systems, Milwaukee, Wisconsin, USA)
with a four element phased array coil or with a body coil. To
visualise inflammatory myocardial tissue changes, we
assessed global and focal myocardial contrast enhancement
in T1 weighted multislice fast spin echo images obtained
before and within the first four minutes after application of
0.1 mmol/kg gadolinium-diethylenetriaminepentaacetic acid
(Gd-DTPA) (Magnevist; Schering AG, Berlin, Germany), as
described elsewhere.”

For the detection of scar tissue, we assessed delayed
contrast accumulation with a multislice T1 weighted inver-
sion recovery prepared gradient echo sequence (short axis,
inversion time individually optimised, repetition time 5.5 ms,
echo time 1.4 ms, slice thickness 10 mm, and no gap) 15
minutes after an additional administration of 0.1 mmol/kg
body weight Gd-DTPA.

We studied cardiac function with a steady state free
precession gradient echo cine sequence (contiguous set of short
axis images, slice thickness 10 mm, no gap, and three long axis
images). CMR was performed at baseline and in the patients
with suspected cardiac involvement after six and 12 months.

Heart 2006,92:399-400. doi: 10.1136/hrt.2004.058016

Global and focal early relative enhancement was quantified
as previously described’. Focal scar lesions were identified by
visual assessment. LV volumes, mass, and function were
quantified by manually tracing the LV endocardial and
epicardial borders at end diastole and end systole.

All values are presented as mean (SD). A probability value
of p < 0.05 was considered significant. Data were analysed
with the 7 test by standard software (StatView 4.5; Abacus
Concepts, Berkeley, California, USA).

RESULTS

As defined by the inclusion criteria, all patients with sarcoidosis
with suspected cardiac involvement had ventricular arrhyth-
mias (bigeminy, trigeminy, or both); eight had atrial arrhyth-
mias (two with atrioventricular bundle brunch block), five had
atrial fibrillation or atrial flutter, and one had atrial tachycar-
dia) and dyspnoea (six were in New York Heart Association
functional class IJ, five in class III, and one in class IV).

Functional analysis showed normal values in all patients.
No significant difference in the preserved LV ejection fraction
between all groups was observed. We detected wall motion
abnormalities in two patients and a posterior aneurysm in
one patient. Global relative enhancement did not differ
between volunteers and sarcoidosis patients without sus-
pected cardiac involvement (1.9 (0.3) v 2.5 (0.2), not
significant) but was significantly increased in patients with
suspected cardiac involvement compared with patients
without cardiac involvement (5.5 (1.0) v 2.5 (0.2),
p < 0.0002). Focal areas of relative enhancement were
detected in eight patients with suspected cardiac involvement
(9.2 (2.8) v 3.0 (0.3) in volunteers, p < 0.002).

Follow up after six and 12 months in 12 patients showed a
normalisation of relative enhancement during steroid treat-
ment in 10 patients, according to an improvement of the
clinical status in these patients. Focal delayed enhancement
was present in three patients. In two of them the LV ejection
fraction did not normalise and a clinical worsening was
recognised during tapering off of steroids. Figure 1 shows the
incidence of each pathological finding.

DISCUSSION

We showed that CMR can visualise myocardial contrast
enhancement in patients with sarcoidosis and preserved LV
function. This study confirms earlier reports on early contrast
enhancement in myocardial inflammation and in patients
with sarcoidosis.*” Global relative enhancement was not
altered in patients with proven sarcoidosis but without
evidence for cardiac involvement but was significantly higher
in patients with evidence for cardiac involvement. The
incidence of delayed enhancement was low.

Our results extend the existing knowledge on CMR in
sarcoidosis by three new aspects: firstly, we used quantitative
global relative enhancement data to reduce investigator
dependent bias. Secondly, we included patients with preserved

www.hearfinl.com
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enhancement. Remarkably, patients with delayed enhance-
ment had an impaired prognosis—that is, worsening of the
ejection fraction over time and symptoms during tapering off of
steroids.

In summary, the presented method potentially improves
the diagnostic capabilities for early assessment of myocardial
sarcoidosis. It has the potential to identify the type of

myocardial injury (inflammation or fibrosis)

and thus

provide means for earlier detection and better understanding
of the disease.
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2.3. Andere nicht-ischdmischen Herzerkrankungen

Ohne Zweifel kann man davon ausgehen, dass auch bei anderen nicht-
ischdmischen Herzerkrankungen (NHID) eine Myokarddifferenzierung md&glich
ist. Insbesondere Ansétze zur Fibrosedarstellung erscheinen vielversprechend. Mit
der Entwicklung eines Algorithmus zur Quantifizierung und systematischen
Beschreibung der Qualitdt und Quantitat einer Fibrose ist aus unserer Sicht ein
wichtiger Schritt vollzogen worden, um Daten vergleichbar zu machen. Dieser Weg
wurde bei insgesamt 156 retrospektiv analysierten Patienten angewendet. Diese
nach einem einheitlichen Protokoll untersuchten Patienten wurden nach folgenden
Kriterien rekrutiert: Ausschluss einer Koronaren Herzkrankheit und positives LHE
aus einer Datenbank von 8237 Untersuchungen. Es wurden 2618 Segmente
analysiert. Auf Grundlage dieser Arbeit konnten wir erstmals den nichtinvasiven
Nachweis von Fibrosierungen bei Aortenstenosen beschreiben. Interessant
erscheint weiterhin, dass bei einigen Erkrankungen (HCM, DCM, Myokarditis und
Vaskulitis) charakteristische Muster detektiert werden konnten. Neben dem bereits
im Kapitel Il 1 auf der Seite 28 beschriebenen HCM-Muster, fiel bei der DCM eine
Haufung von mitventrikuldren Anreicherungen auf (mid-wall-sign). Interessant
erscheint, dass bei der Myokarditis das LHE insbesondere supepikardial
posterolateral nachweisbar ist, wéhrend die Fibrosen bei Vaskulitiden vorwiegend
subendokardial, aber nicht assoziiert mit dem Versorgungsgebiet einer groBen
epikardialen Koronararterie, nachweisbar sind.

Unsere Untersuchungen zur Myokarditis und Sarkoidose lassen erkennen, dass
insbesondere in aktiven Stadien eines Krankheitsbildes die Darstellung eines LHE

allein nicht ausreichend ist. In unseren Arbeiten war das LHE bei der Myokarditis
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in 40% der Patienten und bei Sarkoidose in 23% nachweisbar.®® *° Es ist aber
anzunehmen, dass das Auftreten von Fibrosierungen zumindest bei bestimmten
Entitdten mit einem héheren Schweregrad und vermutlich sogar einem héherem
Risiko fur die Entwicklung von Herzrhythmusstérungen und/oder einer

Herzinsuffizienz einhergehen.

