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1. Abstracts auf Deutsch und Englisch

1.1 Abstract (Deutsch)

Hintergrund: Innovationen in der kardialen Magnetresonanztomographie (CMR)
ermoglichen heute die Messung von myokardialen Verformungsparametern (Strain) und
Gewebeeigenschaften. Ziel dieser Studie war die Erprobung neuer CMR-Parameter zur
Differenzierung von Herzinsuffizienz (HI) mit reduzierter, mittelgradiger und erhaltener
Ejektionsfraktion (HFrEF, HFmrEF, HFpEF) und Herzgesunden.

Methoden: Patientinnen mit etablierter HI-Diagnose sowie Herzgesunde wurden klinisch,
labormedizinisch und mittels CMR untersucht. Ausgeschlossen wurden unter anderem
Menschen mit CMR-Kontraindikationen und instabilem  klinischem  Zustand.
Linksventrikulérer globaler longitudinaler Strain (LV GLS) wurde vor und wéhrend
isometrischer Handgrip-Belastung (HG) mittels fast strain-encoded CMR (Fast-SENC)
bestimmt. Mittels feature-tracking wurde der LV GLS fur die subendokardiale, intra-
myokardiale und subepikardial Myokardschicht bestimmt (Multilayer-Strain). Tissue-Mapping
zur Bestimmung von nativer T1- und T2-Relaxationszeit sowie extrazellularem Volumen
(ECV) wurde durchgefiihrt. Zur statistischen Auswertung kamen unter anderem analysis of
variance, Pearson-Regressionskoeffizienten und die Flache unter der receiver operating
characteristic-Kurve (AUC) zum Einsatz.

Ergebnisse: Insgesamt wurden 72 Teilnehmerinnen (Kontrollgruppe: n=19; HFpEF = 17,
HFmrEF: n=18; HFrEF: n=18) in die Studie eingeschlossen.

Die mittlere Anderung des LV GLS wahrend HG betrug +1.2 + 5.4% in der Kontrollgruppe,
—0.6 + 8.3% bei HFpEF, —1.7 + 10.7% bei HFmrEF und —3.1 + 19.4% bei HFrEF (p = 0.746).
Der Betrag der LV GLS Anderung unabhingig vom Vorzeichen unterschied sich signifikant
zwischen den Subgruppen (Kontrollgruppe: 4.4 £ 3.2%; HFpEF: 5.9 + 5.7%; HFmrEF: 6.8 +
8.3%; HFrEF 141 + 133%; p = 0.005) und Kkorrelierte mit NTproBNP und
Lebensqualitatsmetriken.

In der Multilayer-Strain-Analyse unterschied sich LV GLS sowohl subendokardial (—20.8 +
4.0 vs. —23.2 + 3.4, p = 0.046) als auch intra-myokardial (—18.0 + 3.0 vs. —21.0 £2.5, p =
0.002) und subepikardial (—12.2 £2.0 vs. —16.2 + 2.5, p < 0.001) signifikant zwischen HFpEF
und Herzgesunden. Insbesondere subepikardialer LV GLS differenzierte hervorragend
zwischen HFpEF und Herzgesunden (AUC 0.90, 95% Confidence Interval 0.81-1).

Die per Tissue-Mapping bestimmte native T1-Relaxationszeit war bei HFrEF (1033 £ 54 ms)
und HFmrEF (1027 = 40 ms) im Vergleich zu HFpEF (985 + 32 ms) und Kontrollgruppe (972
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+ 31 ms) angehoben, ebenso die T2-Relaxationszeit (Kontrollgruppe: 50.6 + 2.1 ms; HFpEF:
52.6 + 3.6 ms; HFmrEF: 55.4 £+ 3.4 ms; HFrEF 56.0 + 6.0 ms). ECV unterschied sich hingegen
nicht signifikant.

Fazit: Fast-SENC Strainmessung wéhrend HG liefert nur begrenzt diagnostisch verwertbare
Informationen. Tissue-Mapping lasst strukturelle Ahnlichkeit von HFmrEF und HFrEF
erkennen. Subepikardialer LV GLS ist ein vielversprechender diagnostischer Parameter zur

Differenzierung von HFpEF und Herzgesunden.

1.2 Abstract (English)

Background: Novel developments in cardiac magnetic resonance imaging (CMR) allow for
quantification of myocardial strain and tissue characteristics. In this study we sought to
evaluate the diagnostic utility of novel CMR parameters in heart failure (HF) with reduced,
mid-range and preserved ejection fraction (HFrEF, HFmrEF, HFpEF) and healthy controls.
Methods: Patients with an established diagnosis of HF and controls underwent physical
examination, lab work and CMR. Exclusion criteria included CMR contraindications and
unstable clinical status. Left ventricular global longitudinal strain (LV GLS) was measured
before and during isometric handgrip (HG) using fast strain-encoded CMR. LV GLS was
quantified on a subendocardial, mid-myocardial and subepicardial level employing feature
tracking (multilayer strain). Using tissue mapping, native T1 and T2 relaxation times and
extracellular volume (ECV) were quantified. Statistical methods included analysis of variance,
Pearson’s coefficients and the area under the receiver operating characteristic curve (AUC).
Results: The study comprised 72 subjects (Controls: n=19; HFpEF = 17; HFmrEF: n= 18;
HFrEF: n=18).

Mean change of LV GLS during HG was +1.2 £+ 5.4%, —0.6 + 8.3%, —1.7 £ 10.7% and —3.1 +
19.4% in controls, HFpEF, HFmrEF and HFrEF, respectively (p = 0.746). The absolute value
of LV GLS change differed significantly between subgroups. (Controls: 4.4 + 3.2%; HFpEF:
5.9 * 5.7%; HFmrEF: 6.8 + 8.3%; HFrEF 14.1 + 13.3%; p = 0.005) and correlated with
NTproBNP and quality-of-life scores.

Multilayer strain analysis showed significant differences in LV GLS between HFpEF and
controls on subendocardial (—20.8 = 4.0 vs. —23.2 + 3.4, p = 0.046), mid-myocardial (—18.0 £
3.0vs.—21.0+2.5, p=0.002) and subepicardial levels (-12.2 £2.0 vs. —16.2 £ 2.5, p <0.001).
Subepicardial LV GLS in particular facilitated excellent discrimination between HFpEF and
controls (AUC 0.90, 95% Confidence Interval 0.81-1).
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Tissue mapping showed elevated native T1 relaxation times in HFrEF (1033 = 54 ms) and
HFmrEF (1027 £ 40 ms) compared to HFpEF (985 + 32 ms) und controls (972 + 31 ms) and a
similar pattern regarding T2 relaxation times (controls: 50.6 + 2.1 ms; HFpEF: 52.6 = 3.6 ms;
HFmreF: 55.4 + 3.4 ms; HFrEF 56.0 = 6.0 ms). ECV did not differ significantly between
subgroups.

Conclusion: The diagnostic utility of measuring strain during HG appears to be limited. Tissue
mapping reveals structural similarities of HFmrEF and HFrEF. Subepicardial LV GLS is a
promising diagnostic parameter discriminating between HFpEF and healthy subjects.

2. Einfihrung
2.1 Pathophysiologie der Herzinsuffizienz

Der Terminus Herzinsuffizienz (HI) bezeichnet ein klinisches Syndrom, das durch die
Symptome Dyspnoe, zundchst bei korperlicher Belastung, und Erschopfung gekennzeichnet ist
und von typischen klinischen Zeichen wie Beinddemen, pulmonalen Rasselgerduschen oder
erhohtem Jugularvenendruck begleitet wird.! Die HI betrifft einen betrachtlichen Teil
insbesondere der alteren Bevolkerung westlicher Industrienationen und geht mit einem
erheblichen Verlust an Lebensqualitét sowie einer Funf-Jahres-Mortalitat nach Erstdiagnose
von bis zu 50% einher.23

Innerhalb der letzten zwei Dekaden haben sich wissenschaftliche Beobachtungen gemehrt, die
nahelegen, dass dem einheitlichen klinischen Syndrom der HI separate Krankheitsentitaten
zugrunde liegen, die sich pathophysiologisch voneinander unterscheiden.* Auffalligstes
Unterscheidungskriterium ist zundchst die systolische linksventrikuldre Ejektionsfraktion
(LVEF), die bei ungeféhr der Halfte der Hl-Patientinnen reduziert, bei der anderen Halfte
jedoch erhalten ist.> Bei letzteren Patientinnen sind hingegen vor allem Parameter der
Ventikelrelaxation und —fullung gestort, was die Begriffe systolische und diastolische HI
nahelegte, bevor 2016 in den Leitlinien der European Society of Cardiology (ESC) fur den
européischen Raum die Termini heart failure with reduced ejection fraction (HFrEF), heart
failure with preserved ejection fraction (HFpEF) und heart failure with mid-range ejection
fraction (HFmMrEF) etabliert wurden.! Atiologisch wird HFrEF mit einer Schadigung des
Myokards in Verbindung gebracht, die regional durch ischdmische Ereignisse oder global
beispielsweise durch Infektion und Inflammation bei Myokarditis oder genetische
Aberrationen im Fall von dilatativen Kardiomyopathien auftreten kann.! Bei HFpEF hingegen

wird atiologisch ein Zusammenspiel von metabolischen Verdnderungen wie Adipositas,
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arterieller Hypertonie (HTN) und Diabetes mellitus (DM) angenommen, die durch Induktion
von Zytokinausschittung einen systemischen pro-inflammatorischen Zustand bedingen.
Hierdurch wird die Signaltransduktion von myokardialem Endothel auf das Myokard derart
moduliert, dass Kardiomyozyten zunehmend hypertrophieren und myokardiale Fibroblasten
vermehrt Kollagen produzieren, was zu konzentrischer Hypertrophie und erhOhter
Wandsteifigkeit fiihrt.> Infolgedessen ist die myokardiale Relaxation gestort, linksventrikulare
Fallungsdricke steigen und der linke Vorhof wird belastet, was den pathophysiologischen
Zustand der diastolischen Dysfunktion (DD) konstituiert.

Auch in Bezug auf therapeutische Mdglichkeiten unterscheiden sich HFrEF und HFpEF. Fiir
HFrEF stehen mit Beta-Blockern, Inhibitoren des Renin-Angiotensin-Aldosteron-Systems und
in ausgewdhlten Fallen Neprilysin-Inhibitoren, Ivabradin, implantierbaren Kardioverter-
Defibrillatoren (ICD) oder kardialer Resynchronisationstherapie (CRT) diverse Therapien zur
Verfligung, die in Studien die Mortalitat reduzieren konnten.® Bei HFpEF konnte bis zum
heutigen Tag fiir keine therapeutische Intervention ein Uberlebensvorteil demonstriert werden.
Symptomatisch kénnen Diuretika bei Zeichen der Volumeniberladung eingesetzt werden.
Ansonsten sind die therapeutischen Méglichkeiten auf die Kontrolle von Komorbiditaten wie
HTN, DM und Adipositas beschréankt. Nicht zuletzt wegen der unterschiedlichen
therapeutischen Konsequenzen ist die akkurate und friihzeitige Erkennung und Differenzierung

der verschiedenen HI-Entitaten ein wichtiger Bestandteil der kardiologischen Diagnostik.

2.2 Bildgebung in der Diagnostik der Herzinsuffizienz

Bildgebenden Verfahren kommt ein hoher Stellenwert in der diagnostischen Aufarbeitung der
HI zu.! In der Kklinischen Praxis spielt die transthorakale Echokardiographie (TTE) als
Erstlinienmodalitét die groRte Rolle. Nachteile der TTE sind allerdings Untersuchervariabilitét,
die insbesondere durch Variation des Anlotungswinkels und damit verbundener
perspektivischer Verkirzung bedingt ist, schlechte Einsehbarkeit des rechten Ventrikels sowie
schwierige Untersuchungsbedingen auf Patientinnenseite wie Luftiiberlagerung oder
Adipositas.®

Beziiglich dieser Nachteile ist die kardiale Magnetresonanztomographie (CMR) der TTE
uberlegen. Sie stellt den Goldstandard zur akkuraten Quantifizierung kardialer VVolumina sowie
der LVEF dar. Zudem ermdglicht die CMR die Darstellung myokardialer Fibrose und so eine
Einschatzung der Atiologie einer HI sowie eine Einschatzung der Viabilitat einzelner
Myokardsegmente vor potentieller Revaskularisierung.” Aktuell gehort die CMR allerdings

nicht zur Routinediagnostik der HI, was vor allem an den hohen Kosten, der begrenzten
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Verfugbarkeit sowie der aktuell h&ufig noch zeitaufwendigen Untersuchung liegt, die flaches
Liegen Uber langere Zeit sowie Atemhaltemandver beinhaltet. Zudem gelten fiir die CMR
strenge Kontraindikationen, insbesondere die vorangegangene Implantation eines
ferromagnetischen ICD sowie Platzangst.

Ein Bildgebungsparameter, der zunehmend Einzug in die Diagnostik der Herzinsuffizienz
erhdlt ist die myokardiale Verformung (Strain). Das Konzept des Strain entstammt der
Kontinuumsmechanik und beschreibt auf das Herz Ubertragen die lokale Verformung des
Myokards wahrend der Herzaktion. Wird das Herz in wiirfelformige Myokardsegmente
unterteilt, so kann die Verformung jedes dieser Segmente entlang dreier Achsen, der
longitudinalen, der circumferentiellen und der radialen, quantifiziert werden. Mittelt man nun
die lokalen Strainwerte aller Myokardsegmente, kann ein globaler Strain entlang jeder der drei
Achsen angegeben werden, der als quantitatives Mal fir die VVerformungseigenschaften des
Myokards dient.2 Je nach Ausrichtung der Messachse wird von global longitudinal strain
(GLS), global circumferential strain (GCS), global radial strain (GRS) gesprochen.

Die Quantifizierung von Strain in der CMR ist mittels verschiedener technischer Anséatze, wie
zum Beispiel feature tracking (FT) moglich.® Die fast strain-encoded CMR (Fast-SENC) hebt
sich dadurch von anderen Messmethoden ab, als dass sie es ermdglicht in kirzester Zeit
wéhrend einer einzigen Herzaktion in freier Atmung Strain zu quantifizieren, was
Untersuchungszeit und Patientinnenbelastung durch Atemhaltemandver minimiert.’® In
fruheren Studien konnte unsere Gruppe zeigen, dass Fast-SENC gut reproduzierbare
Strainwerte liefert und dartiber hinaus auch die schnelle Quantifizierung von linksventrikuléren
Volumina und LVEF ermdglicht. 1213

Eine weitere Innovation auf dem Gebiet der CMR ist das parametrische Tissue-Mapping, das
es ermoglicht Gewebeeigenschaften des Myokards basierend auf T1- und T2-Relaxationszeit
zu quantifizieren. Auch das extrazellulare Volumen (ECV) kann rechnerisch bestimmt werden.
Auf diese Weise kénnen Ruckschlisse auf pathophysiologische Gewebeverédnderungen wie
Odem und Entziindung, Fibrose oder Einlagerung von Amyloidprotein oder Eisen gezogen

werden.14

2.3 Drei potentielle CMR-Parameter fur die Diagnostik der Herzinsuffizienz

Die vielen Innovationen auf dem Gebiet der CMR haben grof3es Potential, die Diagnostik der
HI und insbesondere die Unterscheidung von der HI-Entitaten fir klinische sowie flr
Forschungszwecke zu optimieren. Im Rahmen der Study to analyze parameters of internal and

external cardiac power, cardiac output and aortic compliance using cardiac magnet resonance
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imaging in patients with heart failure rekrutierten wir Teilnehmerinnen mit HFrEF, HFmrEF
und HFpEF sowie Herzgesunde, die sich freiwillig einer CMR unterzogen, um Unterschiede
in Bezug auf potentiell diagnostische Bildgebungsparameter zu untersuchen. Fir die
vorliegende Dissertation werden drei Analysen experimenteller diagnostischer Ansatze
vorgestellt, deren Rationale im Folgenden kurz erértert werden soll:

Dyspnoe und Ermiidung sind Symptome der Hl, die in friihen Stadien der Erkrankung zunéchst
nur bei korperlicher Anstrengung auftreten. Daher ist es wenig Uberraschend, dass
Untersuchungen unter physischer Belastung bei der Diagnose der HI eine wichtige Rolle
spielen, um Funktionsstérungen am Myokard aufzudecken. Insbesondere bei der Diagnose von
HFpEF kommen Stressuntersuchungen zum Einsatz, um eine DD zu demaskieren.>'> Eine
simple und breit verfugbare, klinisch jedoch selten eingesetzte Methode zur Induktion
kardiovaskuldarer Belastung ist die Handgrip-Untersuchung (HG), bei der ein
Handdynamometer Uber einige Minuten durch isometrische Muskelkontraktion komprimiert
wird.® HG filhrt zu einem akuten Anstieg der kardialen Nachlast und stellt so einen
hamodynamischen Stressor dar, der myokardiale Dysfunktion aufdecken koénnte.l” Mittels
Fast-SENC lasst sich Strain schnell und reproduzierbar innerhalb eines einzigen Herzschlages
in freier Atembewegung quantifizieren.0:1!

In der Studie Variability of Myocardial Strain During Isometric Exercise in Subjects With and
Without Heart Failure®® untersuchten wir daher, inwieweit sich die Veranderung des
myokardialen Fast-SENC-Strain wéhrend HG-Belastung zwischen Patientinnen mit HFrEF,

HFmrEF und HFpEF und Herzgesunden unterscheidet und diagnostisch nutzen lasst.

Die Architektur der myokardialen Muskelfasern ist komplex und variiert innerhalb der
Herzwand: Wahrend die epikardialen Fasern diagonal orientiert sind, verlaufen intra-
myokardiale Fasern eher circumferentiell und subendokardiale Fasern longitudinal entlang der
Herzachse.?*?° Mittels FT-CMR ist eine hochauflosende Erfassung des Strains innerhalb der
einzelnen Wandschichten moglich (Multilayer-Strain).

In der Studie Multilayer myocardial strain improves the diagnosis of heart failure with
preserved ejection fraction?® untersuchten wir, ob die differenzierte Erfassung von
subendokardialem, intra-myokardialem und subepikardialem Strain die diagnostische

Unterscheidung von Patientinnen mit HFpEF und Herzgesunden verbessert.

