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Die wissenschaftlichen Arbeiten in dieser Habilitationsschrift belegen die
phéanotypische Heterogenitit der Herzinsuffizienz mit erhaltener Pumpfunktion (HFpEF) und
zeigen, dass eine erweiterte pathomechanistische und klinische Phénotypisierung geeignet ist
um homogenere Subgruppen und Therapieziele zu identifizieren.

Eine erweiterte  pathomechanistische = Charakterisierung  mittels  kardialer
Magnetresonanztomographie und invasiver Druck-Volumenanalyse ermdglichte dabei die
Identifikation zweier hdmodynamischer Phédnotypen, die sich anhand des AusmaBes der
interstitiellen linksventrikuldren (LV) Fibrosierung unterscheiden. Eine so durchgefiihrte
Stratifizierung ermoglicht die Individualisierung potentieller Therapien anhand des
Vorliegens einer LV Fibrose, wobei aktuelle Studien die Reduktion der myozytiren
Steifigkeit und Fibroseentwicklung in der einen und eine spezifische Fibrosereduktion in der
anderen Gruppe untersuchen. Mittels pathomechanistischer Charakterisierung konnten
auBBerdem potentiell neue Therapieziele identifiziert werden. So konnte gezeigt werden, dass
eine Storung der phasischen linksatrialen (LA) Funktion unabhdngig von LV
Funktionsstorungen mit einer eingeschrinkten Belastbarkeit in HFpEF assoziiert ist.
Gemeinsam mit Untersuchungen anderer Gruppen wurde so das Konzept der LA Myopathie
als mafigeblicher pathophysiologischer Faktor der HFpEF etabliert, auf deren Grundlage
aktuell spezifische Therapien zur Modulation der LA Driicke in HFpEF untersucht werden.
AuBerdem wurde dargelegt, dass eine diastolische rechtsventrikuldre und rechtsatriale
Dysfunktion bereits friih im Verlauf einer HFpEF auftreten und mafigeblich zur Unfahigkeit
der Steigerung des Herzzeitvolumens unter Belastung beitragen. Dies legt zum einen nahe,
dass zukiinftig potentielle Therapien auch insbesondere hinsichtlich ihrer Effekte auf diese
Funktionsstorungen beurteilt werden sollten und bildet zum anderen den Ausgangspunkt fiir
weitere mechanistische Studien zur Entwicklung spezifischer Therapien.

Eine klinische Phénotypisierung anhand der Stratifizierung von HFpEF Patienten nach
dem Vorliegen einer hochgradigen Trikuspidalklappeninsuffizienz (TI) identifizierte ein
HFpEF Kollektiv mit hoher Symptomlast und eingeschriankter Prognose. Fiir eine
interventionelle Reduktion der TI konnte gezeigt werden, dass diese die biventrikuldre
Héamodynamik und das klinische Outcome verbessert und sie damit eine attraktive
Therapieoption in dieser Gruppe darstellt. In dieser Habilitationsschrift konnte weiterhin
demonstriert werden, dass HFpEF Patienten mit resistenter arterieller Hypertonien einen
Phénotyp in einem frithen Erkrankungsstadium darstellen, der durch einen erhéhten
Sympathikotonus, eine arterielle und ventrikuldre Steifigkeit sowie eine relative LV
Hyperkontraktilitéit als potentielle Therapieziele charakterisiert ist. Die interventionelle renale
Denervation stellt ein vielversprechendes Therapiekonzept fiir diesen Phénotyp dar.

Die dargestellten Arbeiten und Ergebnisse zur Phéanotypisierung von HFpEF Patienten
bieten neue Einblicke und er6ffnen neue Wege fiir zukiinftige Studien auf diesem Gebiet.
Offene Fragen verbleiben hinsichtlich der therapeutischen Relevanz pathomechanistisch
identifizierter Phénotypen und deren Rolle in der Modulierung des natiirlichen Verlaufs der
HFpEF. Therapiestudien unter Beachtung der aktuellen Ergebnisse und longitudinale Studien
zur Identifizierung von Faktoren, die mit der Entwicklung einer HFpEF beziehungsweise
deren Progression einhergehen, werden zur Kldrung dieser Zusammenhénge notwendig sein.