2.4. Entwicklung alternativer Techniken (T1-Mapping)

In dem Bewusstsein, dass die kontrastverstarkte MRT eine wesentliche Rolle bei
der myokardialen Differenzierung spielt, erscheint es wesentlich, technische
Optimierung vorzunehmen, welche die Potenz haben, auch diffuse Fibrosierung zu
erfassen. Da eine Methode ideal wére, welche die rasche Quantifizierung der
Gewebeparameter, eventuell sogar kontrastmittelfrei gestattet, wurde die weitere
Implementierung des T1-Mappings forciert. Daniel Messroghli aus unserer
Arbeitsgruppe hatte bereits 2003 die erste Anwendung in einer damals noch
suboptimalen Technik bei Patienten mit akutem Myokardinfarkt beschrieben.®
Wahrend seines Forschungsaufenthaltes in Leeds gelang es ihm, die Sequenz zu
optimieren. Nach dem die Implementierung an unserem System gelang, wurden
zur Erstellung von Normwerten, Probandenmessungen durchgeftihrt. Diese ersten
Ergebnisse wurden 2006 als Abstrakt im Journal for Cardiovascular Magnetic
Resonance publiziert und sind zur weiteren Veréffentlichung eingereicht.®
Untersuchungen bei Patienten mit myokardialen Erkrankungen insbesondere

akuter Myokarditis und linksventrikuldrer Hypertrophie werden gegenwértig

durchgefthrt.
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3. Koronare Herzkrankheit
Im Mittelpunkt unserer Forschungsaktivitdten stand hier die Differenzierung von

akuter und chronischer Schéadigung.

3.1. Differenzierung der Schadigung der myokardialen Schadigung

Die Kombination von T,-gewichteten Sequenzen zur Detektion eines potenziellen
peri-infarziellen Odemes in Kombination mit kontrastverstdrkten T,-gewichteten
Techniken zur Fibrosedetektion ist prédestiniert flir die Differenzierung von akuten
und chronischen Infarkten. Unsere Arbeitsgruppe veréffentlichte dies bei 58
Patienten mit einer Spezifitit von 96% im Jahre 2004.%% Obwohl die einzelnen
Anwendungen der Sequenzen schon lange bekannt sind, ist dies noch kein
Allgemeingut, so dass wir uns im European Heart Journal an einer
entsprechenden Diskussion beteiligten, um die Anwendung der T,-Wichtung im
akuten Infarkt zur Selbstversténdlichkeit werden zu lassen.®

Wir nutzen das Modell einer Kklinisch indizieten PTSMA bei HOCM zur
Untersuchung eines Myokardinfarktes. Die Durchftihrung unter Verwendung von
Schaumstoffpartikeln entspricht einem plétzlichen Koronarverschluss, dies
gestattete uns die myokardialen Verdnderungen nach einem gezielt induzierten
Infarkt zu untersuchen. Die Kontrolle der Patienten vor und zu definierten
Zeitpunkten nach der Intervention zeigte, dass der Infarkt bereits nach einer
Stunde mit kontrastverstédrkten Techniken darstellbar war. Dies konnte im Jahre

2002 im Journal of American College of Cardiology publiziert werden.*®
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3.2. Optimierung und Validierung vorhandener Techniken

Die Implementierung einer neuen 3D-atemangehaltenen SSFP-Sequenz wurde
genutzt, um die Anwendbarkeit bei der Darstellung von Koronararterien
systematisch bei Probanden und Patienten zu untersuchen. Es konnte gezeigt
werden, dass die Sequenz reproduzierbar nutzbar ist, allerdings brachte die
Administration von Gd-DTPA insbesondere bei der rechten Koronararterie keinen
Vorteil. Die Publikation erfolgte 2005 im Journal fir Cardiovascular Magnetic
Resonance.®

Ohne Zweifel wére der Nachweis vulnerabler Plagues der reinen
Stenosequantifizierung dberlegen. Um uns dieser Fragestellung zu néhern,
untersuchten wir am 1.5T MRT-Scanner Patienten mit Carotisstenosen und
konnten in einem ersten Ansatz zeigen, dass ein multisequentieller MRT-Ansatz
die im Ultraschall homogenen Plaques weiter differenzieren kann. Es wurden unter
Verwendung einer Oberfldchen-Carotis-Spule T,-gewichtete, protonengewichtete
und T,- gewichtete Sequenz vor und nach Applikation von Gd-DTPA eingesetzt.
Diese Ergebnisse wurden 2005 auf dem Treffen des American College of
Cardiology vorgestellt.

Nach anfanglicher Euphorie in der Literatur wurden die Publikation zur First-Pass-
Perfusion deutlich zurtickhaltender, da die Spezifitat bezogen auf den Stenosegrad
in der ersten multizentrischen Studie geringer ausfiel als erwartet.®® Urséchlich ist
unter anderem die hohe rdumliche Auflésung der Methode, die gut mit der PET
vergleichbar ist und damit auch die durch primér intramyokardiale Minderperfusion
bedingte Verdnderungen erfasst.*® Auf der anderen Seite gestattet dies aber,

Perfusionsverdnderungen auf myokardialer Ebene zu erfassen. So konnten wir
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bereits nach elektiver erfolgreicher Koronarintervention Minderperfusionen
nachweisen und zeigen, dass die Perfusionsverdnderungen nach akuter
Intervention bei Myokardinfarkt eine Bedeutung flir spatere Verdnderungen der
linksventrikuldren Funktion haben.®” %

Leider besteht gegenwértig noch keine Einigung Uber die optimale
Sequenztechnik, Kontrastmitteldosis und -applikationsform. Da die Adenosin-
First-Pass-Perfusion aber das Potenzial hat, eine Ischdmie vor der Entstehung
einer Wandbewegungsstérung innerhalb der Ischdmiekaskade zu detektieren,
setzten wir uns mit der Optimierung der Kontrastmitteldosis flr die
Doppelbolusapplikation bei speziell optimierten Sequenzen auseinander. Diese
Technik wird uns die Méglichkeit eréffnen, die Myokardperfusion zu quantifizieren.
Diese Ergebnisse wurden 2006 als Abstrakt publiziert und sind zur weiteren

Verdéffentlichung eingereicht.®
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Very early changes in myocardial tissue composition during acute myocardial infarction
(AMI) are difficult to assess in vivo. Cardiovascular magnetic resonance (CMR) imaging
provides techniques for visualizing tissue pathology.

The diagnostic role of CMR in very acute stages of myocardial infarction is uncertain. We
investigated signal intensity changes beginning within 60 min after acute coronary occlusion
in patients undergoing therapeutic septal artery embolization.

We investigated eight patients with hypertrophic obstructive cardiomyopathy undergoing
interventional septal artery embolization by applying microparticles to reduce left ventricular
outflow tract obstruction. In a clinical 1.5-tesla (T) CMR system, we visualized infarct-
related myocardial signal by T,-weighted sequences before and 20 min after administration
of contrast media (delayed enhancement) and edema-related signal by T,-weighted spin-echo
sequences before and 58 * 14 min after the intervention as well as on days 1, 3, 7, 14, 28,
90, and 180 during follow-up.