Unterschiede in der Pathophysiologie legen die Hypothese nahe, dass sich die verschiedenen

Hl-Entitaten auch in Bezug auf die myokardialen Gewebeeigenschaften unterscheiden

9
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konnten. Parametrisches Tissue-Mapping mittels CMR ermoglicht es,
Myokardgewebeeigenschaften quantitativ zu charakterisieren und konnte so auch die
diagnostische Differenzierung unterstiitzen sowie Einblicke in die Pathophysiologie geben.4
Insbesondere die myokardialen Gewebeeigenschaften bei HFmrEF, welches als HI-Entitét
explizit definiert wurde, um eine intensivere Beforschung dieses Begriffes anzuregen, kénnten
hier von Interesse sein.

In der Studie CMR Tissue characterization in patients with HFmrEF?? untersuchten wir daher,
inwieweit Patientinnen mit HFrEF, HFmrEF und HFpEF sowie Herzgesunde im Hinblick auf
ihre Gewebeeigenschaften mittels CMR-basiertem Tissue-Mapping besser charakterisiert

werden kdnnen.

3. Methoden

Die Study to analyze parameters of internal and external cardiac power, cardiac output and
aortic compliance using cardiac magnet resonance imaging in patients with heart failure
(EMPATHY-HF) war eine prospektive, single-center  Querschnittsstudie. Das
Studienprotokoll wurde vom Ethikausschuss 4 am Campus Benjamin Franklin der Charité
Universitatsmedizin Berlin am 28. Oktober 2016 genehmigt und die Studie beim Deutschen
Register Klinischer Studien angemeldet (ID: DRKS00015615). Alle Teilnehmerinnen gaben
nach einem ausfuhrlichen Informationsgespréch und ausreichender Bedenkzeit ihre schriftliche
Einwilligung. Die Studie wurde unter Einhaltung der Deklaration von Helsinki sowie der
Satzung der Charité — Universitatsmedizin Berlin zur Sicherung Guter Wissenschaftlicher
Praxis vom 20.06.2012 durchgefiihrt.

3.1 Studienpopulation

Die Teilnehmerinnenrekrutierung fand von April 2017 bis November 2018 in der
Kardiologischen Studienambulanz der Charité Universitatsmedizin, Campus Virchow
Klinikum am Augustenburger Platz 1, 13353 Berlin statt. Die Einschlusskriterien richteten sich
nach der jeweiligen Subgruppe, in die die Teilnehmerlnnen aufgenommen werden sollten und
forderten die Erfullung aller Kriterien der aktuellsten HI-Leitlinie der ESC.! Alle
TeilnehmerIinnen mussten mindestens 45 Jahre alt und krankenversichert sein. HI-Patientinnen
mussten seit mindestens sieben Tagen unveréndert mit leitliniengerechter Medikation
behandelt und in klinisch stabilem Zustand sein (keine intravendse Diuretikagabe, keine
Inotropikatherapie, keine Hospitalisierung), des Weiteren unter symptomatischer Dyspnoe

Klasse 11 oder 111 nach New York Heart Association (NYHA) leiden und zudem im Labor ein
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NTproBNP von >220 pg/ml aufweisen. Fir Teilnehmerlnnen mit HFrEF war eine LVEF <40%
gefordert, fur TeilnehmerInnen mit HFmrEF und HFpEF der Nachweis einer LV Hypertrophie
(Septumdicke >12 mm) oder einer DD (E/e’ >13 oder Linksatrialer Volumenindex >34ml/m?)
sowie eine LVEF von 40-49% fiir HFmrEF, beziehungsweise >50% fiir HFpEF.

Fur einen Einschluss in die Kontrollgruppe, die im Verlauf auch als Herzgesunde bezeichnet
wird, war der Ausschluss von strukturellen Herzerkrankungen, héhergradigen Klappenvitien
und relevanten Herzrhythmusstérungen sowie die Freiheit von Symptomen der HI und der
koronaren Herzerkrankung (KHK) gefordert.

Ausschlusskriterien flr alle Subgruppen umfassten: Geschaftsunfahigkeit, VVorhofflimmern,
hohergradige Klappenvitien, Angina-Pectoris-Symptome, hypertroph-obstruktive oder
infiltrative Kardiomyopathien, komplexe kongenitale Vitien, aktive Myokarditis, hohergradige
Herzrhythmusstorungen, hohergradige Lungenerkrankungen, eine vor weniger als vier
Monaten stattgehabte oder geplante Koronarintervention oder Koronararterien-Bypass-
Operation, ein vor weniger als drei Monaten stattgehabter Myokardinfarkt oder Schlaganfall,
stattgehabte oder geplante Herztransplantation, geplante Anderung der Medikation, eine
innerhalb der letzten vier Monate stattgehabte Implantation eines ICD oder eines
Herzschrittmachers, eine innerhalb der letzten drei Monate stattgehabte Implantation einer
CRT, unkontrollierte systolische Hypertension (>180 mmHg) oder Hypotension (<95 mmHg),
eingeschréankte Nierenfunktion mit einer geschétzten glomeruléren Filtrationsrate <40 ml/min,
eine unbehandelte Schilddrisenerkrankung, eine Andmie (Hamoglobin <10mg/dl), Platzangst

in der Vorgeschichte sowie jegliche Implantate, die eine CMR Kontraindikation darstellen.

3.2 Studienprozeduren

Alle Studienteilnehmerinnen wurden zundchst umfassend zur medizinischen Vorgeschichte
sowie zu Symptomen der HI befragt, korperlich untersucht und zur Gewinnung von vendsem
Blut fur Laboruntersuchungen punktiert. Auch ein Elektrokardiogramm (EKG) wurde
abgeleitet. Alle Teilnehmerlnnen fiillten auBerdem den Minnesota Living With Heart Failure
Questionnaire (MLHQ) aus und wurden einem Sechs-Minuten-Gehtest unterzogen. Im
weiteren Verlauf erfolgte bei allen Studienteilnehmerinnen eine Echokardiographie sowie eine
CMR-Untersuchung.

Die CMR wurden in einem 1.5 Tesla Scanner (Achieva, Philips Healthcare, Best, Niederlande)
durchgefuhrt. Cine-Aufnahmen wurden in der Kurz-Achsen-Ebene (SA), Zwei-Kammer-Blick
(2Ch), Drei-Kammer-Blick (3Ch) und Vier-Kammer-Blick (4Ch) in balancierter Steady-State-
Free-Precession-Technik (bSSFP) mit retrospektivem EKG-Gating aufgenommen. Alle

11
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aufgezeichneten CMR Sequenzen wurden im CMR-Corelab des Deutschen Herzzentrum
Berlin von speziell trainierten Mitarbeitern zentral ausgewertet. Kardiale Volumina und
Dimensionen wurden mit der Software Medis® Suite 3.1.16.8 (Medis medical imaging

systems, Leiden, Niederlande) bestimmt.

3.3 Fast-SENC-Strainmessung vor und wahrend isometrischer HG-Belastung

Im Rahmen des HG-Experiments wurden zusétzlich Fast-SENC-Sequenzen in SA-, 2Ch-, 3Ch-
und 4Ch-Ebene in freier Atmung aufgenommen.® Hierzu wurden bei den Teilnehmerinnen
nach 15 Minuten Ruhe in Ruckenlage zundchst Blutdruck (RR) und Herzfrequenz (HF)
gemessen. Dann wurde die Fast-SENC-Sequenz in korperlicher Ruhe aufgenommen. Als
néchstes wurden die Studienteilnehmerlnnen gebeten, ein MRT-sicheres Handdynamometer
(Stoelting, Wood Dale, Illinois) fir 3 Minuten mit 30% der Maximalkraft ihrer dominanten
Hand zu komprimieren, die vor Beginn des Experimentes ermittelt worden war. Dabei wurden
Studienteilnehmerinnen instruiert, kontinuierlich weiter zu atmen, um
valsalvamanoverbedingte Anderungen der kardialen Vorlast und konsekutiv der Herzfrequenz
zu vermeiden. Sodann wurden RR und HF erneut gemessen und die Fast-SENC Sequenz unter
HG-Bedingungen aufgezeichnet.

Fir die Fast-SENC Strain Messung wurde die Software MyoStrain 5.0 (Myocardial Solutions,
Inc., Morrisville, North Carolina, USA) verwendet. Die Verldufe von Endo- und Epikardium
wurde manuell sowohl in der End-Systole als auch in der End-Diastole markiert und dann
wahrend des Herzzyklus automatisiert nachverfolgt. Zur Quantifizierung von GLS wurden die
SA-Aufnahmen auf drei Schnittebenen (apikal, mittig, basal) ausgewertet, der
Longitudinalstrain fur jedes Segment bestimmt und abschlieBend zu einem globalen Strain
gemittelt. Zur Quantifizierung von GCS wurden 2Ch-, 3Ch- und 4Ch-Aufnahmen ausgewertet
und der circumferentielle Strain der einzelnen Segmente gemittelt. Da die Strainmessung
mittels Fast-SENC technologisch auf der Aufzeichnung von Magnetisierungssignalen parallel
zur Bildebene basiert, wird — anders als bei anderen Tagging-Methoden — longitudinaler Strain
aus kurzachsigen CMR-Aufnahmen und circumferentieller Strain aus langachsigen CMR-
Aufnahmen ermittelt. Als weitere Konsequenz hieraus ergibt sich, dass radialer Strain per Fast-
SENC nicht zu bestimmen ist. Eine frihere Studie zu Intra- und Inter-Untersuchervariabilitat

von Fast-SENC-Strain Messungen zeigte sehr gute Reproduzierbarkeit.*
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3.4 Multilayer-Strainmessung

Fur die Erfassung des Multilayer-Strains wurden bSSFP-Cine-Sequenzen mit Hilfe der
Softwarepakete QMass Version 8.1 und QStrain RE (Medis Medical Imaging Systems, Leiden,
Niederlande) ausgewertet, die auf FT-Technologie basiert.? Endo- und epikardiale Konturen
wurden manuell in End-Systole und End-Diastole markiert und automatisiert den Herzzyklus
uber nachverfolgt. Fur die Bestimmung von GCS wurden SA-Aufnahmen auf drei
Schnittebenen (apikal, mittig, basal), fur GLS die 2Ch-, 3Ch- und 4Ch-Aufnahmen
herangezogen und GLS und GCS jeweils fur die subendokardiale, intra-myokardiale und

subepikardiale Wandschicht quantifiziert.

3.5 Gewebecharakteriserung mittels Tissue-Mapping

Zur Gewebecharakterisierung wurde Studienteilnehmerinnen mit Herzinsuffizienz 0.15 mmol
gadoliniumhaltiges Kontrastmittel (KM) pro Kilogramm Korpergewicht appliziert
(Gadobutrol 1.0 mmol/ml). T1-Tissue-Mapping wurde nativ sowie 15 min nach KM
Applikation mittels modified look-locker inversion recovery (MOLLI) durchgefiihrt.?® T2-
Tissue-Mapping wurde nativ mittels der andernorts beschriebenen gradient spin echo
technique (GraSE) durchgefiihrt.?* Aufgrund kirzlich bekanntgewordener Ablagerungen von
gadoliniumhaltigem KM im zentralen Nervensystem mit noch unklarer klinischer Signifikanz
wurde bei Studienteilnehmerinnen der Kontrollgruppe aufgrund von Nutzen-Risiko-
Abwagungen kein gadoliniumhaltiges KM eingesetzt.

Im Rahmen des Tissue-Mapping kam das Softwarepaket QMap RE Version 2.0 (Medis
Medical Imaging Systems, Leiden, Niederlande) zum Einsatz. Native T1- und T2-
Relaxationszeit wurden aus MOLLI, beziehungsweise GraSE Sequenzen errechnet. Das ECV
wurde aus nativer T1-Relaxationszeit und T1-Relaxationszeit 15 Minuten nach KM
Applikation sowie dem H&matokrit, der bei der vorangegangenen vendsen Blutuntersuchung
gemessen wurde, bestimmt.?® Da die Studienteilnehmerinnen der Kontrollgruppe wie oben
beschrieben kein KM erhalten hatten, konnte fir diese Gruppe kein ECV ermittelt werden.
Stattdessen wurden publizierte Werte einer dhnlichen Gruppe gesunder Probanden zum

Vergleich verwendet.?8

3.6 Statistische Methoden

Verteilungen von kontinuierlichen Variablen wurden mit dem Shapiro-Wilk Test auf
Normalverteilung Uberpriift, als arithmetisches Mittel + Standardabweichung wiedergegeben

und Gruppenunterschiede mittels t-Test fiir unabhéngige Stichproben, dem gepaarten T-Test
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oder analysis of variance (ANOVA) auf statistische Signifikanz tberprift. Post-hoc Testung
bei signifikanter ANOVA wurde mittels Tukey-Test durchgefiihrt. Die Verteilungen
kategorialer Variablen werden als absolute Haufigkeit (relative Haufigkeit in Prozent)
wiedergegeben und mittels Chi-Quadrat-Test auf statistische Signifikanz Gberpruft. Fur lineare
Korrelationen zwischen zwei kontinuierlichen Variablen wurde Pearson-Koeffizienten
berechnet. Diagnostischer Nutzen wurde anhand der area under the curve (AUC) der receiver
operating characteristic (ROC) Kurve beurteilt. Zweiseitige p-Werte <0.05 wurden als
statistisch signifikant erachtet.

Der Stichprobenumfang wurde pragmatisch in Anbetracht verfiigbarer CMR-Kapazitaten und
ahnlicher Studien gewdhlt. Die erreichte Teilnehmerinnenzahl pro Subgruppe war im
Durchschnitt n=18. Die Standardabweichung der LV GLS Anderung wahrend HG betrug
gerundet £12. Eine Powerberechnung ergab, dass eine ANOVA unter diesen Prdmissen einen
Subgruppenunterschied in Bezug auf die Strainanderung wéhrend HG von %5 auf einem
Signifikanzniveau von 0.05 mit einer Power von 0.83 detektieren konnte.

Kontraktion eines myokardialen Segments ergibt per definitionem negative Strainwerte.
Starkere Kontraktion flihrt also mathematisch zu einer Abnahme des Strainwertes noch weiter
ins Negative. Aus Griinden der besseren Nachvollziehbarkeit wird allerdings im Folgenden
starkere Kontraktion als Strainzunahme bezeichnet, auch wenn der numerische Strainwert
abnimmt und vice versa schwéchere Kontraktion als Strainabnahme, auch wenn der
numerische Strainwert zunimmt.

Statistische Berechnungen wurden mit den Softwares R Version 3.5.1 (2018-07-02) (R
Foundation for Statistical Computing, Wien, Osterreich) und SPSS 24 (IBM, Armonk, New
York, USA) durchgefihrt.

4. Ergebnisse

Die prasentierten Ergebnisse sind bereits andernorts publiziert.821.22

Insgesamt wurden 72 TeilnehmerInnen in die Studie eingeschlossen (HFrEF: n=18; HFmrEF:
n= 18; HFpEF = 17; Kontrollen: n=19). Tabelle 1 in Blum et al. 2020 charakterisiert die
Studienpopulation im Detail.*® Aufgrund des Fehlens verwertbarer Messungen mussten fir die
Multilayer-Strain-  und  Tissue-Mapping-Experimente  teilweise  Teilnehmerlnnen
ausgeschlossen werden, was die leicht variierenden TeilnehmerInnenzahlen in den einzelnen
Experimenten erklart. Die Subgruppen unterschieden sich in Bezug auf demographische und
klinische Eigenschaften: In der HFrEF-Gruppe waren Manneranteil, BMI und Raucher-
Packyears am hdchsten. HFmrEF-Patientinnen waren am haufigsten von KHK betroffen,
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hatten aber grof3tenteils nur milde Dyspnoesymptomatik. HFpEF-Patientinnen waren am
altesten, am héufigsten von DM und HTN betroffen und zeigten die starkste

Gehstreckeneinschrankung im Sechs-Minuten-Gehtest.

4.1 Veranderung von Fast-SENC Strain wahrend isometrischer HG-Belastung

Héamodynamische Parameter und Fast-SENC Strain vor und wéhrend isometrischer HG-
Belastung sind in Tabelle 2 in Blum et al. 2020 detailliert ausgefiihrt.*® HG-Belastung fiihrte
in allen Subgruppen zu einem Anstieg von systolischem und diastolischem RR, HF und
Pulsdruck.

LV GLS und LV GCS waren sowohl vor als auch wahrend HG-Belastung am hdchsten in der
Kontrollgruppe und nahmen von HFpEF tber HFmrEF zu HFrEF stufenweise ab (Tabelle 2,
Blum et al. 2020).18 Die durchschnittliche prozentuale Strainanderung wahrend HG-Belastung
unterschied sich nicht nicht signifikant zwischen den Subgruppen, weder fir LV GLS
(Kontrollen: +1.2 £ 5.4%; HFpEF: —0.6 = 8.3%; HFmrEF —1.7 + 10.7%; HFrEF —3.1 + 19.4%;
p = 0.746) noch fur LV GCS (Kontrollen: —0.8 + 11.0%; HFpEF: +3.1 £ 11.6%; HFmrEF
+10.8 + 48.6%; HFtEF —2.4 + 18.1%; p = 0.467).

Auf individueller Ebene konnte die Straindnderung wahrend HG sowohl positiv als auch
negativ sein (Figur 4, Blum et al. 2020).1® Wahrend sich positive und negative Anderung in
allen Subgruppen groRtenteils die Balance hielten, wie an den um null rangierenden
durchschnittlichen  Anderungen ersichtlich, unterschied sich die Spannweite der
Straindnderung deutlich zwischen den Subgruppen. Beispielsweise waren Minimum und
Maximum der LV GLS Anderung -11.0% und +10.0% in der Kontrollgruppe, im Vergleich zu
-42.0% und +32.0% in der HFrEF Gruppe.

Auf Basis dieser Beobachtung untersuchten wir den Betrag der prozentualen Straindnderung
wihrend HG, ungeachtet des Vorzeichens der Anderung und fanden signifikante Unterschiede
zwischen den Subgruppen fir sowohl LV GLS (Kontrollen: 4.4 + 3.2%; HFpEF: 5.9 + 5.7%;
HFmrEF: 6.8 + 8.3%; HFrEF 14.1 £ 13.3%; p = 0.005) als auch fiir LV GCS (Kontrollen: 8.6
+ 6.6%); HFpEF: 9.8 + 6.6%; HFmMrEF: 14.7 + 10.2%; HFrEF 28.3 + 40.4%, p = 0.028).