INHALTSVERZEICHNIS

1 EINFUHRUNG IN DIE THEMATIK.......ccoeceeererrereresreresasessssessssssessssasessssasssssessssssesns 5
1.1 EINLEITUNG ...ttt ettt sttt sttt ekt b e s bt e e at e st e e ate e bt e bt e sbtesneeenteeneeeneean 5
1.2 ZIELSETZUNGEN UND AUFBAU DER ARBEIT .....cccooiiiiiiiiiieeeeeeeeee e 6
1.3 DIE KLINISCHE PROBLEMATIK DER HERZINSUFFIZIENZ MIT

ERHALTENER PUMPFUNKTION.....cuttitiiiitetententeneee ettt st 8
1301 DETINITION .ottt ettt ettt ettt ettt et sb et sbe et s bt esee bt sbeentesbeeasenbeeaeens 8
1.3.2 Epidemiologie Und PrOZNOSE .........cccevvviiriieriieniierieeieeteereeieesseestaesenesnseeseessaesseesnnessnenes 9
1.3.3 PathOPhYSIOLOZIC.......eecvieiieiieieieeie ettt tesete ettt et e e et essbeesseebaesseessaessnesnseesseenseenens 11
1.3.3.1  Morphologische linksventrikuldre Verdnderungen ............ccocceeeervenienieneenense e 11

1.3.3.2  Diastolische linksventrikulire Dysfunktion ............cccoooieiiiiiniiniieeeeeee e 12

1.3.3.3  Systolische linksventrikulire Dysfunktion ............cccoveeiieiiiiieiineceeeeeee e 15

1.3.3.4  Linksatriale Vernderungen ...........cceeeeiieieeiieiieiierieesie et 16

1.3.3.5  Pulmonale Hypertonie und rechtsventrikuldre Dysfunktion ...........cccccooveninincnnenen. 16
1.3.3.6  Artericlle Hypertonie und vaskuldre Veranderungen ............ccoecvevevieneereenieeeesenenne 17
1.3.3.7  Periphere Veranderungen ...........ccueeverieerieerieeieiieiresieesteeseessesssesssesssesseesseessesssessnesnes 19
1.3.3.8  Zelluldre MechaniSmeNn ...........ccccuvuirieiriinieiriinieiiieietcsreeetcsreeeie et 19

1.3.4 Diagnose der Herzinsuffizienz mit erhaltener Pumpfunktion............cccoceiinineinnncnne 21
1.3.4.1  KliniSChe DIaNOSE ....cc.eeiuieiieiiieiietieiieteee ettt ettt et ee et e bt ee e ene 21

1.3.42  Echokardioraphie ...........cceccieiieiiiieiieieeeee ettt e 22

1.3.43  NatriuretiSChe Peptide ........cooiiiiiiieiieieeee e e 22
1.3.4.4  Nicht-invasive DIagnOSe .........cceeuiruierieiieiieie ettt ee e ees 23
1.3.4.5  INVASIVE DIAZNOSE ...c.veeveeiieiiieiiieiieeiieieete et etesete st e steesaeesseesseesseessesssessaesseesseensessnesnes 24

1.3.5 TherapeutiSChe KONZEPLE........ccuevvviiriieriiecieciecie ettt reesreestresveesveesbeeeeenens 25
1.4 PHANOTYPISIERUNG ALS WEG ZUR ETABLIERUNG EFFEKTIVER THERAPIEN ..27
1.4.1 Pathomechanistische CharakteriSierung............ccovereiererieninienieneneeneneee et 29
1.4.1.1 Hamodynamische Charakterisierung mittels Konduktanzmessung............c.cccoceeuee.e. 29
1.4.1.2  Kardiale Magnetresonanztomographie...........c..ccuevvereerieniienieeieeiesieseeseesse e sene e 30

1.4.2 Klinische PhEANOLYPISIEIUNG .......cccvieviieirieriieiieereeieeeesieeseresereereesreesaeesenessneesseesseesseesens 31

1.4.2.1  Herzinsuffizienz mit erhaltener Pumpfunktion und Trikuspidalklappeninsuffizienz.. 31

1.4.2.2  Herzinsuffizienz mit erhaltener Pumpfunktion und resistenter arterieller Hypertonie 33

2  PUBLIKATIONEN...iiiiiininsiinsnnisnnsssecsssnsssnssssssssssssssssssssssssssssssssssssssssssssssssssssssss 35

2.1 PATHOMECHANISTISCHE PHANOTYPISIERUNG DER HERZINSUFFIZIENZ MIT
ERHALTENER PUMPFUNKTION......cccoititiriniiienieiteienieeteie ettt s s 35