Infarct-related changes as defined by contrast enhancement were observed as early as 1 h after
the intervention and during six months of follow-up. In contrast, infarct-related myocardial
edema, as visualized by high signal intensity in T,-weighted spin-echo sequences, was not
consistently detectable 1 h after acute arterial occlusion; this was possible in all subsequent
studies until day 28.

Contrast-enhanced magnetic resonance imaging detected infarct-related signal changes as
early as 1 h after AMI in humans, whereas the sensitivity of edema-related signal changes was

not sufficient during this very early stage.

(J Am Coll Cardiol 2003;42:513-8) © 2003 by

the American College of Cardiology Foundation

The early and reliable diagnosis of acute myocardial infarc-
tion (AMI) has a strong impact on clinical outcomes (1).
Current clinical routine is mostly based on medical history,
physical status, the electrocardiogram (ECG), and serologic
findings. Although the overall sensitivity of these parame-
ters is good (2,3), it is less favorable early after the onset of
ischemia (4). However, in the diagnosis of myocardial
infarction (MI), speed is essential, and in selected patients
with equivocal results, the knowledge of very early changes
could be helpful in therapeutic decision-making.

Cardiovascular magnetic resonance (CMR) is able to
differentiate infarcted from normal myocardium (5-7) and
also detects myocardial edema by T,-weighted pulse se-
quences (8,9). However, in most animal and human studies
(10,11), the changes were assessed at least 24 h after the
acute injury. We investigated the signal intensity changes in
the very early stages of MI after acute occlusion of a
coronary artery.

METHODS

Patients. We studied eight patients (5 men and 3 women;
41 to 78 years old) with hypertrophic obstructive cardiomy-
opathy scheduled for interventional septal artery emboliza-
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tion. All patients had severe symptoms with dyspnea (New
York Heart Association [NYHA] functional class III or
1V), despite optimized pharmacologic treatment, and ful-
filled the accepted criteria for undergoing this intervention.
Significant coronary artery disease was excluded by cardiac
catheterization. All patients gave written, informed consent.
One patient was embolized a second time three months
after the first procedure because severe symptoms and a high
pressure gradient persisted.

Septal artery embolization. The intervention was per-
formed by infusion of a solution containing microparticles
(Contour Emboli; Target, Boston Scientific Corp., Boston,
Massachusetts) into the septal artery supplying the basal
septum as identified by intra-procedural contrast-enhanced
echocardiography. The infusion resulted in acute embolic
occlusion of the artery with complete cessation of flow, thus
closely matching the pathophysiology of thrombotic occlu-
sion in atherosclerotic AMI.

CMR imaging. We used a dedicated CMR system (Signa
CV/i; 1.5 T, GE Medical Systems, Milwaukee, Wisconsin)
located close to the cardiac catheterization laboratory and
intensive care unit. Patients were continuously monitored
during the examination by ECG, repeated blood pressure
measurements, and pulse oximetry.

We used a four-element, phased-array coil or body coil. A
T,-weighted spin-echo sequence (short T, inversion recov-
ery [STIR], repetition time [TR] 2 RR interval, echo time
[TE] 64 ms, slice thickness 10 mm, matrix 256 X 256, field
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Abbreviations and Acronyms
AMI = acute myocardial infarction
CMR = cardiovascular magnetic resonance
ECG = electrocardiogram/electrocardiographic/
electrocardiography
MI = myocardial infarction
MR = magnetic resonance
NYHA = New York Heart Association
STIR = short T, inversion recovery
TE = echo time
TI = inversion time
TR = repetition time

of view 34 X 34 or 36 X 36 mm) was used to visualize
myocardial edema. Irreversible myocardial injury was visu-
alized by T;-weighted sequences (TE 23 ms, slice thickness
10 mm, matrix 256 X 160, field of view 36 X 36 cm) 20 min
after intravenous application of 0.2 mmol/kg gadolinium—
pentetic acid (Magnevist, Schering AG, Berlin, Germany).
In three patients, we also assessed myocardial necrosis, as
defined by “delayed enhancement,” using a T,-weighted,
inversion-recovery prepared gradient echo sequence (TR 5.5
ms, TE 1.4 ms, inversion time [TI] 220 to 250 ms, slice
thickness 10 mm).

We calculated the signal intensity ratio of the infarcted
myocardium compared with remote myocardium and the
proportion of the infarcted tissue related to the entire
myocardium in the infarct-containing slice.

The left ventricular ejection fraction was quantified in a
set of contiguous gradient-echo images (TE 4.8 to 6.1 ms,
slice thickness 10 mm) in the true short-axis orientation.

Cardiovascular magnetic resonance was performed before
and 58 = 14 min after the intervention as well as on days 1,
3, 7, 14, 28, 90, and 180. One patient (who underwent 2
interventions) had an additional study 7 h after the inter-
vention.

Care was taken to reproduce the same slice position in the
follow-up studies, using anatomic landmarks.

Statistics. The infarct area during follow-up was compared
with remote areas using an analysis of variance (Statview,
SAS Inc., Cary, North Carolina) and as a post hoc analysis

Fisher exact test.

RESULTS

All patients could be investigated without complications in
a routine clinical setting.

Septal artery embolization procedure. All septal ablation
procedures were successful, as defined by an immediate drop
in the pressure gradient and subsequent enzyme release. No
major complications occurred. Creatine kinase activity
peaked at 570 £ 213 U/l (normal range <170 U/l for
women and <200 U/l for men) after the intervention and
normalized in all subjects within five days. In four patients,
the ECG demonstrated signs of anteroseptal MI as defined
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by ST-segment elevations =0.2 mV in at least two adjacent
chest wall leads (generally leads V, to V,).

At the end of the follow-up period, the clinical status had
improved in all patients (mean NYHA class 3.1 = 0.1 vs.
1.3 = 0.2, p < 0.0001).

T,-weighted CMR. Before the intervention, the T,-
weighted images did not show any myocardial signal inten-
sity abnormalities in the basal septal region. Also, within 1 h
after the intervention, there were no relevant intramyocar-
dial signal intensity changes in T,-weighted images. In
some patients it was necessary to differentiate intramyocar-
dial signal from slow flow (Fig. 1). Therefore, a gradient-
echo sequence was used to verify the endocardial border.
Also, in the one patient with an additional CMR study 7 h
after the intervention, no significant edema was detectable
at that time point. However, 24 h after the intervention, a
signal increase in the infarct area was visible in seven of
eight patients. On days 3, 7, 14, and 28, these signal
changes were visible in all patients, whereas after 90 and 180
days they had disappeared.