Der Betrag der LV GLS Strainanderung wéhrend HG korrelierte signifikant mit der Ruhe-LV
EF (r = —0.37, p = 0.001), NTproBNP (r = 0.33, p = 0.004), dem MLHQ Score, der
Einschrankungen der Lebensqualitat quantifiziert (r = 0.26, p = 0.028), dem LV
enddiastolischen Volumen (r = 0.40, p = 0.006) und dem LV endsystolischen Volumen (r =
0.43, p = 0.001).

15



Dissertation Moritz Blum

4.2 Multilayer-Strain zur Differenzierung von HFpEF und Herzgesunden

Im Rahmen der FT-Multilayer-Strainuntersuchung wurden 20 Studienteilnehmerinnen mit
HFpEF und 20 Teilnehmerinnen der Kontrollgruppe verglichen. HFpEF Patientlnnen zeigten
sowohl auf subendokardialer (—20.8 £ 4.0 vs. —23.2 + 3.4, p = 0.046) und intra-myokardialer
(—18.0£3.0 vs. —21.0 £2.5, p = 0.002) und subepikardialer Ebene (12.2 £2.0 vs. —16.2 +2.5,
p < 0.001) signifikant reduzierten LV GLS verglichen mit Studienteilnehmerinnen aus der
Kontrollgruppe. Beziiglich des LV GLS hingegen unterschieden sich HFpEF und Kontrolle
weder auf subendokardialer (—34.9 + 6.5 vs. —34.0 + 6.0, p = 0.72) noch auf intra-myokardialer
(-22.0+3.9 vs. —21.8 + 3.7, p = 0.85) oder subepikardialer Ebene signifikant (—=10.9 + 2.8 vs.
—11.8£2.2, p=0.30).

Eine vergleichende Beurteilung der diagnostischen Kapazitat mittels ROC zeigte, dass
subepikardialer GLS eine grofiere AUC erreichte (0.90, 95% Confidence Interval 0.81-1) als
E/e’ (0.62, 95% Confidence Interval 0.46-0.78) und &hnlichen diagnostischen Nutzen erbrachte
wie NTproBNP (Figur 1, Tanacli et al 2020). Eine Kombination von subepikardialem GLS
(Cut-off < -13.0) und NTproBNP (Cut-off >220 ng/l) erreichte mit einer Sensitivitat von 89%
und einer Spezifitdt von 100% eine ausgezeichnete Differenzierung von Herzgesunden und
HFpEF (AUC 0.98, 95% Confidence Interval 0.95-1, p < 0.001).

4.3 Gewebecharakterisierung mittels Tissue-Mapping

In die Tissue-Mapping-Analyse wurden 17 Patientinnen mit HFrEF, 18 mit HFmrEF, 17 mit
HFpEF und 17 Studienteilnehmerinnen aus der Kontrollgruppe eingeschlossen. Die T2-
Relaxationszeit betrug 56.0 = 6.0 ms, 55.4 £ 3.4 ms, 52.6 £ 3.6 ms und 50.6 £ 2.1 ms in den
Gruppen HFrEF, HFmrEF, HFpEF und in der Kontrollgruppe. Wéhrend HFrEF und HFmrEF
sich in Bezug auf die T2 Relaxationszeit signifikant von der Kontrollgruppe unterschieden
(p=0.005), war kein signifikanter Unterschied zwischen HFpEF und der Kontrollgruppe
feststellbar (p=0.449). Die T2-Relaxationszeit korrelierte signifikant mit logNTproBNP
(r=0.64, p<0.001), dem MLHQ Lebensqualitats-Score (r=0.48, p<0.001) und der Gehstrecke
im Sechs-Minuten-Gehtest (r=-0.34, p=0.004).

Die native T1-Relaxationszeit betrug 1033 + 54 ms, 1027 £ 40 ms, 985 + 32 ms und 972 + 31
ms in den Gruppen HFrEF, HFmrEF, HFpEF und der Kontrollgruppe. Auch in Bezug auf die
T1-Relaxationszeit unterschieden sich HFrEF und HFmrEF signifikant von der Kontrollgruppe

(p<0.001), wéhrend der Unterschied zwischen HFpEF und Kontrollgruppe keine statistische
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Signifikanz erreichte (p=0.776). Die native T1-Relaxationszeit korrelierte signifikant mit
logNTproBNP (r=0.60, p<0.001) und dem MLHQ Lebensqualitéts-Score (r=0.36, p=0.002).
Das errechnete ECV betrug 29.3 + 3.4 % in der HFrEF-, 29.2 + 2.6 % in der HFmrEF- und
27.3 £ 2.6 % in der HFpEF-Gruppe. Das ECV der historischen Vergleichskohorte
Herzgesunder betrug 27 + 4 %.%5 Die Unterschiede zwischen den einzelnen Subgruppen
erreichten keine statistische Signifikanz. ECV korrelierte leicht mit logNTproBNP (r=0.29,
p=0.039). Native T1-Relaxationszeit, T2-Relaxationszeit und ECV korrelierten signifikant
untereinander (native T1 ~ T2: r=0.66, p<0.001; T2 ~ ECV: r =0.35, p=0.010; T1 ~ ECV:
r=0.47, p<0.001).

5. Diskussion

Die vorliegende Studie zur Evaluation dreier experimenteller CMR-Methoden zur besseren
Differenzierung von Patientinnen mit HI untereinander und im Vergleich zu Herzgesunden
erbrachte im Wesentlichen die folgenden Ergebnisse:

1. Die durchschnittliche Anderung von Fast-SENC-Strain wiéhrend HG-Belastung
unterschied sich nicht signifikant zwischen den HI-Entitdten und Herzgesunden. Der
Betrag der Straindanderung hingegen stieg von Herzgesunden tiber HFpEF und HFmrEF
bis HFrEF signifikant an.

2. In einer FT-Multilayer-Strainanalyse zeigten HFpEF Patientinnen in allen
Wandschichten signifikant reduzierten LV GLS verglichen mit Herzgesunden.
Insbesondere epikardialer LV GLS eignete sich hervorragend zur Differenzierung
zwischen HFpEF und Kontrollgruppe.

3. Im Tissue-Mapping-CMR zeigten Patientlnnen mit HFmrEF und HFrEF signifikant
angehobene native T1- und T2-Relaxationszeiten verglichen mit Herzgesunden,
wéhrend Patientinnen mit HFpEF sich nicht signifikant von Herzgesunden
unterschieden. ECV variierte nicht signifikant zwischen HI-Entitdten und
Kontrollgruppe.

Diese Ergebnisse wurden in einzelnen Publikationen bereits diskutiert und die im Folgenden

dargestellten Verortungen und Interpretationen wurden dort bereits elaboriert.1821.22

5.1 Myokardialer Strain — ein vielversprechender Bildgebungsparameter?

Myokardialer Strain — vor wenigen Jahren noch ein rein experimenteller Parameter — hélt
immer weiter Einzug in die klinische Praxis: Wahrend Strain in den letzten ESC Leitlinien zu

Diagnose und Behandlung der HI noch keine einzige Erwahnung fand, wird in den aktuellen
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ESC-Leitlinien von 2016 Strain-Messung im Zusammenhang mit der Diagnostik der DD und
dem Monitoring wahrend kardiotoxischer Chemotherapie erwéahnt und erhélt eine Klasse Ila
Empfehlung zur Friherkennung myokardialer Funktionsstorungen.-?

Fast-SENC stellt eine Weiterentwicklung der CMR-basierten Strainmessung insbesondere
deshalb dar, weil innerhalb eines aufgezeichneten Herzzyklus eine vollstandige Strain-
Quantifizierung durchgefuhrt werden kann, ein deutlicher Fortschritt gegentiber FT-basierten
Strainmessungen, bei denen fur die Aufnahme von bSSFP-Sequenzen léngere
Atemhaltemandver notwendig sind, die fur dyspnoeische HI-Patientinnen oft eine grolRe
korperliche Belastung darstellen.*?

Die Bedeutung von Stresstests zur Diagnose — insbesondere diastolischer — myokardialer
Funktionsstérungen wird in den aktuellen ESC Leitlinien zur Diagnose und Behandlung der
HI deutlich betont.! Im Rahmen dieser Studie wurde erstmals ein kombinierter diagnostischer
Ansatz aus Fast-SENC basierter Strain Messung und HG-Belastung eingesetzt, der sich vor
allem deshalb empfiehlt, weil HG eine simple, breit verfiighare Belastungsintervention
darstellt, die zudem verspricht, weniger Bewegungsartefakte zu erzeugen als andere

Belastungsmodalitaten.

5.2 Der Effekt erhohter kardialer Nachlast auf myokardiale Kontraktilitat

HG fihrt durch die isometrische Kontraktion einer relativ kleinen Muskelgruppe zu einer
kreislaufrelevanten Erhéhung der kardialen Nachlast, in deren Folge systolischer und
diastolischer RR sowie die HF ansteigen.’®'” Eine aktuelle Metaanalyse bestatigte den
signifikanten Anstieg der HF wéhrend HG und fand, dass Herzzeitvolumen (HZV) und
Schlagvolumen (SV) sich wahrend HG nicht signifikant veranderten.?® Diese Beobachtungen
legen nahe, dass erhohter Nachlast im Rahmen von HG-Belastung eher durch eine Erhéhung
der HF, als durch eine Verstarkung der kontraktilen Leistung des Myokards begegnet wird.

Mit der Messung von Strain haben kardiale Bildgebungsmethoden die direkte Quantifizierung
von myokardialer Kontraktilitit moglich gemacht.?® Einige Studien mit unterschiedlichen
Bildgebungs- und Stressmodalitdten untersuchten in der Vergangenheit die Auswirkungen
erhdhter Nachlast auf myokardialen Strain und kamen zu divergierenden Ergebnissen.
Fredholm et al. verabreichten 21 Patientlnnen nach einem herzchirurgischen Eingriff
Phenylephrin zur Steigerung der Nachlast und konnten mittels speckle tracking
Echokardiographie (STE) keine Anderung des LV Strain messen.*° Stefani et al. untersuchten
Athletinnen und Nicht-Athletinnen vor und wahrend HG-Belastung. Bei Nicht-Athletinnen
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fand sich keine Anderung des longitudinal peak systolic strain (LPSS) wahrend HG, bei
Athletinnen fand sich eine LPSS-Steigerung nur in den mittigen und apikalen Segmenten.3!

Andere Studien, die Strain bei gesunden Freiwilligen mittels STE untersuchten, fanden
hingegen reduzierten Strain wahrend HG-Belastung.3>% Eine tierexperimentelle Studie, die
Nachlasterhohung mittels chirurgischem Aorten-Banding herbeifiihrte, kam zu &hnlichen

Ergebnissen.®*

5.3 Heterogene Straindnderung bei HI-Patientlnnen in Folge von HG-Belastung

In unserer Studie, die sowohl Herzgesunde als auch HI-Patientinnen einschloss und sich mit
Fast-SENC einer gut reproduzierbaren, neuartigen Methode bediente, fanden wir eine
heterogene Straindnderung in Folge von HG-Belastung, die stark zwischen einzelnen
Studienteilnehmerlnnenn variierte und sowohl positiv als auch negativ sein konnte (Figur 4,
Blum et al. 2020).11'® Dieses Muster ergab sich sowohl bei HI-Patientinnen als auch bei
Herzgesunden. Friihere Studien hatten Straindnderung wéhrend HG ausschlieRlich in Form von
Mittelwerten wiedergegeben und die Mdoglichkeit und Implikationen einer deutlich
heterogenen Straindnderung nie ausdrlcklich diskutiert, obwohl sie das Nebeneinander
positiver und negativer Ergebnisse von Studien mit &hnlichem Ansatz teilweise erkléaren
kdnnte. Unsere Ergebnisse deuten hingegen darauf hin, dass nicht das VVorzeichen, sondern der
Betrag der Straindnderung wéhrend HG mit kardialer Dysfunktion assoziiert ist. Dieser nahm
mit zunehmender systolischer Funktionseinschrankung deutlich zu und war zudem signifikant
mit Surrogatparametern der HI-Schwere, namentlich NTproBNP und Sechs-Minuten-
Gehstrecke, assoziiert.

Dennoch bleibt die Frage, welche Faktoren determinieren, ob Strain wahrend HG ansteigt oder
abnimmt. In Anbetracht der Tatsache, dass der Anstieg der HF eine wichtige Rolle bei der
Anpassung an erhdhte Nachlast spielt, liegt die Vermutung nahe, dass eine Uberméalige
Strainzunahme die Kompensation einer insuffizenten Erhéhung der HF wéhrend HG darstellt.
In einer explorativen Analyse fanden wir, dass bei HI-Patientinnen die LV GLS-Anderung
tatsachlich invers mit der Anderung der HF korrelierte (r = —0.31, p = 0.023). Offensichtlich
spielen hier jedoch auch noch andere Faktoren eine wichtige Rolle: Beta-Blocker-Therapie
interferiert mit der Modulationsbreite der HF, LV-endiastolischer Druck héngt eng mit der
Anpassungsfahigkeit an erhdhte Nachlast zusammen und variable Patientinnenmitarbeit stellt
unter Umstanden einen Storfaktor dar.” Aufgrund all dieser Faktoren und der Heterogenitat
der Straindnderung, die wir in unserem Experiment zeigen konnten, scheint der Kklinische

Nutzen von Strainmessung wahrend isometrischer Muskelbelastung mittels HG begrenzt.
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5.4 Multilayer-Strain zur Diagnostik von HFpEF

Technische Innovationen ermdglichen heute die differenzierte Analyse von Strain in
verschiedenen myokardialen Wandschichten. Unsere Multilayer-Strain Analyse mittels FT-
CMR ergab, dass LV GLS bei HFpEF in allen Wandschichten herabgesetzt ist. LV GCS
hingegen unterschied sich nicht signifikant zwischen HFpEF und gesunden Kontrollen. Diese
Beobachtung bestatigt die Ergebnisse friiherer Studien zu dieser Frage.® Gestorter LV GLS ist
zudem stark mit negativer kardialer Prognose assoziiert.3®

Die offensichtlich groRe klinische Bedeutung des LV GLS wird mit dem Schichtaufbau des
Myokards in Verbindung gebracht. Frihere anatomische und pathologische Studien
untersuchten mikroskopisch den Verlauf myokardialer Fasern und beschrieben dabei ein
dreischichtiges Modell in dem subepikardiale Fasern diagonal, intra-myokardiale Fasern
circumferentiell und subendokardiale Fasern longitudinal verlaufen.*® Als Grund fiir die enge
Assoziation von LV GLS und myokardialem Schaden wurde deshalb vermutet, dass
subendokardiale Fasern, die longitudinal verlaufen, am vulnerabelsten fir Minderversorgung
sind, da sie die Endstrecke der myokardialen Perfusion darstellen.3” Unsere Beobachtung, dass
sich subepikardialer LV GLS noch mehr als subendokardialer LV GLS zur Differenzierung
von HFpEF und Gesunden eignet, war daher unerwartet.

Jungere Publikationen weisen jedoch darauf hin, dass Belege fir diese Theorie Uber den
Zusammenhang von subendokardialer Faseranordnung und LV GLS fehlen und argumentieren
stattdessen, dass die hohe Aussagekraft des LV GLS eher technisch als physiologisch bedingt
sei: Wahrend circumferentieller und radialer Strain stark von der korrekten Erfassung subendo-
und subepikardialer Strukturen abhéngig sind, ist die Messung von GLS weniger
untersucherabhingig und fehleranfallig.3” Uberlegungen zur technischen Erfassung von Strain
liefern auch eine mogliche Erklarung fiir die Uberlegenheit des subepikardialen LV GLS
gegeniiber Strainableitungen aus anderen Wandschichten: An der Grenze von Myokard und
Perikard, beziehungsweise extrakardialem Gewebe ergibt sich ein besonders hoher T1-
Kontrast, der eine bessere FT-Gewebenachverfolgung ermoglicht.®

In unserer vergleichenden Analyse konnte subepikardialer LV GLS signifikant zur
Differenzierung von HFpEF und Herzgesunden beitragen, was diesen neuartigen Parameter zu
einem vielversprechenden Kandidaten fir HFpEF-Diagnostikalgorithmen wie den HFA-PEFF
Score macht.*® Zur eindeutigen Klarung des diagnostischen Nutzens und zur Festlegung eines

allgemeingltigen Cut-Off-Wertes sind allerdings grofiere Studien notwendig.
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5.5 Tissue-Mapping zur Gewebecharakterisierung bei Hl

Tissue-Mapping ist ein relativ neu entwickeltes Verfahren, dass die Quantifizierung von
Gewebeeigenschaften basierend auf CMR ermdglicht. Insbesondere Patientinnen mit
HFmrEF, einer Entitat, die erst in der letzten Iteration der ESC Leitlinien definiert wurde,
wurden unseres Wissens nach noch nie systematisch mittels Tissue-Mapping untersucht.
Sowohl native T1-Relaxationszeit als auch ECV korrelieren signifikant mit dem Ausmal}
myokardialer Fibrose in histologischen Untersuchungen und haben Uberdies prognostische
Bedeutung bei verschiedenen Formen der HI.3%40

Waéhrend in friheren Studien sowohl HFrEF als auch HFpEF Patientinnen signifikant
angehobenes ECV zeigten, unterschied sich in unserer Studie das aus pré- und post-KM T1-
Relaxationszeit und Hamatokrit berechnete ECV nicht signifikant zwischen HFrEF, HFmrEF
und HFpEF.4

Die native T1-Relaxationszeit hingegen waren bei HFrEF und HFmrEF im Vergleich zu
Herzgesunden signifikant angehoben, bei HFpEF jedoch nicht. Da die native T1-
Relaxationszeit Riickschliisse auf Gewebezusammensetzung und Prognose erlaubt, lasst sich
in Bezug auf die schlecht charakterisierte Entitait HFmrEF pathophysiologische Ahnlichkeit
mit HFrEF vermuten. Im Lichte der Ergebnisse einiger randomisierter kontrollierter Studien,
die eine gewisse Wirksamkeit von HFrEF-Therapien bei Patientinnen fanden, die heute
HFmrEF zugerechnet wirden, nicht jedoch bei Patientinnen mit LV EF >50%, erscheint diese
Vermutung durchaus plausibel.*> Angehobene native T1-Relaxationszeiten verweisen auf
myokardialen Umbau und Fibrose als wichtigen Faktor in der Pathophysiologie von sowohl
HFrEF als auch HFmrEF.