2.1.1 Identifikation himodynamischer Phinotypen mittels kardialer
MagnetresonanzZtomMOZIAPNIEC ........ecuvievierieiieriieiee e ereesreesteestresereeereebeestaessseseneesseessees 35

2.1.2 Identifikation einer unabhéngigen linksatrialen Kardiomyopathie als
pathomechanistischer Faktor der Herzinsuffizienz mit erhaltener Pumpfunktion.......... 47



2.2

23

2.1.3 Identifikation einer eingeschrankten rechtsventrikuldren diastolischen Reservefunktion
als Pathomechanismus der Herzinsuffizienz mit erhaltener Pumpfunktion.................... 57

2.1.4 Identifikation einer unabhingigen rechtsatrialen Kardiomyopathie als
pathomechanistischer Faktor der Herzinsuffizienz mit erhaltener Pumpfunktion.......... 69

ENTWICKLUNG EINES THERAPEUTISCHEN KONZEPTES FUR PATIENTEN MIT
HERZINSUFFIZIENZ UND ERHALTENER PUMPFUNKTION UND
TRIKUSPIDALKLAPPENINSUFFIZIENZ .......ccoeciniiiiiiiniieieiieeeieseeeesre e &3

2.2.1 Biventrikuldre himodynamische Effekte einer katheterbasierten
TrikuspidalklappenreKonStruktion ............cccveeiiieriieicii et 83

2.2.2 Effekt einer katheterbasierten Trikuspidalklappenrekonstruktion auf die
Hospitalisierungsrate von Herzinsuffizienzpatienten.............cocceceeerveeninienenceneneneene 96

2.2.3 Bedeutung der pulmonalen Hypertonie fiir die katheterbasierte
TrikuspidalklappenreKonstruktion ...........cccceieeiiieiiieccie et 109

2.2.4 Klinische Effektivitit einer katheterbasierten Trikuspidalklappenrekonstruktion
bei Patienten mit Herzinsuffizienz und erhaltener Pumpfunktion .............cccccevevvennnnns 122

ENTWICKLUNG EINES THERAPEUTISCHEN KONZEPTES FUR PATIENTEN
MIT HERZINSUFFIZIENZ UND ERHALTENER PUMPFUNKTION UND
RESISTENTER ARTERIELLER HYPERTONIE .......ccooiiiiiiiiiiieeeeeeeeeeen 132

2.3.1 Ubersicht iiber physiologische Effekte einer katheterbasierten Modulation des
renalen SympathiKOtONUS ........c.coiiiiiiiiiiii et 132

2.3.2 Hamodynamische Effekte einer katheterbasierten Modulation des renalen
SYMPAthIKOTOMUS. ....c.eieieiiiiieie ettt ettt ettt st ste et enee s 144

2.3.3 Klinische Effektivitit einer katheterbasierten Modulation des renalen
Sympathikotonus bei Patienten mit Herzinsuffizienz und erhaltener Pumpfunktion ...152

3 SCHLUSSFOLGERUNGEN ....cooteieeeeeesssseessssessesssssssssssnssssssssssssssessesssssssenssnsssssssnssnsns 163
3.1 PATHOMECHANISTISCHE PHANOTYPISIERUNG ANHAND DES VORLIEGENS
EINER MYOKARDIALEN FIBROSE ....oooooeeeeeeiiee et eee e eeeeee e eaeeeseaaaeseseaesannnaees 164
3.2 PATHOMECHANISTISCHE PHANOTYPISIERUNG ANHAND DER
LINKSATRIALEN FUNK TION ..ottt e e eee et e e e e e e e e e e eaeeeeaeae e seenesanaeeans 167
3.3 PATHOMECHANISTISCHE PHANOTYPISIERUNG ANHAND DER
RECHTSVENTRIKULAREN UND RECHTSATRIALEN FUNKTION ....covoovvoveeeeeen 170
3.4 KLINISCHE PHANOTYPISIERUNG ANHAND DES VORLIEGENS EINER
HOCHGRADIGEN TRIKUSPIDALKLAPPENINSUFFIZIENZ ... eeeeeeeeeeeeeeeees 174
3.5 KLINISCHE PHANOTYPISIERUNG ANHAND DES VORLIEGENS EINER
RESISTENTEN ARTERIELLEN HYPERTONIE ..o e eeeeeaee e e 180
3.6 LIMITATIONEN DIESER ARBEIT UND AUSBLICK ...ouiiiiiiee et eee e anns 184
4 LITERATUR 187
5 ERKLARUNGEN 201
6 LEBENSLAUF 202
7 DANKSAGUNG 203