Contrast-enhanced CMR. The course of signal intensity
changes in late contrast-enhanced T;-weighted CMR im-
ages differed from that of T,-weighted CMR images. The
investigated regions had no contrast enhancement before
the intervention. The signal intensity ratio between septal
and remote myocardium increased from 1.01 = 0.01 before
the intervention to 1.84 = 0.19 1 h after the intervention (p
< 0.05). A localized enhancement persisted during the
entire follow-up period (Figs. 1 and 2). The intensity and
extent of the localized signal increase varied between the
patients.

The area of the infarcted region during follow-up was

significantly larger between days 1 and 14 than at all other
time points (p < 0.02) in the late contrast-enhanced images.
Furthermore, significant changes in the T,-weighted CMR
images were observed. The area of the increased STIR
signal was larger than that of the late contrast-enhanced
images, but this difference did not reach statistical signifi-
cance (Fig. 2). After 180 days, the area of the signal increase
in the late contrast-enhanced images appeared more sharply
defined and smaller than on day 7.
Functional analysis. In all patients, a persisting regional
hypokinesia in the infarcted region was observed, as quan-
tified in gradient-echo CMR image series. The global left
ventricular function did not change (ejection fraction: 68 *
4% vs. 69 + 4%, p = NS).

DISCUSSION

Our data show that contrast-enhanced CMR is able to
visualize even small myocardial infarcts in vivo at a very early
stage, whereas T,-weighted CMR may not be sufficiently
sensitive.

To our knowledge, this is the first report on CMR in
patients early after an embolic event. There is a case report
using CMR to visualize microvascular obstruction after
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Figure 1. Signal changes in the septal myocardial infarction in a follow-up detected by magnetic resonance imaging. (a) T,-weighted spin-echo sequences
visualizing the edema. Sixty minutes after acute occlusion of the septal artery, there was no signal increase in the myocardium; the streaky artifacts visible
adjacent to the septum and in the inferior parts in both ventricles are most likely due to slow flowing blood. (b) T,-weighted spin-echo imaging after

gadolinium. Enhancment was detectable within 60 min of infarction.

septal artery embolization (12). However, the ablation
method in that case differed from ours by the use of alcohol.

Our findings of infarct-related contrast enhance-
ment correspond to histologic evidence of the presence
of myocardial necrosis as early as 40 min after arterial
occlusion (13,14). The same studies showed that the
infarct subsequently expands, a finding known as the
“wave front phenomenon” (13). This is associated with
the development of intracellular and interstitial myo-
cardial edema.

In our approach, ablation of the septum was performed by
applying micro-emboli consisting of foam gel, without any
alcohol. Thus, an embolic event is created, providing a
pathophysiology very similar to AMI. Thus, our model
differs from classic infarcts by a more peripheral location of
the occluding substrate and thus collateral flow. However, a
better collateral flow, albeit reducing the infarct size, is
unlikely to change the pathophysiology in the more central
parts of the infarcted area. Thus, we are convinced that our
model closely matches at least most parts of an atheroscle-
rotic, but ultimately, no-flow infarction.

There are many studies on magnetic resonance (MR)
findings in animal models of AMI. Although animal studies
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have provided significant insight into early ischemic myo-
cardial injuries, studies in humans remain a necessity,
considering the different profiles of myocardial ischemic
injury in humans compared with other species. Our data
may provide the information that is lacking by using a
human model that closely matches the embolic event of
AML

Magnetic resonance studies in animals showed an in-
crease of T; and T, relaxation times 3 h after occlusion (15).

Higgins et al. (16) demonstrated in an animal model of
AMI that the increase in T, signal of the infarcted regions
reflects infarct-associated myocardial edema. Further stud-
ies on animal models confirmed the relationship between a
high T, signal pattern and myocardial edema and further
demonstrated that the spatial extent of myocardial edema
exceeds that of irreversible myocardial injury (17). It was
shown that diffusion-weighted MR imaging, but not T,-
weighted MR imaging, is sensitive to intracellular edema
(18). Thus, it is very likely that the high signal intensity in
our setting is reflective mainly of interstitial edema. In
humans with subacute MI, Miller et al. (19) have shown
that the function of myocardial segments showing a high
STIR signal may recover, suggesting a mismatch between
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Figure 2. Changes over time in the infarcted and edematous areas. The
affected area (%) = (area with signal abnormality/area of whole myocar-
dium within slice) X 100. *Significant difference from day 0 (1 h after
intervention) and days 28, 90, and 180 (p < 0.05). #Significant difference
from days 1, 3, 7, 14, and 28 (p < 0.05). ##Significant difference from days
3 and 7 (p < 0.05). STIR = short T, inversion recovery.

myocardial edema and necrosis. Although myocardial
edema occurs in irreversibly injured myocardium, it fre-
quently also extends to reversibly injured myocardium and
was shown to closely match the myocardial “area at risk” (9).

Our results indicate a differential time course of contrast
enhancement, reflecting irreversible myocardial injury, and a
high T, signal intensity, reflecting myocardial edema with a
delay in the occurrence of T,-related changes. Thus, for very
early detection in a clinical setting, this approach does not
seem to be sufficiently sensitive.

These results correspond to several animal studies show-
ing that infarct-related myocardial edema was not detectable
within the first hour before, but by 3 h after, occlusion
(9,15,20). Different mechanisms may explain this. It is
known that early in the course of ischemic injury myocardial
edema is predominantly intracellular, and T,-weighted
CMR may not be able to detect bound water molecules in
the case of intracellular edema.

Later on, however, a T,-related high signal was consis-
tently observed. There are no published in vivo human data
on patients with edema in the very early stages of M1, but an
increased signal intensity in T,-weighted images was re-
ported for infarcted regions three days after MI, which
could be correlated with myocardial edema (21,22). We also
found evidence of edema one day after AMI, consistent
with these results. The edema persisted for at least one
month but was not detectable after three months.

In contrast to T, changes, T; abnormalities due to MI are
typically not visually detectable on MR images without
using contrast agents.

On the other hand, CMR imaging late after administra-
tion of gadolinium (delayed enhancement) accurately re-
flects irreversible myocardial injury. In contrast to T,-
weighted images, only irreversibly damaged myocardium is
enhanced. Thus, it is conceivable that the spatial extent of
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delayed enhancement would be less than that of STIR-
determined myocardial edema.

Reperfusion injury early after experimental MI has been
assessed by contrast-enhanced CMR (23,24), and there are
numerous studies indicating that contrast-enhanced CMR
is able to differentiate between infarcted and viable myocar-
dium (6,25,26). The agreement of gadolinium accumulation
with histologic parameters of myocardial necrosis was
shown in animal CMR studies as early as 6 h after AMI
(27,28).

The underlying pathophysiology of gadolinium accumu-
lation in MI, however, has not been fully elucidated.
Mechanisms under discussion include a prolonged wash-in/
wash-out period in the infarcted tissue due to contrast
media diffusion into necrotic cells, as well as a relative
increase of interstitial space and interstitial edema (29,30).
Thus, the contribution of edema, by comparison with
necrosis or fibrosis, to the accumulation of gadolinium is
difficult to estimate.