T2-Mapping ermoglicht die Quantifizierung von intramyokardialem Wasser, welches vor
allem im Rahmen von Entziindungsprozessen, zum Beispiel bei Myokarditis, als myokardiales
Odem auftritt.?* Da T2-Relaxationszeiten jedoch stark von technischen Aspekten der CMR-
Durchfuhrung wie der Feldstarke und interindividuellen Schwankungen abhéngen, ist bei ihrer
Interpretation Vorsicht geboten.?* In unserem Experiment war die T2-Relaxationszeit bei
HFrEF und HFmrEF im Vergleich zu Herzgesunden angehoben. HFrEF und HFmrEF
unterschieden sich nicht signifikant voneinander, was einen weiteren Hinweis auf die
pathophysiologische Ahnlichkeit der intramyokardialen Prozesse dieser beiden HI-Entitaten
liefert. Obwohl entziindlichen Prozessen in der Pathogenese von HFpEF eine grolRe Rolle
beigemessen wird, wiesen HFpEF-Patientinnen keine hoéhere T2-Relaxationszeit auf als

Herzgesunde. Eine mogliche Erklarung hierfur ist, dass das Entziindungsgeschehen bei HFpEF
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durch ein subtil proinflammatorisches metabolisches Milieu ausgelést und auf die
Mikrozirkulation und Endothel-Kardiomyozyten-Wechselwirkungen beschrankt ist, die zu
einer Veranderung des myokardialen Expressionsmusters, nicht jedoch zu makroskopisch

erfassbarem intramyokardialem Odem fiihren.>

5.6 Limitationen

Die Aussagekraft der vorliegenden Studie ist aufgrund verschiedener Faktoren eingeschrankt:
Unsere Experimente erfassen teilweise keine a priori definierten Endpunkte, Analysen wurden
retrospektiv ausgefiihrt. Die Charakteristika der Subgruppen spiegeln die Unterschiede in
Bezug auf Demographie, Komorbiditaten und Begleitmedikation wieder, die sich auch in der
klinischen Praxis zwischen den HI-Entitaten finden. Dies erhéht zwar die Generalisierbarkeit
unserer Ergebnisse auf reale Patientinnenkollektive, die Mdglichkeit von confounding kann
aber dadurch nicht ausgeschlossen werden. Insbesondere Beta-Blocker-Therapie konnte die
kardiovaskuldre Anpassung an HG beeinflusst haben.

Ausschlusskriterien waren der Grund, dass Patientinnen mit Vorhofflimmern, ICD, CRT,
hohergradigen Klappenvitien, Ruhedyspnoe und weiteren Symptomen und Diagnosen nicht in
die Studie eingeschlossen werden konnten, obwohl diese einen signifikanten Teil der gesamten
HI-Population ausmachen, weswegen sich unsere Ergebnisse nur begrenzt verallgemeinern
lassen. Die ausgewahlten experimentellen Ansétze sind in unterschiedlichem Ausmale
fehleranféllig. Insbesondere Patientinnenmitarbeit bei HG-Belastung kénnte Messungen
verfalscht haben.

Aus all diesen Grinden sollten die vorliegenden Ergebnisse mit VVorsicht interpretiert werden.
Sie sollen nicht der definitiven Beantwortung von Forschungsfragen dienen, sondern

Hypothesen generieren und zukinftige Studien informieren und anregen.

5.7 Fazit

Wie in den drei dargestellten Experimenten gezeigt, ermoglichen CMR-basierte
Bildgebungsmethoden tiefe Einblicke in die Pathophysiologie der Herzinsuffizienz, sei es mit
genauer  Erfassung der myokardialen Kontraktilitst —mittels Strain  wahrend
Stressuntersuchungen oder in unterschiedlichen Gewebeschichten oder mit Tissue-Mapping,
das heute Aussagen uber Gewebeeigenschaften erlaubt, die friher nur per Biopsie mdglich
gewesen waren. Unser Ziel war es, dieses Potential zu nutzen, um die Differenzialdiagnostik
der HI zu verbessern. Nach Auswertung und Diskussion der vorliegenden Ergebnisse kommen

wir zu folgenden Schliissen:
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Fast-SENC-basierte Strainmessung wéhrend HG-Belastung ist mdglich; die Straindnderung ist
jedoch sowohl bei HI-Patientinnen als auch bei Herzgesunden heterogen. Auch wenn diese
Beobachtung zukinftige Diskussionen Uber die kardiovaskuldren Auswirkungen erhohter
Nachlast bereichern kann, ist ihr diagnostischer Nutzen fiir die Klinik begrenzt. Zukinftige
Versuche, Strain wéhrend korperlicher Belastung zu messen, sollten andere
Belastungsmodalitaten heranziehen, die einheitlichere und groRere kardiovaskuldre Effekte
haben.?®

Multilayer-Strainmessung mittels FT-CMR ermdglicht die differenzierte Erfassung von
myokardialem Strain in unterschiedlichen Wandschichten. Insbesondere subepikardialem LV
GLS differenziert hervorragend zwischen HFpEF und Herzgesunden, was diesen Parameter zu
einem vielversprechenden Kandidaten fur die klinische Anwendung macht. GroRere Studien
sind jedoch notwendig um diese Beobachtung zu bestatigen und belastbare Grenzwerte
festzulegen.

Mittels Tissue-Mapping fanden wir deutliche Unterschiede in der Gewebezusammensetzung
der verschieden HI-Entitaten. HFmrEF ahnelt mit erhdhter nativer T1- beziehungsweise T2-
Relaxationszeit, die mit Fibrose beziehungsweise myokardialem Odem assoziiert ist, dabei
stark HFrEF. Dies weist auf eine gewisse pathophysiologische Verwandschaft hin, die jedoch
nur durch weitere Studien, insbesondere histopathologischer Natur, wirklich etabliert werden

kann.
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* Department of Congenital Heart Disease, German Heart Center Berdin, Bedin, Germany, * Insttute for Imaging Science and
Computational Modeling in Cardiovascular Medicine, Charité-Universitatsmedizin Berln, Berin, Germany

Background: Fast strain-encoded cardiac magnetic resonance imaging (cMRI,
fast-SENC) is a novel technology potentially improving characterization of heart failure
(HF) patients by quantifying cardiac strain. We sought to describe the impact of
isometric handgrip exercise (HG) on cardiac strain assessed by fast-SENC in HF patients
and controls.

Methods: Patients with stable HF and controls were examined using cMRI at rest and
during HG. Left ventricular (LV) global longitudinal strain (GLS) and global circumferential
(GCS) were derived from image analysis software using fast-SENC, Strain change <-0.5
and > 40.5 was classified as increase and decrease, respectively.

Results: The study population comprised 72 subjects, including HF with reduced,
mid-range and preserved ejection fraction and controls (HFrEF n = 18 HFmrEF n = 18,
HFpEF n = 17, controls: n = 19). In controls, LV GLS remained stable in 36.8%, increased
in 36.8% and decreased in 26.3% of subjects during HG. In HF subgroups, similar
pattems of LV GLS response were observed (HFpEF: stable 41.2%, increase 35.3%,
decrease: 23.5%; HFmrEF: stable 50.0%, increase 16.7%, decrease: 33.3%; HFrEF:
stable 33.3%, increase 22.2%, decrease: 44.4%, p = 0.668). Mean change between
LV GLS at rest and during HG ranged close to zero with broad standard dewviation in all
subgroups and was not significantly different between subgroups (+1.2 + 5.4%, —-0.6
+ 8.3%, —1.7 £ 10.7%, and —3.1 + 19.4%, p = 0.746 in controls, HFpEF, HFmMrEF
and HFrEF, respectively). However, the absolute value of LV GLS change —irrespective
of increase or decrease—was significantly different between subgroups with 4.4 +
3.2% in controls, 5.9 + 5.7% in HFpEF, 6.8 + 8.3% in HFMrEF and 14.1 £+ 13.3%
in HFrEF (p = 0.005). The absolute value of LV GLS change significantly correlated with
resting LVEF, NTproBNP and Minnesota Living with Heart Failure questionnaire scores.
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Conclusion: The response to isometric exercise in LV GLS is heterogeneous in all HF
subgroups and in controls. The absolute value of LV GLS change during HG exercise
is elevated in HF patients and associated with measures of HF severity. The diagnostic
utility of fast-SENC strain assessment in conjunction with HG appears to be limited.

Trial Registration: URL: https://www.drks.de; Unique Identifier: DRKS00015615.

Keywords: heart failure, cardiac magnetic resonance imaging, strain, fast SENC, isometric handgrip

INTRODUCTION

Heart Failure (HF) remains a significant burden for patients
and health systems worldwide and, with high mortality despite
optimal therapy, refinement of therapeutic and diagnostic
strategies is needed (1). Different phenotypes in HF—namely HF
with preserved, mid-range and reduced ejection fraction (HFpEF,
HFmrEF, and HFrEF, respectively) (2)—respond differentially to
medical therapy (3-6). Thus, accurate diagnosis and stratification
of HF patients is of paramount importance.

Cardiac strain is an emerging diagnostic target in cardiac
imaging, describing myocardial deformation throughout the
cardiac cycle in three dimensions (7). Global longitudinal strain
(GLS) and global circumferential strain (GCS) have been shown
to be more sensitive in detecting myocardial dysfunctions
than left ventricular (LV) ejection fraction (EF) and therefore
promise earlier diagnosis and initiation of treatment (8, 9). Also,
strain could facilitate accurate stratification of and consecutively
appropriate therapy for HF patients (10). Cardiac magnetic
resonance imaging (cMRI) represents the gold standard for
cardiac imaging, especially for measuring volumes (2). Among
other methods to quantify myocardial strain in ¢MRI, such
as myocardial tagging, displacement encoding with stimulated
echoes (DENSE) and feature tracking (FT) (11-13), fast strain-
encoded ¢cMRI (fast-SENC) is a relative novel approach which
allows for reproducible and fast strain measurement (14, 15).

Physical stress testing can unmask myocardial dysfunction in
early stages of HF—especially in HFpEF (16). For stress testing
during ¢cMRI, isometric handgrip exercise (HG) represents an
accessible and reliable tool, potentially avoiding motion artifacts
associated with dynamic exercise. The combination of strain
analysis and HG has successfully been employed for detection
of ischemia and could provide a new diagnostic approach for
HF (17). HG represents an acute increase in afterload which
physiologically is met by an elevation in HR and an increase of
cardiac output. In patients with a poor cardiac reserve a rise in
the left ventricular end-diastolic pressure can be expected (18).
Also an effect on myocardial performance indices such as global
strain might therefore be conceivable. Therefore, in this study we
sought to characterize the impact of HG stress testing on cardiac
strain assessed by fast-SENC, in HF patients and healthy controls.

METHODS
Study Population

The Analysis of parameters of external and internal cardiac
power, output and aortal compliance using cardiac MRI in

patients with HF study (EMPATHY-HF) was an investigator-
initiated, prospective, cross-sectional study (German Clinical
Trials Register ID: DRKS00015615). The study was performed
in compliance with the Declaration of Helsinki and the study
protocol was approved by the local institutional review board
(Ethikausschuss 4 am Campus Benjamin Franklin, Charité
Universititsmedizin Berlin). All patients provided written
informed consent before entering the study. A dedicated analysis
of specific resting ¢cMRI parameters derived from this study
population has been published previously (19).

We included patients with stable chronic HF. Inclusion
criteria are described in detail elsewhere (20). In brief, dyspnea
NYHA class I or more and NTproBNP > 220 ng/l were required
for all HF patients, while specific imaging requirements applied
for HFpEF (LV EF = 50%, E/e’ > 13 or left atrial volume index
>34 mL/m? or LV septum thickness >12mm), HFmrEF (LV EF
40-49%) and HFrEF (LV EF < 40%), as per European Society
of Cardiology guidelines (2). All patients had to receive medical
therapy as recommended in current guidelines. Additionally, we
included controls without HF.

Exclusion criteria included atrial fibrillation (AF), high-grade
valvular disease or a history of valve replacement, and ¢cMRI
contraindications such as implanted cardioverter-defibrillator
(ICD) or pacemaker, BMI =38 kglm2 as well as a history of
adverse contrast-medium reaction.

Study Procedures

All subjects underwent comprehensive clinical work-up
including physical examination laboratory evaluation, ECG, 6-
min walk test and quality of life assessment using the Minnesota
Living with Heart Failure Questionnaire (MLHFQ). Medical
history, current diagnoses and medication were extracted from
electronic health records.

CMRI was performed using a clinical 1.5 Tesla MRI scanner
(Achieva, Philips Healthcare, Best, The Netherlands) with a
cardiac five-element phased array coil. Cine images were acquired
using a retrospectively gated cine-cMRI in cardiac short-axis,
vertical long-axis and horizontal long-axis orientations using
a steady-state free precession sequence at rest. Fast-SENC was
acquired at rest and during HG in real-time free breathing
technique, as described previously (14). In brief, this SENC
method generates temporary markers within the myocardium
based on the unique MRI properties of tissue. The deformation
of the myocardium during the cardiac phases changes the density
of the markers, which when captured using an MRI spiral
acquisition produces a cine sequence of SENC images (Figure 1).
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FIGURE 1 | Fast strain-encoded cardiac magnetic resonance imaging. (A) 62
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Three short-axis planes (apical, mid, and basal level) as well as
two-, three- and for-chamber planes were assessed.

After 15min of supine rest, resting blood pressure and
heart rate were obtained, followed by resting ¢tMRI sequences.

Moritz Blum

For HG exercise testing, a MRI-safe hand dynamometer was
used (Stoelting, Wood Dale, Illinois). After determination of
maximum voluntary contraction using the dominant hand,
subjects were instructed to sustain 30% of maximum voluntary
contraction for }min, avoiding Valsalva maneuver by
continued breathing. Continuing HG exercise, blood pressure,
heart rate and stress cMRI sequences were recorded under

stress conditions.

Image Analysis

Image analysis was performed using the software Medis®
Suite 3.1.168 (Medis medical imaging systems, Leiden, The
Netherlands) for left ventricular volume, mass and function
measurements and the software MyoStrain 5.0 (Myocardial
Solutions, Inc., Morrisville, North Carolina, USA) for fast-SENC
strain measurements.

Trained operators manually traced endocardial and epicardial
borders at end-systole and end-diastole. For quantitative
assessment of global longitudinal strain (GLS), 3 short-axis planes
(apical, mid and basal level) were analyzed using MyoStrain.
Strain was calculated for each myocardial segment and then
averaged. For quantitative global circumferential strain (GCS)
assessment, three long-axis planes (two-, three-, and for-chamber
view) were analyzed using the same software. Strain was
calculated for each myocardial segment and then averaged.
Myocardial shortening during systole translates to negative strain
values. When communicating comparisons of strain values (e.g.,
strain decrease or increase) we will refer to the absolute value of
strain, as recommended elsewhere (7).

We classified strain response to HG as stable, increase or
decrease. In a recent study, our group investigated intra-observer
reliability for LV GLS assessment employing fast-SENC in very
similar cohort of healthy subjects and HF patients and found
0.6 and +0.5 (15).
observation, we decided that in order to classify as increase
+0.5,

--0.5 and

limits of agreement of Based on this

or decrease, LV GLS change must exceed <-0.5 or
respectively. Accordingly, LV GLS change between
+0.5 was classified as stable.

Statistical Analysis

Continuous variables are reported as mean (standard deviation),
while categorical variables are reported as percentage. After
testing for non-normality in distribution of continuous variables
using the Shapiro-Wilk test, independent sample t-test, paired
sample t-test and analysis of variance (ANOVA) for continuous
response variables and Chi-square test for categorical response
variables were used, as appropriate. For post-hoc analysis
of intergroup differences in ANOVA we used Tukey's test.
Pearson’s coefficients were used to assess correlations between
two continuous variables. For logarithmic transformations, the
natural logarithm of variables of interest was utilized. Two
sided p -

size was chosen pragmatically based on similar previous studies

0.05 were considered statistically significant. Sample
and available research capacities (15, 21-23). Power calculation
demonstrated that with the achieved sample size of n = 18 per
subgroup and a standard deviation in LV GLS percentage change
of =12 overall, we were able to detect a subgroup difference of £5
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in LV GLS percentage change in ANOVA at a significance level of
0.05 yielding a statistical power of 0.83 (24).

Statistical analysis was performed using R version 3.5.1
(2018-07-02) (R Foundation for Statistical Computing,
Vienna, Austria).

RESULTS

Study Population
The final analysis comprised 72 subjects, 18 HFrEF patients, 18
HFmrEF patients, 17 HFpEF patients and 19 controls.

Baseline characteristics varied widely between subgroups
(Table 1). HFpEF patients were the oldest, most likely to be
female and had the highest prevalence of hypertension and
diabetes mellitus. HFmrEF patients had the highest prevalence
of coronary artery disease but had the least severe dyspnea
symptoms according to New York Heart Association (NYHA)
classification. HFrEF patients were most likely to be men, had the
highest BMI the most smoking pack years on average.

On laboratory examination, HFpEF patients had lowest
levels of N-terminal pro-brain natriuretic peptide (NTproBNP),
hemoglobin and red blood cells, but the highest levels of
low-density-lipoprotein cholesterol, high-sensitivity Troponin
T, high-sensitivity C-reactive protein, compared to other
HF patients.

Almost all HFrEF patients received beta blockers (BB), and a
majority also received angiotensin-converting enzyme inhibitors
(ACEI) and mineralocorticoid antagonists (MRA). 22% of HFrEF
patients received an angiotensin receptor blocker / neprilysin
inhibitor (ARNI). HFmrEF patients were less likely to receive BB,
ACEI or ARB and MRA compared to HFrEF patients. Among
HFpEF patients, a majority received BB and either ACEI or ARB,
17.6% received MRA and one patient received off-label ARNI.

Hemodynamic Features at Rest and During

Exercise

Hemodynamic features at rest and during HG are reported in
Table 2 and Figure 2. We report change as percentage change to
account for subgroup differences at baseline. Numeric differences
between rest and HG are reported in Supplementary Table 1. At
rest, there were no differences between subgroups in regard of
systolic blood pressure (BP), diastolic BP, pulse pressure (PP) or
heart rate (HR).