1 EINFUHRUNG IN DIE THEMATIK

1.1 EINLEITUNG

Die chronische Herzinsuffizienz stellt eine der héufigsten internistischen
Erkrankungen dar. Thre Privalenz steigt mit zunehmendem Alter und ist einer der wichtigsten
Mortalitdts- und Morbiditdtsfaktoren in der westlichen Gesellschaft (1). Neben der
Sterblichkeit fiihren insbesondere die Belastungsintoleranz, chronische Luftnot und
wiederholte Krankenhausaufnahmen (27.382 Fille pro Jahr allein in Sachsen,
deutschlandweit etwa 500 Fille pro 100.000 Einwohner jdhrlich) zu einer erheblichen
Einschrinkung der Lebensqualitit und Kosten flir das Gesundheitssystem (2,3).

Bis vor kurzem stand vor allem eine Einschrinkung der linksventrikuldren
Pumpfunktion (systolische Dysfunktion) im Fokus der Diagnose und Behandlung der
Herzinsuffizienz (HFrEF). In den letzten drei Jahrzenten etablierte sich zunehmend das
Konzept einer Fiillungsstorung des linken Ventrikels (diastolische Dysfunktion) als
bedeutender Faktor fiir die Auspriagung einer Herzinsuffizienz. Verbesserungen der invasiven,
serologischen und echokardiographischen Diagnostik in den 1990er und 2000er Jahren
fiihrten zu einer zunehmenden Detektion von Patienten mit Herzinsuffizienz und normaler
linksventrikuldrer Pumpfunktion (HFpEF) (4).

Aktuell ist die HFpEF die dominierende Herzinsuffizienzform weltweit, insbesondere
ab einem Alter von 65 Jahren, mit steigender Inzidenz und Prévalenz und deutlich erhdhter
Morbiditit und Mortalitit (5). Wéhrend in den letzten Jahren multiple effektive Therapien fiir
die Behandlung von HFrEF Patienten etabliert wurden, konnte in den meisten klinischen
Studien zur Behandlung der HFpEF bis dato keine Therapieerfolg gezeigt werden (6,7).

Insgesamt ergibt sich aus dem Zusammentreffen eines haufigen Krankheitsbildes mit
ungiinstiger Prognose und fehlenden Therapieoptionen die dringende Notwendigkeit der
Entwicklung neuer therapeutischer und praventiver Konzepte.

Als Hauptargument der bisherigen therapeutischen Misserfolge wird die
pathophysiologische Heterogenitit der Gesamtheit der HFpEF Patienten ins Feld gefiihrt.
Unterschiede in den vorliegenden klinischen Komorbidititen aber auch hamodynamischen
oder molekularen Merkmalen kénnten Griinde fiir ein nicht einheitliches Therapieansprechen
sein (7). Die Mechanismen der Krankheitsentstehung sind bis dato auch vor dem Hintergrund
der pathophysiologischen Heterogenitdt unzureichend verstanden, wodurch eine Préadiktion

und damit Privention gehindert wird.



In dieser Habilitationsschrift werden Arbeiten dargestellt und diskutiert, deren Ziel es
war mittels detaillierter Patientencharakterisierung individuelle Pathologien zu identifizieren
um die Heterogenitit des Gesamtkollektivs zu verringern, neue pathophysiologische
Zusammenhdnge aufzudecken und interventionelle Therapien fiir spezifische klinische

Subgruppen zu entwickeln.

1.2 ZIELSETZUNGEN UND AUFBAU DER ARBEIT

In den folgenden einfiihrenden Kapiteln wird zunéchst die klinische Problematik der
der HFpEF diskutiert (Kapitel 1.3). Zum einen ergibt sich daraus die dringliche
Notwendigkeit der ausfiihrlichen pathomechanistischen Charakterisierung von HFpEF
Patienten mit Identifikation von Subgruppen homogenerer Pathophysiologie. Zum anderen
soll verdeutlicht werden wie die Identifikation von Subgruppen mit dominierender
Pathophysiologie der Zufiithrung individualisierter Therapien dienlich sein kann. Kapitel 1.4
gibt einen Uberblick iiber potentielle Mdoglichkeiten der pathomechanistischen
Phinotypisierung und interventionellen Therapie klinischer HFpEF Subgruppen am Beispiel
der interventionellen Trikuspidalklappenrekonstruktion (TTVR) und der renalen
Sympathikusmodulation (RDN).