Interestingly, we observed a transient spatial increase of
the enhancing area in the contrast-enhanced T;-weighted
images during the period with edema, as defined by high
signal intensity areas in the T,-weighted images, indicating
a common underlying pathophysiology. Different mecha-
nisms may explain this finding: it has been previously shown
that in humans, the time needed for the infarct to reach its
maximum size is about 6 to 12 h, compared with 3 to 4 h in
dogs. Furthermore, gadolinium—pentetic acid also accumu-
lates in edema (31), and thus our finding may simply reflect
the involvement of infarct-associated edema. Finally, recent
reports have underlined the role of apoptosis in the patho-
physiologic cascade of irreversible ischemic injury. It is
assumed that the apoptotic process achieves its final spatial
extent a few days after the ischemic insult.

In patients with two infarctions, the more recent acute
infarct revealed more blurred edges of the infarct-related
necrosis than the chronic scar. Furthermore, signal intensity
increased to a lesser extent. A clear discrimination of both
infarcts, however, was possible only by the presence or
absence of the infarct-associated edema (Fig. 3).

Thus, a delayed contrast enhancement without concom-

itant edema may be a marker of either necrosis during the
first hours of infarction or chronic myocardial scar (after
infarct-related inflammation has disappeared).
Clinical implications. Our results underscore the potential
role of CMR in a number of clinical scenarios. Verifying the
diagnosis of AMI is useful in the critical care setting, when
conventional methods are inconclusive or contradictory and
a therapeutic decision is urgently required. In addition,
differentiation between acute and chronic infarcts is also
possible. In the case of known infarcts, their age can be
estimated: the finding of delayed enhancement in the
absence of a corresponding high STIR signal intensity
would exclude an acute event.

Finally, the unique ability of CMR to provide a non-
invasive, reproducible means of assessing the temporal
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after second intervention

Figure 3. Contrast-enhanced CMR images. (a) First image = long-axis view after the first intervention; second image = long-axis view after the second
intervention, with enlarged contrast accumulation; third image = long-axis view with planned short-axis orientation; fourth image = short-axis view
showing a high signal intensity in the chronic infarction (arrowhead) and a lower, but still high, signal intensity in the acute infarction (atrow). (b)
T,-weighted images: short-axis view after the first intervention (left) and short-axis view after the second intervention (right). In contrast to the chronic
infarction (arrowhead), the acute infarction shows a very high signal (arrow).

evolution and spatial extent of various myocardial ischemic
injuries may justify its application as a tool for monitoring
the effect of novel therapeutic approaches targeting these
injuries.

Study limitations. Our study was performed on a specific
patient population without chronic coronary artery disease.
Although septal artery embolization produces an acute,
non-reperfused MI, the injurious profile of this rather
“controlled” myocardial insult may differ from the complex
pathophysiology underlying clinical AMI.

We also did not register images, and despite our efforts to
accurately reproduce the previous position with the help of
anatomic landmarks, a slight shift of the position may have
occurred.

Finally, because of the time we started our investigations,
no inversion-prepared T;-weighted gradient-echo se-
quence, as is usually used today for late enhancement CMR,
was available. However, our experience with patients in
whom both sequences were applied, did not reveal any
significant differences between our and the newer tech-
niques. Although newer techniques have a better contrast—
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noise relation, T;-weighted sequences in general reveal the
post-contrast signal changes we observed.

Conclusions. Contrast-enhanced T;-weighted CMR is a
sensitive method of detecting myocardial tissue damage
even within 1 h after an acute embolic MI in humans,
whereas T,-weighted CMR was found to be not sufficiently
sensitive at this early time point.
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We compared the performance of a contrast-enhanced with a non-contrast breath-hold 3D-SSFP-sequence for Magnetic Resonance
Coronary Angiography in seven healthy subjects and 14 patients. Visibility of coronary segments, vessel length, image quality and the
influence of an extracellular contrast agent (Gadolinium-DTPA) were assessed. Overall, the performance of the sequence was better in
healthy subjects than in patients. Although the application of Gadolinium-DTPA increased the contrast-to-noise-ratio of the right coronary
artery, the overall performance was not significantly improved. We conclude that a 3D-SSFP-technique depicts extensive parts of the

coronary arteries and does not require contrast application.
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1. Introduction

Although Magnetic Resonance Coronary Angiography
(MRCA) has been under development for more than a decade
(1), there is still no agreement on the type of sequence and the
need for contrast application. Main challenges for MRCA
include the spatial resolution, motion artifacts, tortuosity of the
vessels and the proximity of pericardial fat and cardiac
chambers (2—4). To overcome these problems, three-dimen-
sional (3D) breath-hold and free-breathing MRCA techniques
(5—9) have been recently introduced. Among those, steady-
state free precession (SSFP) sequences appear promising
because of their short repetition and echo times and excellent
contrast between blood and surrounding structures (10—15). In
SSFP sequences applied for MRCA, however, data are
acquired while the signal is in transience to steady state and
thus SNR and CNR do not reach their maximal values. Since
image contrast in SSFP is primarily based upon the ratio of
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tissue T2/T1 relaxation times, intravascular application of a
T1-shortening contrast agent increases the signal intensity of
blood, and should thus lead to higher SNR and CNR values of
the coronary arteries. Moreover, the rather slow washout of the
contrast agent would provide a relatively long temporal
window (20—30 min) of optimal contrast impact, sufficient
enough for image acquisition and evading the limitations of a
first-pass angiography. So far, data are only available for
peripheral angiography (16).

We assessed the performance and the clinical feasibility of
a breath-hold 3D-SSFP sequence to visualize the coronary
arteries with and without application of an extracellular
contrast agent (Gadolinium-DTPA).

2. Materials and methods

Twenty-one individuals underwent MRCA, among them
seven healthy subjects and 14 patients, 1 £3 days after
conventional X-ray coronary angiography for clinical suspi-
cion of coronary artery disease. All participants gave written
informed consent before the examination and the study was
approved by the institutions local ethics committee. Special
exclusion criteria were prior coronary bypass grafts or cardiac
surgery with implantation of metallic clips, coronary artery
stenting, severe cardiac arrhythmia and pre-existing pulmo-
nary disease. Patients with contraindications to MR imaging
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ECG

fat saturation pulse

4” SSFP
preparation

fat saturation pulse

I SSFP
preparation

Figure 1. ECG-gated 3D-SSFP sequence (FIESTA) using the variable sampling in time approach (VAST): Each partition encoding set is
acquired in two heartbeats: 32 lines are acquired in the first R-R interval and the rest in the second R-R interval (data acquisition). The
spectrally selective inversion RF-pulse (fat saturation pulse) is followed by a half-alpha, half-TR preparation pulse and 6 dummy RF pulses
to accelerate the approach to steady-state (SSFP preparation). The SSFP preparation phase is then followed by the data acquisition.