In response to HG exercise, systolic and diastolic BP, HR and
PP increased in all subgroups. Changes in BP, HR, and PP from
rest to HG was not significantly different between subgroups.
During HG exercise, we observed a stepwise decrease of systolic
BP from controls to subjects with HFpEE, HFmrEF, and HFrEF
with 163.2 & 20.1, 156.2 £ 18.8, 147.8 £17.3, and 140.7 & 22.8
mmHg, respectively (p = 0.006). A similar pattern was found
in PP during HG. Meanwhile, diastolic BP during HG was not
different across subgroups.

Strain at Rest and During Isometric

Exercise
At rest, LV strain was highest in healthy controls and decreased
stepwise with HF category (Table 2, Figure 3). This held true for

both LV GLS) and LV GCS. During HG exercise, we found mean
LV strain to be largely unchanged. Correspondingly, there was
a stepwise decrease with HF category in both LV GLS and LV
GCS. A post-hoc analysis of subgroup differences in strain and
hemodynamic parameters is detailed in Supplementary Table 2.

Mean percentage change between LV GLS at rest and during
isometric exercise ranged close to zero with broad standard
deviation in all subgroups (Table 2) and was not significantly
different between subgroups (+1.2 £ 5.4%, —0.6 £ 8.3%, —1.7
+ 10.7%, and =3.1 £ 19.4%, p = 0.746 in controls, HFpEF,
HFmrEF, and HFrEF, respectively). LV GLS change and LV GCS
change in response to HG exercise were not correlated (r =
~0.02, p = 0.865).

On subject level, strain response could be stable, as well as
negative or positive (Figure 4). Strain change between >-0.5 and
<+0.5 was classified as stable as specified above. In controls, LV
GLS remained stable in 36.8%, increased in 36.8% and decreased
in 26.3% of subjects in response to HG. In HFpEF, HFmrEF
and HFrEF patients, similar distributions of LV GLS response
to HG were observed (Table 3). The distribution of LV GLS
response to HG did not vary significantly between subgroups
(p = 0.668). There were no differences with regard to baseline
characteristics between subjects with increase, decrease and no
change of LV GLS in response to HG (Supplementary Table 3).
LV GCS response to HG did not vary significantly between
subgroups, either (p = 0.831).

Of note, the range of LV GLS change was narrow in
controls (minimum: —11.0%, maximum: +10.0%), but wide in
HFrEF (minimum: —42.0%, maximum: +32.0%). This led us
to hypothesizing, that the absolute value of strain percentage
change, rather than the direction of strain change (i.e., increase
or decrease), was associated with presence of HF.

Absolute Value of Strain Change in

Response to Isometric Exercise

Analyzing the absolute i.e,, non-negative value of percentage
change in strain as a measure of variability rather than increase
or decrease in response to HG, we found substantial differences
between subgroups (Table 4). In controls, the absolute value of
LV GLS change was 4.4 + 3.2%, in HFpEF it was 5.9 & 5.7%, in
HFmrEF it was 6.8 £ 8.3% and in HFrEF it was 14.1 £ 13.3%
(p = 0.005). The absolute value of percentage change in LV GCS,
again, was lowest in controls (8.6 £ 6.6%) followed by HFpEF
(9.8 £ 6.6%), and HFrEF (14.7 £ 10.2%), and highest in HFmrEF
(28.3 £ 40.4%, p = 0.028).

Plotting strain change against various surrogate parameters
associated with HF illustrates that the absolute, non-negative
value of LV GLS percentage change rather than the direction
of this change (i.e., increase or decrease) was associated with
disease severity (Figure5). We further investigated different
modes of expressing strain response (i.e., percentage change and
the absolute value of percentage change) and their association
with clinical, laboratory and imaging parameters. LV GCS change
was not correlated with any parameter of HF severity — neither
percentage change nor the absolute value of percentage change.
Similarly, LV GLS percentage change was not correlated with
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Controls HFpEF HFmrEF HFrEF p-value
n=19 n=17 n=18 n=18

Female Sex-no. (%) 9474 8@47.1) 6(33.3) 3(16.7) 0.176
Age-years 615481 779480 679492 654 £ 105 <0.001
BMi-kg/n? 251+£32 276+38 273+ 46 281 +£38 0.104
CAD-no. (%) 0 0.0 1164.7) 15(83.3) 13(72.2) <0.001
Hypertension-no. (%) 7 (36.8) 15@88.2 14(778 15@183.3) 0.002
Previous Mi=no. (%) 0 0.0 7412 14(778 8444 <0.001
Previous PCl-no. (%) 000 9629 14(77.8) 12 66.7) <0.001
Diabetes melitus-no. (%) 2(10.5) 529.4) 3(16.7) 5@27.8) 0.441
LBBB on ECG-no. (%) 000 00.0 1(56) 201 0.281
Ever Smoked-no. (%) 4211 847.1) 15(83.3) 13722 0.001
Packyears-years 20+43 39+68 208+ 321 847 £52.7 0.003
NYHA Class Il-no. (%) 0 0.0 10 (58.8) 15(83.3) 15(72.2) «<0.001
1=no. (%) 00.0 7412 3(16.7) 3@R78)
Leg Edemarno. (%) 3(158 12(@70.1) 14(77.8) 12 66.7) <0.001
6 min walk distance-m 5230+ 1186 3444 £ 1183 411.7 £ 86.0 4174 £1228 <0.001
MLHFQ QOL. Score 4757 310+ 231 252210 306 £258 <0.001
CONCOMITANT MEDICATION
Beta-Blocker-no. (%) 6 31.6) 1184.7) 14(77.8) 17 94.9) <0.001
ACE-Inhibitor - no. (%) 2(105) 3(17.6 6(33.3) 10(55.6) 0.015
ARB-no. (%) 421 12(70.6) 7(389 B8 @444 0.027
MRA-no. (%) 000 30176 4(222 11@1.1) <0.001
ARNIno. (%) 000 169 0(0.0) 4222 0.026
Statin-no. (%) 2(10.5) 9629 15(83.3) 1161.1) «<0.001
Loop Duretic-no. (%) 000 3(17.6 6(33.3) 7389 0.02
HCTno. (%) 4211 4239 21 156 0401
LABORATORY
Hb-g/dI 14011 130+13 13711 14912 «<0.001
RBC~/pl 47+04 44+05 45+ 05 49+05 0.007
WBC~/nl 61+15 72424 85+ 24 83+23 0.003
Platelets-/nl 2634 £ 659 2658+ 749 2669 + 740 200.7 £ 482 0.03
Hematocrit 0.40 + 0,03 0.38 £ 0,03 041+ 003 043 £0.04 0.001
Cholesterol-mg/d 2035+ 335 1725+ 354 1542+ 443 1561 £37.3 <0.001
LDL-mg/dI 1330+ 394 1068 £ 295 922+ 392 878 £304 0.001
HDL-mg/dl 665+ 253 526+128 494 £147 516 £ 183 0.029
Trigiycerides-mg/dl 1304 + 796 129.7 £ 50.2 1379+ 81.1 173.3 + 1531 0.508
HbA1C ~% 54405 59408 59407 58+ 082 0215
NTproBNP-ng/ 887 £ 61.1 459.1 £4703 543.7 £ 3855 24131 £ 34173 0.001
logNTproBNP-ng/t 426+ 073 572+1.13 6.06 £ 0.73 7.01 £1.20 «<0.001
Hs TroponinT- ng/l 71+34 199+ 182 18.2 + 19.67 194 £ 124 0.029
CRP-mg/ 13+14 29427 31+42 1.1+£07 0.029
CARDIAC MRIPARAMETERS
LVEF -% 616+ 54 616+6.1 451 £27 335+49 <0.001
LV EDV-mi 1480 + 34.5 1303+ 355 1759 + 288 2618 £ 504 <0.001
LV ESV-ml| 56.1 + 184 509 + 185 968+ 17.7 1756 £ 485 «<0.001
LV SV-mi 901+ 174 793 +20.1 791127 86.2 + 166 0.144

ARB, anglotensin receplor blocker; ARNI, anglotensin receptor blocker-negriysin inhibitor; BR, biood pressure EDV, end-dastolic volume; EF, efection raction; ECG, electrocardiogram;

percutaneous coronary intervention; QOL, qualtty of Ife; RBC, red biood cells; WBC, whtte bload ceds.
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TABLE 2| Hemodynamic characteristics and strain at rest and during isometric exercise.

Controls n =19 HIpEF n = 17 HimEFn = 18 HIrEF n =18 p-value
Heart rate {/min) Rest 509 +85 636+98 64371 652+70 0.231
HG 69.4 £109° 715+ 106 7.7+£85 742 81" 0514
% Change +162+ 118 +129+ 94 +116£71 +143£97 0.531
Systolic BP (mmHg) Rest 1208 £ 149 1265 £ 19.2 1199+£178 1186 £17.7 0.165
HG 1632 + 202 156.2 + 188" 1478+ 17.3 140.7 £ 22.8° 0.006
% Change +263£135 4248 + 164 4241 £ 106 4189 97 0.343
Diastolic BP (mmig) Rest 705+66 678+97 679+88 688+86 0.767
HG 86.7 + 86" 847119 822+83 827 +13.1° 0.562
% Change +233+ 115 +25.7 £ 137 +22.1+133 +206 £ 147 0.714
Puse pressure (mmHg)  Rest 59.4 £134 58.8+132 5194126 49.7 £ 119 0.06
HG 765+ 185" AEERIEY 656 £ 13.7* 88.1 £ 139 0.002
% Change +300 £ 22.2 +249+£ 253 +282 + 181 #1732 117 0.238
LVas Rest -201x17 -19.1%£12 -160+28 ~11.4 £40 <0.001
HG -202+15 -190+ 2.1 -156+26 -11.0+41 <0.001
% Change +12+54 -06+83 -1.7+£107 -31+£194 0.746
LV GCS Rest -187+24 -169+23 -130+35 -11.2+£33 «<0.001
HG ~184£25 -172£20 ~-131£26 ~106+28 <0.001
% Change ~08% 110 +31x116 108 £ 486 -24 181 0.467

*Difference between rest and HG significant (p<0.05), assessed with paired t-test. BF, bibod pressure; EF, eection faction; GCS, global clircumferential strain; GLS, global longtudinal
strain; HF, heart falure; HFpEF, HF with preserved EF; HFY EF, HF with mid-range EF; HRTEF, HF with reduced EF, HG, Isometric hanagrp; LV, keft ventricle.

A Hemodynamics at rest
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FGURE 2 | Hemodynamic measurements at rest and during isometric exercise (A) at rest and (B) during isometric exercise. Reported are p-values from analysis of
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heart fallure; HFpEF, HF with preserved EF; HFnvEF, HF with mid-range EF; HFrEF, HF with reduced EF.

B Hemodynamics during isometric exercise

el
T b

IR LT il

s (CO L i, ,
} (GO ] "
T o

Coww WA et s T W e e
Sulny o)

surrogate parameters of HF severity. The absolute value of LV
GLS percentage change, however, was moderately correlated
with resting LV EF (r = —0.37, p = 0.001), NTproBNP
(r = 033, p = 0004), log-transformed NTproBNP (r =

0.35, p = 0.002), MLHFQ quality of life score (r = 0.26, p
= 0.028), LV end-diastolic volume at rest (r = 040, p =
0.006), and LV end-systolic volume (r = 043, p = 0.001)
at rest.
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FIGURE 3 | Cardiac strain at rest and during isometric exercise (A) at rest and (B) during isometric exercise. Asterisks indicate significant nter-group difference in
Tukey's post-hoc test of analysis of variance (p < 0.05). EF, gection fraction; GCS, global crcumferential strair GLS, global longitudinal strain; HF, heart falure;
HFpEF, HF with preserved EF; HFnvEF, HF with mid-range EF; HFEF, HF with reduced EF; LV, left ventricle.

DISCUSSION 2). In HF patients, the extent of LV GLS change is elevated,
regardless of whether strain increases or decreases, when

This study investigating cardiac strain in HF patients and compared to controls. This difference is most pronounced in

controls undergoing ¢MRI paired with HG yielded the patients with HFrEF.

following findings: 3). Theabsolute value of LV GLS percentage change significantly

lates with t eters of HF ity.
1). The response to isometric exercise in LV GLS and GCS is correlaes with surrogal parameters o seventy

heterogencous, with increase and decrease in some subjects,  Glinical Applications of Strain Assessment
and stable strain in others. This pattern was found in  cyrgiac strain is a reliable and meaningful tool for detection of
controls, as well as in all HF subgroups. myocardial dysfunction in several diseases (2, 7). Multiple studies
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demonstrated its potential use for early detection of myocardial
dysfunction, prognostic stratification and discrimination of
different HF entities (8-10). A recent Heart Failure Association
consensus recommendation for the diagnosis of HFpEF included
impaired GLS into their HFA-PEFF score as a minor criterion
(25). Especially in patients with borderline EF, assessment
of cardiac strain could facilitate accurate diagnosis of HE a
possibility that future research has to investigate in depth.

The aim of this study, however, was to investigate the
feasibility and diagnostic value of cardiac strain measured by fast-
SENC in conjunction with HG exercise. Fast-SENC acquisition

is rapid, within a single cardiac cycle, making the technique
especially helpful for severely ill patients unable to hold breath
as in typical cMRI exam (14, 26). It also requires minimal post-
processing time to provide accurate and reproducible strain
measurements. The SENC images can also be utilized for
additional purposes, such as ultra-fast estimation of LV volumes
and LV EF (15, 21).

To our best knowledge, our study was the first one to
systematically evaluate the combined diagnostic approach of fast-
SENC-based LV strain quantification and HG in HF patients
and controls.
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TABLE 3 | Categorization of change in strain during isometric exercise.

Controls HfpEF HfmrEF HIrfEF p-value

n=19 n=17 n=18 n=18

LVGs Increase-no. (%) 7(36.8 6353 3(16.7) 4222 0.668
No change-no. (%) 7368 7412 9 (50.0 6@33.3
Decrease-no. (%) 5263 4235 6@33.3) B844.4)

LVGCS Increase- no. (%) 7368 91529 6333 7389 0.831
No change- no. (%) 421 4235 3(16.7) 3(16.7)
Decrease-no. (%) 8@2.1) 42359 9 (50.0 8444

Increase: A LVGLS < -0.5; No change: -0.5 < A LVGLS =< +0.5; Increase: A LV GLS > +0.5; Abbreviations: EF, efection fraction; GCS, global crcumferentil strain; GLS, global
longituctnal strain; MHF, heart fadure; HFDEF, HF with preserved EF; HFMYEF, HF with mid-range EF; HFTEF, HF with recuced EF; LV, left ventricke.

TABLE 4 | Change in strain during sometric exercise,

Controls
n=19

HIpEF
n=17

HinrEF
n=18

HIEF
n=18

p-value

-1.7%£107
68+83

~3.1£194
141 £133

0.746
0.005

% change +12+54 ~06+83
Absolute value of % 44 £32 59£57
change

% change ~08+ 110 +31+£116
Absolute value of % 86 +66 98+ 66
change

0.467
0.028

+108+486
283+ 404

~24£181
147 £102

recuced EF; HG, isometric handgrip; LV, left ventricle.

A LVEF at rest B log NTproBNP

™~ 037
p= 0.001

. B
Abnste . hrgn # AV RS

 Positive change in LV GLS

FIGURE § | Association of absolute change in strain during isometric exercise and (A) LV EF at rest, (B) log NTproBNP, and (C) MLHQ qualty of Ife score. Reported
are Pearson's r coefficients. NTproBNP was transformed by the natural logarithm function. EF, gjection fraction; GLS, global longitudinal strain; LV, left ventricle;
MLHQ, Miresota kving with heart failure questionnaire; NTproBNP, N-terminal pro-brain natruretic peptide.

C MLHQ quality of life score

r-038
* pe0OO2

™~ 020
p=0.028

M s o e

© Negative change in LV GLS

Isometric Exercise, Afterload, and

Contractility

In spite of only involving a relatively small group of
muscles, HG exercise increases cardiac afterload, which has
substantial effects on the cardiovascular system (18, 27):
Systolic BP, diastolic BP and HR increase markedly which
is believed to be due to a circulatory reflex serving to

increase perfusion pressure in the contracting muscle groups
(28). An early invasive study found that cardiac output
(CO) increases during isometric handgrip exercise. However,
this increase was mainly driven by a higher heart rate—
LV systolic function even decreased slightly (18). A recent
meta-analysis of imaging trials investigating the effects of HG
on hemodynamic parameters confirmed that HR significantly
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increases, while SV and CO did not change significantly from
rest to HG (29). All these studies support the notion, that
the increase in cardiac afterload during HG is predominantly
compensated by an increase in HR rather than in systolic
myocardial contractility.

Strain has been postulated as the optimal measure of cardiac
contraction and multiple studies demonstrated the close relation
of strain with other measures of contractility (30-32). Thus,
whether strain as a metric of contractility is an adequate measure
to characterize the response to increased afterload, remains a
question at issue.

Previous Studies on Strain Response to

Increased Afterload

The dependency of myocardial strain on preload as implied by
the principles of cardiac mechanics was already established by
several early echocardiography studies (33-35). Conversely, the
short-term impact of increased afterload on myocardial strain
remains controversial.

Fredholm et al. examined 21 patients after cardiac surgery
and found no change in strain in response to increased
afterload after phenylephrine infusion (36). A study by Stefani
et al. analyzed athletes and healthy controls undergoing speckle
tracking echocardiography (STE) during HG. The authors found
significant changes from baseline longitudinal strain exclusively
in the medial to apical myocardial segments of athletes. In
controls, no significant change in response to increased afterload
was found, whatsoever (37).