Im ersten Kapitel der Originalarbeiten (2.1) werden Ergebnisse zur
pathomechanistischen ~ Phénotypisierung von HFpEF Patienten mittels kardialer
Magnetresonanztomographie (MRT) und weiterflihrender hdmodynamischer
Charakterisierung durch Aufzeichnung invasiver Druck-Volumenbeziehungen dargestellt.
Dabei wird in Kapitel 2.1.1 dargelegt wie mittels neuartiger nicht-invasiver
Gewebecharakterisierung zur Quantifizierung der myokardialen Fibrosierung in der kardialen
MRT hdmodynamische Phédnotypen identifiziert werden konnen. In den Kapitel 2.1.2 bis
2.1.4 werden Funktionsstorungen des rechten Ventrikels, sowie des linken und rechten
Vorhofs als neue und eigenstindige pathomechanistische Faktoren fiir Patienten mit HFpEF
analysiert.

Im Kapitel 2.2 wird die klinische Etablierung und der potentielle Nutzen einer
interventionellen Therapie der Trikuspidalklappeninsuffizienz (TI) in HFpEF dargestellt.
Kapitel 2.2.1 beschreibt die biventrikuldren hdmodynamischen Effekte dieses neuartigen
Therapiekonzeptes. In Kapitel 2.2.2 wird der klinische Nutzen fiir Patienten mit
Herzinsuffizienz im Sinne einer Reduktion der Hospitalisierungsrate beschrieben. Da das

Auftreten einer relevanten TI bei HFpEF Patienten in erster Linie durch die Entwicklung



einer pulmonalen Hypertonie (PHT) erklédrt wird, werden klinische Effekte der TTVR vor
dem Hintergrund des Vorliegens einer PHT in Kapitel 2.2.3 analysiert. In Kapitel 2.2.4 wird
der klinische Nutzen der Therapie fiir Patienten mit HFpEF im Vergleich zu Patienten mit
HFrEF und einer medikamentds behandelten Kontrollgruppe dargelegt.

Die Arbeiten in Kapitel 2.3 widmen sich der Etablierung der interventionellen
Sympathikusmodulation mittels renaler Denervation (RDN) als potentielles Therapiekonzept
fiir HFpEF Patienten. Kapitel 2.3.1 gibt einen Uberblick iiber mdgliche physiologische
Effekte der RDN, wéhrend in Kapitel 2.3.2 die hdmodynamischen Ursachen einer
Blutdrucksenkung nach RDN genauer untersucht werden. Hierbei zeigt sich, dass eine
Blutdruckreduktion maf3geblich {iber eine linksventrikuldre Schlagvolumenreduktion
vermittelt wird. Im Kapitel 2.3.3 wird dargestellt, dass HFpEF Patienten mit resistenter
Hypertonie phanotypisch durch ein erhohtes linksventrikuldres Schlagvolumen sowie erhdhte
vaskuldre und ventrikuldre Steifigkeit charakterisiert sind und dass diese Verdnderungen

durch eine RDN teilweise normalisiert werden konnen.

Die Ergebnisse dieser Arbeiten fiihrten zur Formulierung und Untersuchung folgender

Hypothesen:

1. HFpEF ist charakterisiert durch eine pathomechanistische und klinische Heterogenitit

die der Entwicklung einheitlicher therapeutischer Konzepte entgegensteht.

2. Eine pathomechanistische Phénotypisierung ermdglicht die Identifikation neuer
Therapieziele und homogener Subgruppen fiir die Untersuchung spezifischer und

individualisierter Therapien.

3. Eine klinische Phénotypisierung ermdglicht die direkte Adressierung homogener

Pathophysiologien als erfolgversprechende therapeutische Interventionsziele.

In Kapitel 3 werden die Resultate dieser Habilitationsschrift zusammengefasst und
diskutiert, mit einem abschliefenden Ausblick auf bestehende Limitationen und Bereiche

moglicher zukiinftiger Forschung auf diesem Gebiet.