(automatic implantable defibrillators, pacemakers, intra-
cranial aneurysm clip, etc) or contrast administration were
excluded as well. All studies were performed on a 1.5- Tesla
system (Signa CV/i, GE Healthcare Technologies, Milwau-
kee, Wisconsin, USA) with a high-performance gradient
system (peak amplitude 40 mT/m, maximum slew rate
150 mT/m/ms).

2.1. MR coronary angiography

All subjects were examined in supine position. Data acqui-
sition was electrocardiographically triggered and each
imaging sequence was performed within one breath-hold in
exspiration using a four-element, cardiac-optimized phased-
array coil.

The imaging protocol for the investigational sequence con-
sisted of two steps. First, two to three scout scans were ac-
quired for coronary artery localization in transverse, sagittal
and/or coronal orientation. For these scans an ECG-triggered
multislice 2D segmented fast gradient echo sequence (TR=5.7
ms, TE=1.6 ms, matrix=256 x 160, FOV=34.0 x 25.5 mm,
NEX=1, slice thickness=5 mm, no slice gap) was used,
yielding 12—16 slices per breathhold. On these 2D scout im-
ages the position of the coronary arteries was determined and
the double-oblique 3D-imaging planes were planned sepa-
rately for the left anterior descending (LAD) coronary artery,
the left circumflex (LCX) and the right coronary artery (RCA).
Volume targeted breath-hold scans were then acquired in ex-
spiration along the above-obtained orientations using the in-
vestigational 3D steady state free precession sequence
(FIESTA, Fig. 1). Technical parameters were as follows:
TR=4.4 ms, TE=1.8 ms, flip angle 65°, receiver bandwidth
125 kHz, NEX 0.5, matrix 256 x 192, FOV 26.0-28.0 cm,
2.2-2.6 cm slab thickness. Fat suppression was achieved by a
spectrally selective inversion RF-pulse, which was played out
prior to each data acquisition window. A half-alpha, half-TR
preparation pulse followed by 6 dummy RF pulses was used to
accelerate the approach to steady-state. The segmented data
acquisition was distributed over 24 heartbeats, yielding 12
partitions. Each partition encoding set was acquired in two
heartbeats using the variable sampling in time (VAST, Fig. 1)
approach (17, 18). For each slice partition, the data acquisition
consists of two non-equal temporal segments, which are

placed at the same cardiac phase of two consecutive cardiac
cycles. By acquiring the low-spatial-frequency data in a more
compact acquisition window than the high-spatial-frequency
k-space lines for each slice partition, cardiac motion related
blurring can be reduced as compared to the standard
symmetric approach. Using a matrix of 256 x 192, this leads
to a VAST-ratio of 24:84, meaning that 24 k-space lines are
acquired in the first and 84 k-space lines in the second RR-
interval. Shimming of the magnetic field was performed prior
to each scan. Trigger delays were adjusted to the subjects’
heart rate so that the data acquisition was placed in middiastole
between 60—80% of the RR-interval. If necessary, these scans
were repeated and optimized for the vessels’ exact courses.
Images of the right or left coronary artery were obtained in a
random order to decrease the influence of the examination’s
duration on image quality.

In 5 healthy subjects and in all of the patients a second
scan for each coronary artery was applied with the in-
vestigational sequence after intravenous injection of Gado-
linium-DTPA (Magnevist, Schering, Germany) using an
automated injector (Medrad, PA). The contrast dose was
0.1-0.2 mmol/kg bodyweight of Gd-DTPA as a bolus,
followed by 20 mL of normal saline. No particular imaging
order of the coronary arteries was followed after application
of Gd-DTPA.

Table 1. Visibility of coronary segments

Segment Healthy subjects Patients
LMCA 100.0% (7/7) 83.3% (10/12)
LADI 100.0% (7/7) 83.3% (10/12)
LAD 2 100.0% (7/7) 75.0% (9/12)
LAD 3 71.4% (5/7) 25.0% (3/12)
LCX 1 83.3% (5/6) 100% (8/3)
LCX 2 0.0% (0/6) 37.5% (3/8)
LCX 3 0.0% (0/6) 0.0% (0/8)
RCA 1 100.0% (7/7) 100.0% (12/12)
RCA 2 100.0% (7/7) 91.7% (11/12)
RCA 3 100.0% (7/7) 66.6% (8/12)
Total 77.6% (52/67) 68.5% (74/108)

Segments of the coronary artery tree visualized in MRCA in patients and in

healthy subjects.
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Table 2. Length of the coronary arteries

811

Vessel Healthy subjects Patients p value
LMCA 12 mm £ 3 (7—-15 mm) 12 mm £ 1 (9—-13 mm) .96
LAD 75 mm + 6 (68—82 mm) 51 mm + 20 (29-90 mm) .02
LCX 23 mm £ 7 (15-32 mm) 35 mm + 12 (14-52 mm) .10
RCA 106 mm = 19 (79—135 mm) 84 mm + 37 (12—134 mm) 18
Length of the coronary arteries as visualized in MRCA, data are mean values + SD, numbers in parentheses are ranges.

Table 3. Diameter of the coronary arteries

Vessel Healthy subjects Patients p value
LMCA 3.1 mm £ 0.3 (3.1-3.5 mm) 3.8 mm = 0.6 (3.0-4.7 mm) .01
LAD 2.9 mm + 0.5 (2.4-3.7 mm) 2.9 mm + 0.4 (2.2-3.5 mm) .89
LCX 2.5 mm + 0.4 (1.9-3.0 mm) 2.9 mm + 0.6 (2.2-3.2 mm) 22
RCA 3.3 mm £ 0.5 (2.7-4.2 mm) 3.7 mm £ 0.7 (2.7-4.9 mm) .19

Diameter of the coronary arteries as visualized in MRCA, data are mean values = SD, numbers in parentheses are ranges.

2.2. Image analysis

Images were transferred to a commercially available work-
station (Advantage Windows 4.0, GE Healthcare Technolo-
gies, Milwaukee, Wisconsin, USA). The image quality was
determined by one observer blinded to the participants’ data,
based on the 2D original source data. The image quality was
evaluated on a per-coronary basis and graded using a score
from 1 to 4, depending on sharp vessel definition,
visualization of side-branches and motion artefacts (1 = un-
readable; 2 = moderate, vessel visible but not clearly
demarcated from adjacent myocardium; 3 = good, vessel
demarcated from adjacent myocardium; 4 = excellent, vessel
borders clearly defined). The length of each coronary artery
and its diameter 1 cm distal to the offspring were measured.

The coronary artery tree was subdivided into 10 segments
with 3 segments of 3 cm length per coronary artery plus the
left main stem, allowing for a quantification of visible
segments. This approach avoids the use of side-branches to
subdivide the coronary arteries (19).