On the contrary, a study by Donal et al. of 18 pigs employing
open-chest echocardiography during graded aortic banding
found a stepwise decrease in longitudinal strain with increasing
afterload (38). The authors also found a differences between
longitudinal strain, which already deteriorated after moderate
increases in afterload (i.e. +-10 mmHg) and radial strain, which
was preserved during moderate increases in afterload and only
deteriorated when afterload was further increased. This study
indicates that the different vector components of myocardial
strain, i.e. longitudinal, circumferential and radial strain, might
react differentially to increased afterload. Of note, quantification
of radial strain is technically not possible using fast-SENC (22). A
study by Weiner et al. examining 18 healthy subjects undergoing
STE found a significant decrease of LV longitudinal strain in
response to HG. Simultaneously, parameters of LV twisting
decreased significantly (39). Murai et al. observed decreased
LV GLS in 41 young and healthy volunteers undergoing a
similar STE + HG protocol (23). In addition, they measured
ventricular wall stress in order to directly quantify afterload
on the myocardium and found that the increase of wall stress
and the decrease of strain during HG are inversely correlated.
The authors also found that strain rate (SR) was less closely
correlated to wall stress, suggesting that SR is less dependent
on afterload than strain. All of the previous studies are limited
by the shortcomings of hand-held echocardiography, namely
angle-dependency of 2D image acquisition and intra-observer
variability (7).

Heterogeneous Strain Response to
Isometric Exercise in Controls and HF

Patients

Our study expands this limited body of evidence employing
a more accurate and reproducible fast-SENC acquisition-
based approach to quantify strain and applying isometric HG
exercise to increase afterload. Previous studies by our group
demonstrated excellent inter-study, inter-observer and intra-
observer reproducibility of fast-SENC based LV GLS assessment
in both healthy controls and HF patients, providing evidence
on the reliability of our strain measurements (15). Since the
association of GLS and prognosis in HF is well established, we will
focus on LV GLS changes in the following (9). In line with such
previous evidence, we also found that the association with indices
of HF severity is more pronounced with LV GLS compared to
LV GCS.

We found a non-uniform LV GLS response to increased
afterload with high variability between subjects. Investigating
healthy controls, we found stable LV GLS as well as increase and
decrease, with strain changes ranging from a —11.0 to +10.0%.
In heart failure patients, strain changes ranged from —42.0 to
+32.0%. Our findings imply that assessing strain response to
HG based on whether strain increases or decreases might be
misleading. Not only in HF patients, but also in healthy subjects,
strain response appears to be heterogeneous.

Even though counter-intuitive at first glance, this finding
appears to be in line with the preexisting literature: As lined out
above, previous evidence on strain response to isometric exercise
in non-HF subjects is equivocal with some studies reporting no
change in longitudinal strain (36, 37), others reporting decreased
GLS during HG (23, 38, 39). Most notably, none of these previous
studies elaborated on the heterogeneity of strain response to
afterload. Usually, only mean differences are reported. However,
in some previous studies figures indicate a mixed response
pattern with both increase and decrease of deformation indices
present in some subjects (36, 39).

Thus, our observation of a non-uniform LV strain response
in controls reconciles contradictory preliminary evidence and
explicitly addresses a pattern already implicitly present in
previous study reports.

Increased Absolute Value of Strain Change

in HF Patients

In HF patients, LV GLS could be stable as well as increased or
decreased in response to isometric exercise. This pattern did not
significantly differ between HF patients and controls. However,
the extent of strain change irrespective of whether strain
increased or decreased was significantly elevated, particularly
in HFrEF patients. In addition, the absolute value of LV GLS
change was significantly associated with indicators for severity of
symptoms. Patients with substantial change in strain—without
regard to the direction of change- were more likely to have
reduced LV EF, high levels of NTproBNP and to suffer from
severe HF symptoms as quantified by MLHFQ. This association
with HF severity also raises the question whether extreme strain

Frontiers in Cardiovascular Medicine | www.frontiersin.org

June 2020 | Volume 7 | Article 111

42




Dissertation

Blum et o

Moritz Blum

Myocardial Stran During Isometric Exercise

changes in response to HG might have prognostic implications
in HF patients. The significant correlation of the absolute value
of LV GLS change and LV end-diastolic and LV end-systolic
volumes also establishes a mechanical relationship to cardiac
dilation and preload which stipulates further investigation.

The question remaining is what determine decrease or
increase of strain in response to HG given that they occur in both
healthy and HF subjects. Based on previous studies indicating
that increased afterload was compensated by a rise in HR rather
than an increase in myocardial contractility, we hypothesized
that there might be an association between LV GLS change
and with HR change to HG (18, 29). In fact, in an exploratory
analysis including only HF patients, we found a significant
inverse association between HR change and LV GLS change in
response to HG (r = —0.31, p = 0.023, Supplemental Figure 1).
This supports the notion that strain change and HR change are
inversely related and excessive increase in LV GLS might be an
expression of inability to adjust HR in response to isometric
exercise. However, this association dissipated when including
controls into this exploratory analysis (r = —0.20, p = 0.095).

Implications for Future Research Into
Strain Response to Increased Afterload

The potential association of strain change and HR change again
points toward SR, i.e. the temporal derivative of strain, as a
promising measure for future studies into the effects of HG
on myocardial contractility. SR depends on both strain and
the length of the cardiac cycle (40). During HG exercise, HR
physiologically increases leading to a shortening of myocardial
contraction time per heartbeat. With strain decreasing while the
cardiac cycle is shortening in response to increased afterload, SR
which is a function of strain and contraction time might stay
relatively stable. Murai et al. in fact demonstrated that SR is less
dependent on afterload than strain in healthy subjects (23). Thus,
significant changes in SR during HG could potentially reflect
dysbalance regarding response of strain and HR to increased
afterload in HF patients. However, due to software limitations we
were not able to quantify SR in this study.

Furthermore, it is important to bear in mind that the LV is
not operating mechanically in isolation. Both the right ventricle
(RV) and the left atrium (LA) have been identified to play
important roles in exercise hemodynamics (41, 42). Thus, further
investigation into LA strain, RV strain and their relation to LV
strain in exercise settings with increased afterload are necessary
in order to fully understand cardiac deformation mechanics
during HG.

Even though our findings elucidate cardiac adaption
mechanisms in response to acute increase in afterload, our
study suggests that the diagnostic utility of strain assessment
in conjunction with HG is limited. With heterogeneous
response patterns and dependency on heart rate variability and
presumably other factors not yet fully understood, assessment
of strain response to isometric exercise does not appear to
provide substantial additional diagnostic value on top of strain
assessment during physical rest. Other stress testing modalities
such as pharmacological stress induction and dynamic exercise

testing have more drastic effects on HR and stroke volume and
might be better suited for diagnostic purposes (29).

Limitations

Several limitations of this study have to be addressed. We
cannot rule out the possibility of confounding by unmeasured
variables. While including more patients than previous studies
investigating the impact of increased afterload on strain, our
sample size was still relatively small. We had to exclude
patients with implanted ICD and Pacemakers due to MRI
contraindication. This limits the generalizability of our study to
the general HF population, especially in patients with HFrEF.
Concomitant medication, namely BB, might have influenced
the hemodynamic response to isometric exercise, particularly
regarding the physiological increase in HR. Similarly, left bundle
branch block in particular is known to compromise cardiac
adaption to increased afterload and different prevalence of LBBB
within different subgroups might have impacted our findings
(43). Also, we cannot rule out the possibility that ischemia-
related motion abnormalities influenced our findings. Besides,
HG exercise testing is prone to measurement errors due to lack
of cooperation or Valsalva-maneuver during handgrip leading
to elevated intrathoracic pressures. Diligent patient instruction
and supervision during exercise by trained personnel was
implemented to prevent such errors. However, our findings
should only be considered hypothesis-generating.

CONCLUSION

In conclusion, we found that the strain response to isometric
exercise quantified by fast-SENC is heterogeneous: LV GLS and
GCS are stable in some patients, but decrease or increase in
others, with no significant differences between controls and HF
subgroups. However, the absolute value of strain change during
isometric exercise—rather than increase or decrease—is elevated
in HF patients and associated with measures of HF severity. Our
observations indicate that the applicability of strain assessment
in conjunction with HG for diagnostic purposes in HF seems to
be limited.
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Abstract

Aims The diagnostic and treatment of patients with heart failure with preserved ejection fraction (HFpEF) are both ham-
pered by an incomplete understanding of the pathophysiology of the disease. Novel imaging tools to adequately identify these
patients from individuals with a normal cardiac function and respectively patients with HF with reduced EF are warranted.
Computing multilayer myocardial strain with feature tracking is a fast and accurate method to assess cardiac deformation.
Our purpose was to assess the HFpEF diagnostic ability of multilayer strain parameters and compare their sensitivity and spec-
ificity with other established parameters.

Methods and results We included 20 patients with a diagnosis of HFpEF and, respectively, 20 matched controls. We
assessed using feature-tracking cardiac magnetic resonance longitudinal and circumferential myocardial strain at three distinct
layers of the myocardium: subendocardial (Endo-), mid-myocardial (Myo-), and subepicardial (Epi-). Comparatively, we addi-
tionally assessed various others clinical, imaging, and biochemical parameters with a putative role in HFpEF diagnostic: left ven-
tricular end-diastolic volume (LVEDV), left ventricular mass (LVM), interventricular septum (IVS) wall thickness and free wall
thickness, left atrial volume and strain, septal and lateral mitral annular early diastolic velocity (e’), E/e’ ratio, and plasma levels
of N-terminal pro-B-type natriuretic peptide (NT-proBNP). Global longitudinal strain (GLS) is significantly impaired at Endo
(~20.8 + 40 vs. ~23.2 + 3.4, P = 0.046), Myo- (~18.0 + 3.0 vs. ~21.0 + 2.5, P = 0.002), and Epi- (-12.2 + 2.0 vs.
~16.2 £ 2.5, P < 0.001) levels. Compared with any other imaging parameter, an Epi-GLS lower than 13% shows the highest
ability to detect patients with HFpEF [area under the curve (AUC) = 0.90 (0.81-1), P < 0.001) and in tandem with
NT-proBNP can diagnose with maximal sensibility (93%) and specificity (100%), patients with HFpEF from normal, composed
variable [AUC = 0.98 (0.95-1), P < 0.001]. In a logistic regression model, a composite predictive variable taking into account
both GLS Epi and NT-proBNP values in each individual subject reached a sensitivity of 89% and a specificity of 100% with an
AUC of 0.98 (0.95-1), P < 0.001, to detect HFpEF.

Conclusions Epi-GLS is a promising new imaging parameter to be considered in the clinical assessment of HFpEF patients.
Given its excellent specificity, in tandem with a highly sensitive parameter such as NT-proBNP, Epi-GLS holds the potential
to greatly improve the current diagnostic algorithms.

Keywords Multilayer myocardial strain; Heart failure with preserved ejection fraction; NT-proBNP; Cardiac magnetic resonance;
Feature tracking
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Background

Approximately half of the patients diagnosed with heart fail-
ure (HF) maintain a normal ejection fraction (HFpEF) despite
increased left ventricular (LV) filling pressure and lusitropic
stiffness.” In contrast with HF with reduced EF (HFrEF), in
HFpEF, elevated inflammation levels determining microvascu-
lar disease, reconfiguration of structural proteins such as titin
and interstitial collagen deposition, are the main pathophysi-
ological effectors.” Such heterogeneity in pathophysiology is
putatively responsible for the difficulty of finding a unifying
and accessible imaging marker of disease severity. EF is ipso
facto within the normal range, and global longitudinal strain
(GLS), a powerful and robust prognostic factor in HFrEF,* is
only inconstantly decreased in HFpEF  patients.’
Echocardiography-derived indexes of severity of diastolic dys-
function such as E/e’ correlate only moderately with
invasively measured LV filling pressure,” and, even so, up to
one-third of patients diagnosed with HFpEF have a normal di-
astolic function.*

Aims

We hypothesized that benefiting from a superior spatial res-
olution and complete 3D coverage of the myocardial volume
provided by the cine sequences, cardiac magnetic resonance
(CMR) feature tracking (FT) can assess longitudinal and cir-
cumferential myocardial strain at multiple layer level and po-
tentially augment the accuracy to detect deformation
abnormalities in patients with HFpEF.

Methods

To establish this, we included 20 patients with a diagnosis of
HFpEF  and, respectively, 20 age-matched and
gender-matched controls. Diagnosis of HF should have been
older than 30 days, the patients were required to be in a sta-
ble state with no changes in their HF medication and no HF
hospitalization within the previous 7 days, HFpEF was defined
in agreement with recent ESC guidelines,® as presence of
signs and symptoms of HF and LVEF >50% at the time of
study inclusion plus the existence of one of the following
echocardiographic criteria: left atrial volume
index > 34 mL/m’, E/e’ > 13 (medial or lateral mitral anulus),
LV hypertrophy: septal wall thickness or posterior wall
thickness > 13 mm. Exclusion criteria were as follows: atrial
fibrillation, symptomatic significant coronary artery disease,
co-existence of any inherited cardiomyopathy or amyloidosis,
myocarditis, pulmonary disease, and anaemia. Demographic
and baseline characteristics of the study population are pre-
sented in Table 1. All subjects underwent clinical, comprehen-
sive CMR and echocardiographic examinations and a 6 min
walking test. All CMR images were acquired using a 1.5 T
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(Achieva, Philips Healthcare, Best, The Netherlands) MRI
scanner with a five-channel cardiac surface coil in a supine
position. Cine images were acquired using
electrocardiogram-gated bSSFP sequence with multiple
breath holds at end-expiration in three LV long-axis [two-
chamber (2Ch), three-chamber (3Ch), and four-chamber
(4Ch)] planes. The ventricular two-chamber and
four-chamber planes were used to plan a stack of short-axis
slices covering the entire LV. The following imaging parame-
ters were used: repetition time (TR) = 3.3 ms, echo time
(TE) = 1.6 ms, flip angle = 60°, voxel size = 1.8 x 1.7 x 8.0 mm?
and 50 phases per cardiac cycle in accordance with standards
of procedure established in our unit and described
previously.” Using commercially available software (Medis
Suite, version 3.1 and QStrain RE version 2.0, Leiden, The
Netherlands) we derived the values of myocardial strain at
three distinct layers of the myocardium: subendocardial
(Endo-), mid-myocardial (Myo-), and subepicardial (Epi-) for
GLS and circumferential (GCS) strain as previously reported
(Figure 1A).® To compare the diagnostic accuracy, we addi-
tionally assessed various others clinical, imaging, and bio-
chemical parameters with a putative role in HFpEF
diagnostic: LV end-diastolic volume (LVEDV), LV mass (LVM),
interventricular septum (IVS) wall thickness and free wall
thickness, LA volume and strain, septal and lateral mitral an-
nular early diastolic velocity (e'), E/e” ratio, and plasma levels
of N-terminal pro-B-type natriuretic peptide (NT-proBNP).’
All the statistical analyses were performed with IBM SPSS
v26 with the exception of comparative receiver operating
characteristic analysis, which was performed with Medcalc
v19.1.5, using the Delong formula.

Results

Global longitudinal strain is significantly impaired at Endo-
(~20.8+4.0vs. ~23.2 ¢ 3.4, P=0.046), Myo- (-18.0 £ 3.0
vs. —=21.0 + 25, P = 0.002), and Epi- (—12.2 £+ 20 vs.
~16.2 £ 2.5, P < 0.001) levels (Figure 1B). In contrast, in
keeping with previously published meta-analysis,” GCS was
similar at any level of myocardium in HFpEF patients (Table
$1.). In a comparative receiver operating characteristic analy-
sis, GLS Epi has the best ability to detect between HFpEF with
an area under the curve (AUC) of 0.90 (0.81-1), P < 0.001,
compared with 0.80 (0.66-0.94), P = 0.002, for GLS Myo
and 0.69 (0.53-0.86), P = 0.046, for GLS Endo (Figure 1C). Ad-
ditionally, this performance is higher than of any other pa-
rameter included in our analysis, excepting only NT-proBNP
that is borderline better with an AUC of 0.91(0.79-1),
P < 0.001 (Figure 1C).° In particular, a threshold value of
Epi-GLS < ~13.0% demonstrated an excellent diagnostic
specificity (100%) for HF pEF. According to our data, a comple-
mentary threshold value for NT-proBNP > 203 ng/mL was
able to detect all but two HFpEF patients, showing very good
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Table 1 Demographics, Baseline Charactenistics

Control (N = 20) HFpEF (N = 20) P value
Demographics
Male 12/20 (60%) 12/20 (60%) 0.75
Age, y 68.2 + 8.1 733 £8.2 0.62
LVEF% 625::51 617 272 0.84
LVM index (g/m?) 435+ 13 472 +85 0.21
LVEDV index (ml/m?) 78 = 12 70 =14 0.77
IVS thickness (mm 2 9.2+ 17 114+20 0.03§
LA area index (cm?*/m?) 204 = 4.1 23.7 = 5.1 0.046
LA volume index (ml/m?) 373+78 441 =139 0.068
LA strain (%) 31.3+63 217 £8.2 <0.001§
Any LGE 0 (0%) 9 (45%) <0.001§
Transmural LGE 4 (20%)
Coronary artery disease 0 (0%) 11 (55%) <0.001§
Peripheric artery disease 0 (0%) 6 (30%) 0.008§
Hypertension 7 (35%) 14 (70%) 0.027§
Diabetes 2 (10%) 5 (25%) 0.21
Hypercholesterolaemia 5 (25%) 13 (65%) 0.011§
COPD 0 (0%) 1 (5%) 0.31
Smokers 6 (30%) 8 (40%) 0.51
6 min walking test (m) 523 = 119 352 =124 <0.001§
NYHA Class Il 0 (0%) 11 (55%) <0.001§
Class Il 0 (0%) 9 (45%) <0.001§
Quality of Life Score S2%55 263+ 21.8 <0.001§
Borg Score 7417 122 +£24 <0.001§
Laboratory values
Haemoglobin (g/dL) 139 1.1 128 1.2 0.86
Haematocrit 0.40 + 0.03 0.38 £ 0.03 0.94
Creatinine (mg/dL) 087 = 0.20 092 = 0.18 0.88
GFR (ml/min) 81x10 71 =16 0.34
NT-proBNP (ng/) 89 = 61 502 = 497 <0.001§
Troponin T (ng/L) 7%3 16 = 12 <0.001§
CRP (mg/dL) 13214 2927 0.08
WBC (/nL) 6.1+ 16 7.2x24 0.19
Medication
ACE inhibitors 3 (12%) 4 (20%) 0.68
Angiotensin receptor blocker 5 (25%) 11 (55%) 0.05
Calcdum antagonist 4 (20%) 3 (12%) 0.68
Mineralocorticoid receptor antagonist 0 (0%) 2 (10%) 0.15
Angiotensin receptor-neprilysin inhibitor 0 (0%) 0 (0%) wa
Beta-blocker 6 (30%) 10 (50%) 0.20
Statin 4 (20%) 8 (40%) 017
Thiazide diuretic 5 (25%) 4 (20%) on
Loop diuretic 0 (0%) 3 (15%) 0.07

Abbreviations: ACE, angiotensin-converting-enzyme; COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein; GFR, glomer-
ular filtration rate; IVS, interventricular septum; LA, left atrium; LGE, late gadolinium enhancement; LVEDV, left ventricular end-diastolic
volume; LVEF, left ventricular ejection fraction; LVM, left ventricular mass; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA,
New York Heart Association; WBC, white blood cell count; Quality of Life Score, Minnesota Living with Heart Failure Questionnaire. Dis-
crete values given as absolute number and percentage of respective HF group. Continuous values given as mean and standard deviation,

sensitivity (Figure ID). All numerical data are included in
Supporting Information Table S1. In a logistic regression model,
a composite predictive variable taking into account both GLS Epi
and NT-proBNP values in each individual subject reached a sen-
sitivity of 89% and a specificity of 100% with an AUC of 0.98
(0.95-1), P < 0.001, to detect HFpEF (Figures 1C and 51.)

Discussion

In line with previous studies, our findings confirmed a de-
crease of longitudinal strain in patients with HFpEF.'®

Additionally, we showed that, measured selectively at the
level of the subepicardial layer, GLS has an increased poten-
tial to diagnose HFpEF and discriminate early phases of con-
tractile impairment,

These results may be surprising. It has been previously pro-
posed that a more pronounced vulnerability to ischaemia of
subendocardial small-calibre vasculature irrigating predomi-
nantly longitudinally distributed fibres found at this level is
responsible for a significant decrease in long-axis contraction.
However, so far, there are no clear clinical evidences to sub-
stantiate this assumption and such a model is theoretically
flawed.™ In contrast, several possible explanations for the in-
creased sensitivity of FT Epi-GLS could be proposed:

ESC Heart Fallure 2020: 7; 3240-3245
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FIGURE 1 (A) CMR feature tracking multilayer segmentation principle exemplified in a long-axis four-chamber end-diastolic view in a patient with
HFpEF. (B) Sub-endocardial (Endo-), mid-myocardial (Myo-), and sub-epicardial (Epi-) global longitudinal strain (GLS) in control and HFpEF patients.
(C) Forest Plot of area under curve values: comparison between Endo-, Myo-, and Epi-GLS to detect patients with HFpEF and other parameters with
a significant ability to discriminate between HFpEF and control. (D) Scatter Plot with Epi-GLS and NT-proBNP values in the two groups, dotted lines
represent the cut-off values (GLS Epi = —13%, NT-proBNP = 220 ng/L) *P < 0.05, ***P < 0.001, for all the comparisons a P value <0.05 was considered
statistically significant. Abbreviations: CMR, cardiac magnetic resonance; Endo, Myo, and Epi, multilayer myocardial strain; FT, feature tracking; HFpEF,
heart failure with preserved ejection fraction; LA, left atrium; LVM, left ventricular mass; LVEDV, left ventricular end-diastolic volume; e’ septal, lateral,

peak early diastolic velocity at the septal and lateral mitral annular sites; E/e’,

ratio between early trans-mitral flow velocity and average peak early

diastolic velocity; NT-proBNP, N-terminal prohormone of brain natriuretic peptide.
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Pericardium is a rigid membrane that contains the

movements of the heart towards exterior, and thus,

the confounding effect of shear strain is absent at this
level.*?

2 Also due to pericardial containment, subepicardial defor-
mation is in a tighter connection with a long axis descend
of the mitral valve plane showed also to be an additional
index of severity in HFpEF.*?

3 Left ventricular hypertrophy, observed in up to one-half of
patients with HFpEF,* leads to a decrease EDV and thus a
false positive increase in strain assessment.

4 Feature tracking relies on adequate contour identification

and tracking over the cardiac cycle phases, subepicardial

longitudinal benefits from a high contrast difference be-
tween T1 values of myocardium, pericardium, and sur-
rounding extracardiac space.’®

In contrast with GLS, and confirming previous studies, GCS
is not different at any level of the myocardium between
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HFpEF and controls.® NT-proBNP has been recently proposed
by the most recent guidelines as a major diagnostic criteria
for HFpEF.”

Our findings confirmed that NT-proBNP is generically a
good discriminator of HFpEF from control subjects. However,
NT-proBNP exponentially increase in the restrictive phase of
diastolic dysfunction; thus, it might be particularly inefficient
in identifying HFpEF patients without or with an earlier stage
of diastolic dysfunction.” Additionally, NT-proBNP is not effi-
cient to separate HFpEF from HFrEF.'® In contrast, we
showed previously an excellent specificity for Endo-GCS,
which is normal in HFpEF patients but significantly decreased
in HFrEF, to separate HFpEF from HFrEF® with various degrees
of severity. With this current study, we brought new evidence
that Epi-GLS is specifically decreased in HFpEF patients com-
pared with control and thus, in tandem with Endo-GCS, con-
stitutes an excellent diagnostic tool to optimally identify
patients with HFpEF from both healthy individuals and pa-
tients with HFrEF.
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Heart failure with preserved ejection fraction is
particularly difficult to treat; important therapeutic
tools such as [} blockers, angiotensin-converting enzyme
inhibitors or angiotensin-receptor  antagonists, and
mineralocorticoid-receptor antagonist, efficient in improving
morbidity and mortality in HFrEF patients, all failed to show
any benefits in HFpEF."” In these conditions, prompt
diagnostic and progression monitoring are key factors to
direct a salvaging adjuvant therapy such as decreasing an
excessive preload or symptoms control. Our study suggests
that recent advances in image processing such as multilayer
CMR FT potentially increase the diagnostic accuracy in
patients suspected of having HFpEF.
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Table S1. ROC Analysis: Multilayer Myocardial Strain and
other parameters to detect patients with HFpEF. GLS - global
longitudinal strain, GCS ~ global circumferential strain, LVM
left ventricular mass, LVEDV - left ventricular end-diastolic
volume, LA - left atrium, e’ septal, lateral - peak early dia-
stolic velocity at the septal and lateral mitral annular sites,
E/e’ - ration between early trans-mitral flow velocity and av-
erage peak early diastolic velocity, NT-proBNP - N-terminal
prohormone of brain natriuretic peptide. § P < 0.05 (for all
the comparisons a P value < 0.05 was considered statistically
significant)

Figure S1. ROC Analysis to detect patients with heart failure
with preserved ejection fraction (HFpEF) from control: GLS
Epi = subepicardial global longitudinal strain, NT-proBNP -
N-terminal prohormone of brain natriuretic peptide, Com-
bined - logistic regression composite predictor to detect
HFpEF. AUCs were respectively: 0.90 (0.81-1), P < 0.001 for
GLS Epi, 0.91(0.79-1), P < 0.001 for NT-proBNP, 0.98 (0.95~
1), P < 0.001 for Combined. For all the comparisons a P value
< 0.05 was considered statistically significant.
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Abstract: The characteristics and optimal management of heart failure with a moderately reduced
ejection fraction (HFmrEF, LV-EF 40-50%) are still unclear. Advanced cardiac MRI offers information
about function, fibrosis and inflammation of the myocardium, and might help to characterize HFmrEF
in terms of adverse cardiac remodeling. We, therefore, examined 17 patients with HFpEF, 18 with
HFmrEF, 17 with HFrEF and 17 healthy, age-matched controls with cardiac MRI (Phillips 1.5 T). T1 and
T2 relaxation time mapping was performed and the extracellular volume (ECV) was calculated. Global
circumferential (GCS) and longitudinal strain (GLS) were derived from cine images. GLS (=15.7 £ 2.1)
and GCS (=199 + 4.1) were moderately reduced in HFmrEF, resembling systolic dysfunction. Native
T1 relaxation times were elevated in HFmrEF (1027 £ 40 ms) and HFrEF (1033 + 54 ms) compared
to healthy controls (972 + 31 ms) and HFpEF (985 + 32 ms). T2 relaxation times were elevated in
HFmrEF (55.4 + 3.4 ms) and HFrEF (56.0 + 6.0 ms) compared to healthy controls (50.6 + 2.1 ms).
Differences in ECV did not reach statistical significance. HFmrEF differs from healthy controls and
shares similarities with HFrEF in cardiac MRI parameters of fibrosis and inflammation.

Keywords: HFmrEF; T2 mapping; T1 mapping; ECV, fibrosis; inflammation; strain

1. Introduction

Heart failure is a clinical entity with a diverse spectrum of etiologies and phenotypes. Classification
systems and diagnostic criteria have been established paralleling better understanding of its
pathophysiology. Early on, the significance of the left ventricular ejection fraction (LV-EF) in the
classification of heart failure was acknowledged. The European Society of Cardiology recently
suggested to define heart failure with moderately reduced ejection fraction (HFmrEF, LV-EF 40-50%)
as a distinct category between heart failure with preserved (HFpEF, LV-EF > 50%) and reduced (HFrEF,
LV-EF < 40%) ejection fractions [1]. Patients with HFrEF exhibit functional, structural, cellular and
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interstitial changes that are summarized as left ventricular remodeling and treatments targeted against
remodeling are a mainstay of HFrEF therapy [2]. Unfortunately, these treatments have shown markedly
less benefits in patients with HFpEF [3]. Patients with HFmrEF have only recently been proposed as a
distinct category, and while debate is still ongoing about whether it truly represents a distinct category
or merely a transition zone between HFpEF and HFrEF, available data suggests a possible benefit from
treatment against remodeling [4].

Cardiac magnetic resonance (CMR) imaging is a noninvasive method to assess cardiac function,
structure, inflammation, and fibrosis. The development of T1 and T2 relaxation time mapping
techniques has greatly improved the ability to detect changes in tissue composition, most notably
fibrosis and edema [5]. The combination of pre-contrast (native) and post-contrast T1 relaxation time
mapping allows an estimation of the extracellular volume (ECV) [6]. While elevations in ECV and
native T1 relaxation time seem more related to fibrosis and are strong predictors of adverse outcome, the
T2 relaxation time seems more sensitive for the diagnosis of edema and inflammation [7-9]. In addition,
strain-analysis is a promising new method of functional analysis whose clinical significance is currently
still under investigation and which might provide additional prognostic and diagnostic information in
heart failure patients [10].

The purpose of our study was to further characterize HFmrEF patients in terms of advanced CMR
imaging markers of adverse cardiac remodeling, with a focus on T2 mapping as a potential biomarker
in heart failure.

2. Experimental Section

From a contemporary trial, a total of 52 well characterized patients with HFpEF, HFmrEF and
HFrEF, along with 17 controls, were included in this analysis (EMPATHY-HF, German Clinical Trials
Register ID: DRKS00015615) [11]. HFrEF, HFmrEF and HFpEF were defined according to the 2016 ESC
guidelines [1]. The study complies with the declaration of Helsinki and was approved by the ethics
committee of the Charité-Universititsmedizin Berlin. All analyses and procedures are covered by the
informed consent obtained prior to inclusion. All patients were >45 years, had signs and symptoms of
heart failure NYHA Il or I1I (at least 30 d prior to screening), had been stable for at least 7 d (defined as
no i.v. diuretics or inotropics, no hospitalization and no medication change). The complete inclusion
and exclusion criteria are accessible through the German Clinical Trials Register [11]. All patients
received a screening-echocardiography, a cardiac MRI and a comprehensive laboratory evaluation
as part of the main study protocol. Quality of life was assessed using the Minnesota Living with
Heart Failure Questionnaire. For our analysis, the patients were reclassified based on the results of the
cardiac MRI derived LV-EF, leading to 17 patients with HFpEF, 18 with HFmrEF and 17 with HFrEF.
When comparing MRI-derived LV-EF to echocardiography-derived LV-EF, roughly one third of HFpEF
patients were reclassified as HFmrEF and half of the HFmrEF patients were reclassified as HFrEF.

All patients were examined with a clinical 1.5 Tesla MRI scanner (Achieva, Philips Healthcare,
Best, The Netherlands) equipped with a cardiac, five-element phased array coil. Cine images were
acquired using a retrospectively gated cine-CMR in cardiac short-axis, vertical long-axis and horizontal
long-axis orientations using a steady-state free precession (SSFP) sequence. Native and 15 min post
contrast T1-mapping were performed using a modified Look-Locker (MOLLI) 5s(3s)3s-scheme [12].
Typical imaging parameters were as follows: Acquired voxel size = 2.0 x 2.0 x 10 mm?, reconstructed
voxel size = 0.5 x 0.5 x 10 mm?, balanced SSFP readout, flip angle = 35°, parallel imaging (SENSE)
factor = 2 and effective inversion times between 150 and 3382 ms. T2-mapping was performed
before administration of contrast media using a black-blood-prepared, navigator-gated, free-breathing
hybrid gradient (echo planar imaging, EPI) and a spin-echo multi-echo sequence (GraSE), as described
previously, with the following typical imaging parameters: TR = 1 heartbeat, 9 echoes (TE; = 15ms,
delta TE = 7.7 ms), FA 90°, parallel imaging (SENSE = 2), EPI factor = 7, black-blood prepulse and
breath-hold (scan duration about 14s). [13] Patients received 0.15 mmol/kg of gadolinium-based contrast
agent (Gadobutrol 1.0 mmol/mL, Gadovist®, Bayer AG, Leverkusen, Germany). Quantitative modified
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DIXON-imaging (mDIXON) for late enhancement was performed using a black-blood prepared,
Tl-weighted, spoiled-gradient, multi-echo sequence with 6 echoes starting 10 min post contrast agent
application. Typical imaging parameters were as follows: Acquired voxel size = 2.0 X 2.0 x 8 mm?,
reconstructed voxel size = 1.1 x 1.1 x 8 mm?, flip angle = 15° and effective echo time 4.75 ms.

Image analysis was performed offline using commercially available software (Medis Suite version
3.1, Medis Medical Imaging Systems bv Leiden, The Netherlands, and Extended MR WorkSpace
version 2.6.3.5, Philips Medical Systems Nederland B.V,, Best, The Netherlands). Late gadolinium
enhancement (LGE) was assessed visually from mDIXON images. Segments with LGE were excluded
from analysis, resulting in a total of 659 analyzed segments using a 16-segment-model. Mapping
parameters were measured using QMap RE version 2.0 (Medis Medical Imaging Systems bv, Leiden,
the Netherlands). Pre and post-contrast MOLLI images were manually corrected for in-plane-motion.
The T1 and T2 relaxation times were calculated using nonlinear fitting with a maximum likelihood
estimator (MLE). Extracellular volume (ECV) was calculated from pre and post-contrast T1-maps
and the hematocrit, as described previously [6]. Due to possible harm, healthy controls received no
contrast agent and were, therefore, not included in the ECV analysis. For comparison, data from a
previous study using the same scanner model and contrast agent were used [14]. Exemplary images of
patients with HFpEF, HFmrEF and HFpEEF, and controls, are given in Figure 1A-L. For T1 native, T2
and ECV, the median value of all segments without late enhancement was calculated for each patient
and used for all further analyses. In case of extensive artifacts in an imaging sequence, the patient was
excluded from the respective analysis at the discretion of the analyzing physician. Peak left ventricular
endocardial global longitudinal (GLS) and circumferential (GCS) strain were analyzed in accordance
with a recent consensus document for the quantification of LV function using CMR [15]. Strain analysis
included 2-chamber, 3-chamber and 4-chamber cine images and three preselected slices from the LV
short-axis stack to correspond to basal, mid-ventricular and apical levels. The endocardial contours
were drawn on the long and short-axis cine images with QMass version 8.1 (Medis Medical Imaging
Systems bv, Leiden, the Netherlands) and were subsequently transferred to QStrain RE version 2.0
(Medis Medical Imaging Systems bv, Leiden, the Netherlands), where endocardial and epicardial
borders were detected throughout the whole cardiac cycle using a tissue tracking algorithm. From these,
global longitudinal and circumferential endocardial strain curves were calculated and the maximal
amplitude was considered as the respective peak global strain. The strain ratio (SR = GLS/GCS) was
calculated to assess for possible differences between heart failure groups.

Statistical analysis was performed using SPSS 24 (IBM, Armonk, NY, USA) and R 3.5.1
(The R Foundation for Statistical Computing, Vienna, Austria) [7]. Baseline data were reported
as means #+ standard deviations (SD) for interval and ratio-scaled parameters and as numbers and
percentages for nominal and ordinal-scaled parameters. For comparisons between groups, ANOVA
with Tukey-Kramer post-hoc analysis was performed. Pearson correlation coefficients were calculated
for correlations between continuous variables and were tested for significance under the null hy pothesis
of r = 0. For quality of life, Spearman correlation was used. p-values below 0.05 were considered
statistically significant.

Sample size calculations were performed for the detection of significant differences in native T1
relaxation time, T2 relaxation time and ECV between groups with a power of 80%. For native T1
relaxation time, previous studies have shown standard deviations between 20 and 50 ms and effect
sizes of 30 to 40 ms [14,16]. For T2 relaxation time, standard deviations ranged from 3 to 7 ms and
effect sizes from 3 to 5 ms [17,18]. For ECV, previous studies have shown standard deviations of 3-4%
with effect sizes of about 4% [19,20]. Assuming a ratio of effect size to standard deviation of 1 for all
three parameters, the minimum sample size is 16 per group.
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Figure 1. Exemplary medial short axis images of T2 relaxation time maps (first row, (A-D)), T1
relaxation time maps (second row, E-H) and extracellular volume (ECV) maps (third row, (I-L)). First
column (A,EI): Healthy control (ECV image from a patient from clinical routine, as no contrast agent

was given to healthy controls in our study). Second column (B,F,)): Patient number 3 (HFpEF). Third
column (C,G,K): Patient number 9 (HFmrEF). Fourth column (D,H,L): Patient number 11 (HFrEF).
Segments with scars excluded from analysis. ECV = Extracellular volume. HFmrEF = Heart failure

with moderately reduced Ejection fraction, HFpEF = Heart failure with preserved ejection fraction,

HFrEF = Heart failure with reduced ejection fraction.