2.3. SNR and CNR measurements

SNR and CNR were measured on images before and after the
application of contrast agent in two identical slices of the
source images. Blood signal (Sgjooq) Was measured in the
lumen of the proximal to middle segments of the coronary
arteries, with the region-of-interest (ROI) drawn within the
boundaries of the vessels and then copied to the post-contrast
images. The myocardial signal (Sniyocardium) Was measured in
close proximity to the coronaries. The standard deviation of
noise was considered the mean signal intensity of air divided

100

by a factor of 1.25 (10). SNR and CNR were then calculated
as follows:

SNR — SBlood X 125
Mean SI of air

(1)

(SBlood - SMyocardium) x 1.25

NR =
C Mean SI of air

(2)

2.4. Statistical analysis

SNR and CNR values are presented as mean = SD. A p value
< .05 was considered statistically significant. Statistical
analysis was performed using commercially available software
(StatView 4.5, Abacus Concepts, Berkeley, California, USA).
All statistical tests were 2 tailed. Continuous data were
compared using the student t-test.

Table 4. Image quality

Vessel Healthy subjects Patients p value
LMCA 39+0.3 3.0+£0.6 <.05
LAD 3.0+£0.5 24 £0.6 <.05
LCX 1.7+0.4 1.9+0.5 .36
RCA 36+0.3 3.1+0.7 <.05
Overall 3.0£0.3 24 +£0.6 <.05

Image quality of MRCA in healthy subjects and in patients. Data are mean
image quality scores = SD (4=excellent, 3=good, 2=moderate, 1=unread-
able).



Figure 2. MIP-images of the left anterior descending coronary
artery (LAD), the left circumflex coronary artery (LCX) and the
right coronary artery (RCA) of 6 different patients after application
of contrast agent (Gd-DTPA). Image quality of the patients,
according to the score applied in this study: patients 1—4=good
(3), patients 5 and 6 = excellent (4). LV = left ventricle, Ao = Aorta.

3. Results

MRCA was completed in 7 healthy subjects (3 males) and 14
patients (8 males) without complications. All the participants
were able to sustain the 24 heartbeats breath-hold. The mean

Zagrosek et al.

age was 41 £ 14 years in healthy subjects and 67 + 6 years in
patients (p < .05). The mean heart rate during the breath-hold
was 64.0 = 5.3 in healthy subjects and 67.5 £ 10.2 (p = .43)
in patients. The mean LVEF was 63.3 = 7.4 in healthy
subjects and 66.3 £ 5.1 (p = .34) in patients. Two patient
studies revealed a non-diagnostic image quality excluding
their images from further analysis.

The mean scan duration was 38 £ 14 min in healthy
subjects and 44 + 9 min in patients (p = n.s.), including
localization of the heart, scout scans for coronary artery
localization and accomplishment of the investigational
MRCA-scans before and after application of contrast agent.
The two healthy subjects not having received Gd-DTPA were
excluded from the time calculations.

Seventy-two percent of the targeted vessel segments were
eligible for evaluation. Imaging ofthe LMCA, the LAD and the
RCA was accomplished in all of the participants, whereas
scanning of the LCX was performed in only 6 (86%) of the
healthy subjects and 8 (57%) of the patients. In summary,
visualization of the targeted vessel segments was more
successful in healthy subjects than in patients, although the
difference did not reach statistical significance (Table 1).
Generally, the more distal the vessels were, the lower the
percentage of visible segments was. The RCA was the vessel to
be visualized most reliably; the LCX was the most difficult
vessel to assess.

The results of vessel length and diameter were strongly
correlated to those of the visible coronary segments. In
healthy subjects, we found an average vessel length of
12 £ 3 mm for the left main coronary artery (LMCA);
75 £ 6 mm for the LAD; 23 £ 7 mm for the LCX; and
106 = 19 mm for the RCA. In patients, the average vessel
length was 12 + 1 mm for the LMCA; 51 + 20 mm for the
LAD; 35 + 12 mm for the LCX; and 84 + 37 mm for the
RCA (Table 2). Except for the LAD, the differences in length
between the two groups did not reach statistical significance,
probably due to the substantial variability.

Data for the proximal diameters of the vessels are presented
in Table 3. Although there appeared to be a distinct trend to-
wards larger vessel calibres in patients, this difference did reach
statistical significance only for the left main coronary artery.

Figure 3. Comparison of MRCA and conventional X-ray angiography: a + b) MIP-images of the RCA before and after application of
contrast agent (Gd-DTPA), demonstrating no significant change in image quality; ¢) corresponding conventional X-ray angiography.
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Table 5. Influence of Gd-DTPA on SNR and CNR

Pre-contrast Post-contrast p value
SNR LAD 6.8 +3.1 8.8 +4.1 < .01
LCX 7.6 £3.8 10.1 £2.7 <.01
RCA 12.8 £5.1 172 £ 6.6 <.01
CNR LAD 3715 38+1.7 .38
LCX 43 +2.8 46+1.2 .36
RCA 10.0 £ 4.5 12.7£5.2 <.01

Signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) of the left and
right coronary artery (LAD, LCX and RCA) before and after application of
Gd-DTPA. Data are mean signal intensity (SI).

Table 6. Overall image quality before and after application of
contrast agent

Vessel Before contrast After contrast p value
LMCA 33£1.0 31+09 .58
LAD 24 +1.1 23+ 1.1 .64
LCX 1.8+ 1.0 1.9+1.1 .79
RCA 33+£1.0 34+£09 .63

Overall image quality of MRCA before and after application of contrast
agent. Data are mean image quality scores £ SD (4=excellent, 3=good,
2=moderate, 1=unreadable).

Except for the LCX, the image quality was significantly
better in healthy subjects than in patients (Table 4). Healthy
subjects had an excellent image quality of the RCA and
LMCA and a good image quality of the LAD, whereas
patients presented with slightly lower values than the group
of healthy subjects. Image quality of the LCX was poor
with no significant differences between healthy subjects
and patients. To demonstrate the image quality and the use
of our 4-point-score, Fig. 2 shows MIP-images of the LAD,
LCX and RCA.

3.1.

An extracellular contrast agent was applied in all patients and
5 healthy subjects. None of the participants experienced any
adverse reaction to the contrast agent. SNR- and CNR-values
were assessed before and after application of contrast agent
for proximal LAD, proximal LCX and proximal RCA,
separately. Table 5 summarizes the SNR- and CNR-data.

A single dose (0.1 mmol/kg) of Gd-DTPA was applied in 9
participants; a double dose of 0.2 mmol/kg was given to 10
participants. No significant differences in SNR and CNR were
observed between the two groups.

In both vessels, SNR increased significantly after applica-
tion of Gd-DTPA. The CNR of the RCA improved after
application of this extracellular contrast agent, whereas it
remained rather unchanged for LAD and LCX. The overall
number of visible segments was not altered by the application

Application of contrast agent
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of an extracellular contrast agent (71.0 = 16.1% vs. 71.6 +
16.3%, p = ns) nor was the image quality (Table 6, Fig. 3).

4. Discussion

In the present study, we assessed the impact of Gadolinium-
DTPA on the performance of an ECG-gated, breath-hold 3D-
SSFP sequence. We found that this technique allows for
depiction of extensive parts of the coronary artery tree within
an acceptable examination time. Despite an increase of SNR
in all coronaries and an increase of CNR in the RCA, the
application of an extravascular contrast agent did not
significantly increase the number of visualized segments or
the image quality.

Our results confirm earlier reports on a better visualization
of the RCA as compared to LAD and LCX (6, 19, 20, 21),
which can be explained by the location and shape of the
vessels. Furthermore, our data underscore the fact that MRCA
of patients is more difficult than in healthy subjects (22). In
addition, we observed, that total examination times were
shorter in healthy subjects (38 + 14 min) than in patients
(44 £ 9 min). This was mainly due to difficulties in holding
their breath and more difficult vessel identification due to
altered signal intensities.

SSFP-based sequences are known to be especially
sensitive to magnetic field inhomogenities leading to off-
resonance artefacts. Although careful magnetic field shim-
ming was carried out prior to each scan in this study, a
volume selective magnetic field shim of the heart was applied
when severe artifacts occurred, and reduced this problem.
Nevertheless, two patients had to be excluded from image
analysis due to off-resonance artifacts. Another technical
challenge for MRCA is coronary artery motion, which may
reach a distance of up to 2 cm during the cardiac cycle.
Cardiac motion is expected to be minimal in mid-diastole,
although the timing of this period varies considerably
between subjects (23).

We started data acquisition after a trigger delay of 60%
of the RR-interval in mid-diastole. The individual optimi-
zation of the trigger delay (24) may have improved the
image quality.

4.1.

In the present study, only feasibility has been tested;
improvement of the investigational sequence has not been
the aim of this work. Recently, newer technical approaches,
such as the use of parallel imaging or different cardiac coils
(18, 25), have been published and may be of additional value
for this technique.

We did not intend to assess the diagnostic accuracy of the
investigational technique and thus a careful investigation of
the diagnostic performance in terms of sensitivity and
specificity is required.

Limitations
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Conclusion

In conclusion, a 3D breath-hold SSFP technique may serve as
a useful pulse sequence for MR Coronary Angiography. The
application of an extracellular contrast agent (Gadolinium-
DTPA) does not significantly improve visibility or image
quality of the coronary arteries. Now that feasibility has been
shown, the diagnostic performance of this technique should
be tested in future studies.

6.

Abbreviations

FIESTA fast imaging employing steady-state acquisition

CNR contrast-to-noise ratio

LAD left anterior descending coronary artery
LCA left coronary artery

LCX left circumflex coronary artery

LMCA  left main coronary artery

MIP maximum intensity projection

RCA right coronary artery

SNR signal-to-noise ratio

SSFP steady state free precession
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4. Ausblick — differenzierte Darstellung weiterer Vorhaben

Die vorgestellten Arbeiten werden unter verschiedenen Aspekten weitergeftihrt.
Bei den myokardialen Erkrankungen steht weiterhin die Myokarddifferenzierung im
Mittelpunkt. Das T1-Mapping wird zur quantitativen Erfassung und Differenzierung
akuter und chronischer Myokardschdden eingesetzt. Es ist zu erwarten, dass im
Gegensatz zu den derzeitigen Techniken auch diffuse Fibrosierungen quantifiziert
werden kénnen. Die Korrelation des FibroseausmaBes zum Grad der Obstruktion
wird gegenwadrtig bei der Hypertrophischen Kardiomyopathie untersucht, bisher
war dies mit einer nichtinvasiven Methode am Patienten nicht mdglich. Der
potenzielle Nutzen der Verteilung und Ausprdgung der Fibrose als Risikomarker
steht im Mittelpunkt bei Patienten, die nach den Kriterien der SCD-HeFT-Studie
eine Indikation zum automatischen Kardioverter-Defibrillator haben.™

Im Mé&rz 2006 wurden auf einer Consensus-Konferenz mit den auf dem Gebiet der
Myokarditis  aktiven MRT-Zentren die Eckdaten einer prospektiven
multizentrischen Studie definiert. Unser multisequentielles Protokoll konnte sich
als Studienprotokoll gegentiber den anderen durchsetzen, die Ergebnisse sind in
circa 3 Jahren zu erwarten. Untersuchungen zur myokardialen Mitbeteiligung bei
systemischen Lupus erythematodes stehen kurz vor dem Abschluss.

Die Doppelbolusperfusion mit der optimierten Kontrastmitteldosis wird nicht nur zu
intraindividuellen Vergleichen vor und nach neuen Therapien eingesetzt, sondern
es werden auch Normwerte erstellt, die an dem Goldstandard der fraktionellen
Flussreserve validiert werden.

Die weitere Entwicklung der Hard- und Software ermdglicht es uns, neue

Sequenzen flr die Plaquedifferenzierung einzusetzen und zu optimieren. Dabei
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kénnen wir unsere Erfahrung aus dem Bereich der T2*-Bildgebung und des T1-
Mapping nutzen.”" "

Eine véllig neue Perspektive entwickelt sich durch den Aufbau der Imaging-Facility
am Max-Delbrtick-Zentrum, damit kénnen unsere Erfahrungen auf das Tiermodell

Gbertragen werden und insbesondere bei Geno-Phanotypisierung neue Wege

beschritten werden.
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v Zusammenfassung
In der vorliegenden Arbeit wurden neue Aspekte und Ansétze zu folgenden
Themen vorgestellt:
- MRT-Methode zur Quantifizierung des linksventrikuldren Ausflusstraktes
bei der Hypertrophischen Kardiomyopathie
- Etablierung von Normwerten zur Differenzierung der Obstruktion bei
Patienten mit Hypertrophischer Kardiomyopathie
- Darstellung der Beziehung zwischen Abnahme der Obstruktion,
Verbesserung der klinischen Symptomatik und der myokardialen
Infarktnarbe nach Septumarterienembolisation bei Patienten mit
Hypertrophischer Kardiomyopathie
- Friihe Differenzierung von myokardialem Odem und Nekrose/Fibrose
nach Koronararterienokklusion
- Multisequentieller MRT-Ansatz zur Diagnose einer akuten Myokarditis
- Myokarddifferenzierung bei Sarkoidose
- Anwendung einer 3D-Steady-State-Free-Precession-Sequenz  zur
Darstellung von Koronararterien
Die meisten der genannten Anséatze konnten bei uns und in anderen Zentren in
die Routine bei der kardialen Magnetresonanztomographie eingeftihrt werden.
Die Erfahrungen bei den myokardialen Erkrankungen umfassen im eigenen
Zentrum ca. 1000 Untersuchungen bei hypertrophischer Kardiomyopathie und
ca. 10.000 Untersuchungen bei Verdacht auf inflammatorische Myokard-
erkrankungen. Die genannten Ansétze werden gegenwadrtig in weiteren mono-

und multizentrischen Studien weiterverfolgt.
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