3. Results

3.1. Patients

17 patients with HFpEF, 18 with HFmrEF, 17 with HFrEF and 17 controls were included in
the analysis. The baseline data of the patients and controls are given in Table 1. Overall, controls

were healthier, younger and more likely to be female than HF patients. Between HF groups, there
were relevant differences in sex, age, coronary artery disease, history of smoking, lab values (most

notably hematocrit and N-terminal pro brain natriuritic peptide—NT-proBNP) and medication use.
NT-proBNP was log-normally distributed and transformed to logarithmic for correlation analysis.

A correlation matrix of all continuous baseline and imaging parameters is given in Figure S1.

Table 1. Baseline characteristics.

Clinical Data Control HFpEF HFmrEF HFrEF

Female 8/17 (47%) 9/17 (53%) 6/18 (33%) 3/17 (18%)

Age Mean = SD 61.7 + 85 78.1 82 67890 6444103

LVEF Mean = SD 638 + 54 617 £ 6.1 44.7+29 331+48

LA (cm?) Mean = SD 195+ 65 234 £49 28+83 252+ 6.6
RVEDD (mm) Mean £ SD 315+ 47 306 38 29637 31454
Any LGE 717 (41%) 16/18 (89%) 15/17 (88%)

Transmural LGE 417 (24%) 7/18 (39%) 8/17 (47%)
Coronary Artery Discase 0/17 (0%) 11/17 (65%) 16/18 (89%) 11/17 (65%)

6 min Walking Test (m) Mean + SD 524 + 126 345 + 122 414 + 88 414 £ 125
o g 2 9/17 (53%) 15/18 (83%) 1217 (71%)
RS 3 817 (47%) 318 (17%) 5/16 (29%)
Quality of Life ! Mecan = SD 5059 273+228 283 + 228 2852249
Borg Score Mean + SD 75+17 124 + 24 1067 £ 23 10925
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Table 1. Cont.
Clinical Data Control HFpEF HFmrEF HFrEF
Laboratory Values
Hemoglobin (g/dL) Mean + SD 13911 128%12 136+1.1 150+ 1.1
Hematocrit Mean = SD 040 £ 003 038 + 003 040 £ 003 043 +0.04
Creatinin (mg/dL) Mean + SD 087 £ 020 092+ 018 107 £ 033 1.09 £ 0.38
GFR (mL/min) Mean + SD 81+10 71+16 70+ 18 7221
NT-proBNP (ng/L) Mean + SD 91 + 62 614 + 607 829 + 1158 2257 + 3447
Troponin T (ng/L) Mean + SD 743 16+ 12 19+ 20 18+12
CRP (mg/dL) Mean + SD 13214 29+27 30442 10£07
WBC (/nL) Mean + SD 61216 72224 85224 84223
Medication
ACE-Inhibitors 217 (12%) 417 (24%) 7/18 (39%) 9117 (53%)
Angiotensin-Receptor-Blocker 417 (24%) 11/17 (65%) 7/18 (39%) SN7 (47%)
Calcium-Antagonist 417 (24%) 317 (18%) 3/18 (17%) 117 (6%)
Mineralocorticoid-Receptor- Antagonist 0/17 (0%) 217 (12%) 4/18 (22%) 11/17 (65%)
Angiotensin-Receptor-Neprilysin-Inhibitor 017 (0%) 017 (0%) 018 (0%) 417 (24%)
Beta-Blocker 6/17 (35%) 10/17 (59%) 14/18 (78%) 1717 (100%)
Statin 217 (12%) 8/17 (47%) 15/18 (83%) 11/17 (65%)
Thiazide Diuretic 417 (24%) 417 (24%) 2/18 (11%) 117 (6%)
Loop Diuretic 0/17 (0%) 317 (18%) 718 (39%) 6/17 (35%)

Discrete values given as absolute number and percentage of respective HF group. Continuous values given as mean
and standard deviation. ACE = angiotensinconverting-enzyme, CRP = C reactive protein. GFR = glomerular
filtration rate. LA = left atrium. LGE = late gadolinium enhancement. LVEF = left ventricular ejection fraction.
NT-proBNP = N-terminal pro brain natriuritic peptide. NYHA = New York Heart Association. RVEDD = right
ventricular end diastolic diameter (MRI, three chamber view), WBC = white blood cell count. ! Minnesota Living
with Heart Failure Questionnaire.

3.2. CMR-Parameters

3.2.1. T2 Relaxation Time

One patient with HFpEF was excluded from analysis due to extensive artifacts. A boxplot of the
measurements by group is given in Figure 2A. T2 relaxation times in HFmrEF and HFrEF patients
were significantly elevated compared to healthy controls (Table 2). HFpEF patients did not differ
significantly from healthy controls. Correlations of T2 with other MRI and baseline-parameters are
given in Table 3. Scatter plots, and where appropriate, linear model parameter estimates are given in
Figure 3 for the relationship between T2 and NT-proBNP, glomerular filtration rate (GFR), the 6 min
walking test and quality of life.

Table 2. Group means and p-values for group-wise comparisons.

Heart Failure Group p-Value
Controls  Controls HFpEF HFpEF HFmeEF
Control HFpEF HFmeEF HFeEF vs. vs, vs. Vs, Vs,
HFpEF  HFowEF  HFmeEF HFrEF HFEF
T2 (ms) 506+ 21 526 %36 5541234 5602 6,0 049 0.005 * 0.190 0.078 0967
T1 native (ms) 972231 985 + 32 1027 = 40 1033 « 54 0.776 0,001 0.023* 0,005 * 0954
ECV (%) 274" 273426  292+26 293+34 099 0.186 0303 0271 099
GLS (%) -20+£35 -208239 -157221 -110z36 0.252 <0.001 ** <0001 ** <0001 * <0.001 **
GCS (%) ~M52£62 358267 -199241 124246 0.902 <0001**  <0001* <0001* 0.001**
SR 068009 059+011 0822017 09%+033 0.600 0.1% 0.007 ** <0001 * 0.151

Data reported as means + standard deviations. p-values calculated from one-way ANOVA with Tukey-Kramer
post-hoc analysis. GCS = global circumferential strain, GLS = global longitudinal strain, ECV = extracellular volume,
SR = strain ratio (GLS/GCS), T1 = T1 relaxation time and T2 = T2 relaxation time; other abbreviations as in Table 1,
* Significant at & = 0.05. ** Significant at & = 0.01. * Data from Dabir et al. 2014
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Table 3. Correlations of parameters.

T
T2 - J GLS Ges SR LV-EF
Pearson r 0353 **
KV p Value 0.010
T1 native Pearson r 0.660 ** 0.472*
p Value <0.001 <0.001
GLS Pearson r 0.351* 0.294 * 0.518**
p Value 0.003 0.034 <0.001
GCs Pearson r 0372 0.256 0.484 ** 0.868 **
p Value 0002 0067 <0001  <0.001
SR Pearson r 0309 ** 0.062 0.308 ** 0.353 ** 0,698 **
p Value 0.009 0663 0010 0003 <0.001
— Pearsonr  -0422%  -0242 0518 -0882** -0929** -0.614**
p Value <0.001 0.09 <0001 <0.001 <0.001 <0001
siss Pearson r 0234 ~0.100 0064  -0199  -0270*  -0202  0246°
p Value 0052 0483 0603 0095 0023 0.091 0.020
Pearsonr  0642**  0287°  0.601°* 0544 054  0234°  -0538*
e i pae p Value <0001 0039 <0001 <0001 <0001 005 <0001
Glomerular Pearson r =0.441 * 0.106 ~0.123 =0.065 ~0.057 ~0.054 0.085
filtration rate p Value <0.001 0455 0314 0.589 0.637 0.655 0.487
C-reactive protein Pearson r 0.105 -0.154 -0.006 -0.044 -0.087 -0.112 0.062
(mg/dL) p Value 0393 0281 0961 0715 0473 0.357 0.614
Pearson r 0.101 ~0.180 0150  0330*  0405% 0343 -0471%
Hematocrit p Value 0.407 0.201 0219 0005 <0.001 0.003 <0.001
Pearsonr  -0345% 0273 015  -0102 0014 0.138 0.037
Swinwalkiogieet . Value 0,004 0055 0224 0403 0912 0258 0765
armanr  0484°* 0187 0359 0184 0.168 0.097 -0.230
Quatity of Rie SP;Valuc <0001 0185 0002 0124 0162 0420 0058

p-values are given for the significance of the correlation coefficient. NT-proBNP was transformed to logarithmic
scale. Abbreviations as in Tables 1 and 2. * Significant at « = 0,05, ** Significant at « = 001,
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Figure 2. Boxplots of heart failure groups and controls versus (A) T2 relaxation time, (B) Native T1
relaxation time, (C) ECV (controls from Dabir et al. 2014) [14], (D) GLS, (E) GCS and (F) strain ratio
(GLS/GCS). * Significant at « = 0.05. ** Significant at a = 0.01. n.s. = not significant at 0.05. GCS = global
circumferential strain, GLS = global longitudinal strain. Other abbreviations as in Figure 1.

57




Dissertation Moritz Blum

J. Clin. Med. 2019, 8, 1877 70f12

A T2 vs. NT-proBNP
B 7] -y
c
s 8- :
; 4
zZ g . o =044
o ° p = 0.000 =3 3 p=0.000
o log(y) = -2.03 + 0.09x ] y=162-17x
b= ° .
1 1 1 1 1 I 1 1 1 1
45 50 55 60 65 45 50 55 60 65
T2[ms] T2[ms]
Cc T2 vs. 6 Minute Walking Test D T2 vs. Quality of Life
(Minesota Living with Heart Failure Questionaire)
. o F s s
s = 960 - 10x 5 °
E §' . r=034 2 &"%Q,o $° .
3 p = 0.004 f © 8
® ® % °
E' 3 F - g ®° °
: -
— 8 -
s cg’ &% o ?
g L Spearman r = 0.48
o : g - il cuans
e T T T T =R T T T T
45 50 55 60 65 45 50 55 60 65
T2{ms] T2[ms]

Figure 3. Scatter Plots and linear model parameters of T2 relaxation time versus (A) NT-proBNP
(logarithmic scale), (B) glomerular filtration rate (GFR) and (C) 6 min walking test. (D) Scatter plot
and Spearman’s correlation coefficient of T2 relaxation time versus quality of life, as assessed by the
Minnesota Living with Heart Failure Questionnaire.

3.2.2. T1 Relaxation Time

One patient with HFpEF and one patient with HFmrEF were excluded from analysis due to
extensive artifacts. A boxplot of the measurements by group is given in Figure 2B. Patients with both
HFmrEF and HFrEF showed significantly higher T1 relaxation times than controls and HFpEF patients
(Table 2). The difference between HFrEF and HFmrEF patients and the difference between HFpEF
patients and controls was not statistically significant. The correlations of the T1 relaxation time with
MRI and baseline-parameters are given in Table 3.

3.2.3. Extracellular Volume (ECV)

The ECV was calculated for patients with HFpEF, HFmrEF and HFrEF. One patient with HFpEF
and one with HFmrEF were excluded from analysis due to extensive artifacts in the T1 mapping
sequences, from which ECV would be calculated. A boxplot of the measurements by group is given in
Figure 2C and compared to historical data by Dabir et al. for volunteers [14]. None of the differences
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reached statistical significance (Table 2). The correlations of the ECV with MRI and baseline-parameters
are given in Table 3.

3.2.4. Strain

Boxplots for the measurements of GCS, GLS and SR (GLS/GCS) are given in Figure 2D-F. There
were no statistically significant differences between HFpEF and controls. Patients with HFmrEF showed
significant impairment in both circumferential and longitudinal strain, with further impairment being
present in HFrEF patients, reflecting systolic dysfunction. The SR in HFpEF was significantly lower than
in HFmrEF and HFrEE The correlations of the strain parameters with MRI and baseline-parameters
are given in Table 3.

4, Discussion

Our study is the first to date to examine advanced imaging markers of remodeling in patients
with HFmrEF.

Differences in ECV did not reach statistical significance. The ECV values in our HFpEF patients
were lower than those reported in other studies, ranging from 28.3% to 32.9% (Table S1) [19-23].
The difference might be partly explained by differences in the applied scanners, sequences, contrast
agents, image analysis, exclusion of LGE and LF-EF cut-off values for HFpEF. The lower ECV might
also reflect our slightly healthier HFpEF group compared to previous studies. In our study, great
effort was taken to manually adjust MOLLI-images for in-plane motion, thereby reducing artifacts
by blood-signal. Blood has higher T1 and ECV values compared to myocardium, leading to falsely
elevated myocardial ECV and T1 measurements in case of uncorrected in-plane motion. Additionally,
while many studies used mid-ventricular septal measurements, our study measured the median value
of all 16 myocardial segments, excluding segments with late enhancement. We chose our approach to
be more representative of global left ventricular remodeling and less susceptible to artifacts and focal
changes. One study comparing ECV in HFpEF versus HFrEF found a higher ECV in HFrEF, most likely
representing advanced fibrosis in HFrEF [22]. Our study did not assess ECV in healthy volunteers.
However, data from another study using the same scanner, mapping-sequence and contrast agent
found a mean ECV of 27% #+ 4% in healthy volunteers [14].

Native T1 relaxation times in HFmrEF were closer to HFrEF than HFpEF. A summary of studies
examining native T1 relaxation times is given in Table S1. One study using the same field strength and
MRI manufacturer found higher T1 relaxation times for both controls and HFpEF patients compared
to our data [19]. Another study using the same field strength and a different MRI manufacturer found
similar T1 relaxation times [21]. Yet another study of healthy volunteers found lower T1 relaxation
times compared to our controls [14]. The reason for the difference might be attributable to the local
setup, as T1 relaxation times are known to be highly setup dependent [24]. Assuming that elevations
in native T1 relaxation times truly reflect fibrosis, our findings suggest that HFmrEF shares common
pathophysiological changes with HFrEF, while HFpEF seems to resemble a different pathophysiological
entity. The lower values for fibrosis markers in HFpEF compared to HFrEF might at least partly explain
the lower effectiveness of renin-angiotensin-aldosterone system (RAAS) inhibitors in HFpEF [3,25]. On
the other hand, if our findings were to be confirmed in further studies, patients with HFmrEF would be
expected to benefit from RAAS inhibitors. This would be in line with the findings of the PARAGON-HF
trial, which showed no overall benefit of angiotensin-neprilysin inhibition in all patients with an LV-EF
> 45% but a possible benefit for the subgroup with an LV-EF below the median [26].

T2 relaxation times were significantly elevated in HFmrEF and HFrEF compared to healthy
controls. Our values for T2 relaxation times in controls were within the published reference range for
our mapping sequence [27]. To our knowledge, no studies examining T2 relaxation time in HFpEF and
HFmrEF have been published to date. An increase in T2 relaxation time is likely to reflect increased
myocardial water content, as it is commonly seen in inflammatory states and myocardial edema [9,28].
Elevated T2 relaxation times have also been found in dilated cardiomyopathy and acute myocardial
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infarction [29,30]. Current evidence suggests a coincidence of myocardial inflammation and heart
failure, although the exact mechanism remains unclear [31]. Consequently, our observed increase in
myocardial T2 relaxation times might reflect subclinical myocardial inflammation in heart failure. Of
all MRI parameters, T2 relaxation time showed the highest correlation with NT-proBNP and quality
of life, and was the only MRI parameter significantly correlated with the 6 min walking test and
the GFR. The latter warrants further investigation and might reflect cardiac involvement in renal
disease. Irrespective of the exact underlying mechanism, our findings provide further evidence for
pathophysiological similarities between HFmrEF and HFrEF.

The observed increase in both longitudinal and circumferential strain in HFmrEF and HFrEF
reflects the reduced ejection fraction. Our strain values for controls and patients with HFpEF
were within previously published reference values for cardiac MRI-derived endocardial strain [10].
Impairment of both GCS and GLS has been reported in patients with HFpEF both for MRI and speckle
tracking echocardiography (STE) derived strain values. [32,33] Of note, while STE and MRI-derived
measurements for GLS and GCS generally show good correlations, the absolute values may differ
depending on the technique applied [34].

In our study, GLS and GCS seem to increase at different rates as the LV-EF decreases, so that the
ratio of longitudinal to circumferential strain (strain ratio, SR) differs in HFpEF compared to HFmrEF
and HFrEF. To our knowledge, no previous study has examined the strain ratio as a cardiac parameter.
The significance of this remains to be determined in future studies.

One limitation of all parametric mapping studies is the inherent dependence of the measurements
on the local setup. Our study does not intend to provide diagnostic criteria but to characterize the
heart failure subtypes in relation to each other in terms of pathophysiological targets.

Another obvious limitation of our study is its small sample size. Consequently, small differences
between groups and correlations between parameters may have been missed. Yet, despite the small
sample size, we found significant differences between heart failure subgroups and hope to contribute
towards the characterization of HFmrEF. Our p-values were not corrected for multiple testing and
should be confirmed in further studies.

The groups differed in baseline parameters, such as age, sex, comorbidities, laboratory values
and medication use. The differences observed are mostly consistent with previous studies, showing
intermediate values in HFmrEF compared to HFpEF and HFrEF for the parameters age, sex and
NT-proBNP [35-37]. Our HFpEF group seems to be slightly healthier compared to previous studies
in regard to mean NT-proBNP, GFR and diuretic use, which might explain some of the differences.
Regarding the prevalence of coronary artery disease, previous studies have shown mixed results, with
some showing the highest prevalence in HFmrEF, and others in HFrEF [36,38,39]. Mapping parameters
were not influenced by the presence of transmural LGE in the excluded segments (Table S2). While
mapping and strain parameters showed no relevant correlation with sex (Table S3), hematocrit and
age (Table 3), they were indeed highly correlated with NT-proBNP (Table 3). Due to the small sample
size, no multivariate analysis was performed and our results may be confounded by these differences,
which might be inherent to the underlying pathology.

The high number of patients reclassified with MRI-derived LV-EF compared to
echocardiography-derived LV-EF diminishes the comparability of our results with trials relying
on echocardiography alone. Furthermore, the question arises as to how many HFpEF patients in the
general population actually do have a moderate reduction in LV-EF that is missed by echocardiography.

5. Conclusions

Despite the small sample size, our study was able to show significant adverse remodeling beyond
systolic functional impairment in patients with HFmrEF that resembles the changes seen in HFrEE.
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