1.3 DIE KLINISCHE PROBLEMATIK DER HERZINSUFFIZIENZ MIT
ERHALTENER PUMPFUNKTION

1.3.1 Definition

Eine Herzinsuffizienz ist ein klinisches Syndrom, das charakterisiert ist durch
Dyspnoe, Belastungsintoleranz und Kongestion infolge kardialer Verdnderungen.
Héamodynamisch beruht die Definition auf der Unfdhigkeit des Herzens eine adidquate
Blutperfusion zur Abdeckung des metabolischen Bedarfs des Korpers bei normalen
Fiillungsdriicken in Ruhe oder unter Belastung zu gewihrleisten (7).

Im Wesentlichen werden zwei Mechanismen der linksventrikuldaren Funktion (LV) fiir
diesen Zustand verantwortlich gemacht: eine Einschrinkung der systolischen Funktion, die
eine eingeschrinkte kontraktile Funktion des Ventrikels beschreibt und eine Einschriankung
der diastolischen Funktion, wobei eine abnorme ventrikuldre Relaxation, Steifigkeit und
Fiillung vorliegt. Anhand dieser Mechanismen werden Patienten mit Herzinsuffizienz in zwei
grundsétzliche Gruppen klassifiziert.

HFpEF Patienten weisen eine normale LV Ejektionsfraktion (LVEF), als Mal3 der
systolische Funktion, normale LV Dimensionen und eine gestorte diastolische Funktion,
hiufig mit konzentrischem LV Remodeling auf (7). In aktuellen Leitlinien wird HFpEF mit
einer LVEF >50 Prozent definiert (1,8).

HFrEF ist hauptsdchlich charakterisiert durch Einschrankungen der LVEF, hdufig mit
Dilatation des Ventrikels und exzentrischem Remodeling. Zumeist gilt fiir diese
Herzinsuftizienzgruppe ein Grenzwert der LVEF von <40 Prozent (1,8).

Verschiedene Studien konnten eine dritte Patientengruppe herausarbeiten, die durch
eine LVEF zwischen 40 und 49 Prozent charakterisiert ist (HFmrEF) und verschiedene
Merkmale sowohl mit HFpEF als auch HFrEF Patienten teilt. Trotz weniger prospektiver
Studien zu diesem Kollektiv legen einige Daten nahe, dass diese Patienten im therapeutischen
Ansprechen und klinischen Verlauf eher der Gruppe der HFrEF Pateinten zugeordnet werden
koénnen (9,10).

HFrEF und HFpEF sind unterschiedliche Syndrome und nicht Teils eines
kontinuierlichen Krankheitsspektrums (11). Unterschiede zwischen HFpEF und HFrEF
bestehen auf epidemiologischer, LV morphologischer bis hin zur kardiomyozytdren Ebene
(11). Der Ubergang von einer HFpEF in eine HFrEF ist selten und in der Regel mit einem

kardiovaskulédren Ereignis, wie etwa einem Myokardinfarkt, assoziiert (12-14).



1.3.2 Epidemiologie und Prognose

Die Gesamtprivalenz der Herzinsuffizienz liegt bei etwa zwei bis vier Prozent der
deutschen Bevdlkerung und ist mit der Situation in anderen europdischen Landern und den
Vereinigten Staaten von Amerika vergleichbar (15,16). Fiir letztere wird geschétzt, dass
zwischen 2013 und 2016 iiber sechs Millionen Menschen eine Herzinsuffizienz hatten, wobei
weltweit von tiber 64 Millionen Betroffenen ausgegangen wird (17).

Die HFpEF Prévalenz steigt altersabhéngig und lag Krankenkassendaten zufolge in
Deutschland zwischen 2009 und 2013 bei vier Prozent in der Gruppe der 60 bis 69 Jahrigen,
bei elf Prozent bei den 70 bis 79 Jéhrigen, 26 Prozent bei den 80 bis 89 Jahrigen und 46
Prozent bei den tiiber 90 Jéhrigen (16). Inzidenzdaten legen iiber 600 neue Félle pro 100 000
Einwohner und iiber 500 000 Félle jéhrlich in Deutschland nahe (15). Etwa 455 000 Patienten
wurden im Jahr 2018 in Deutschland aufgrund einer Herzinsuffizienz stationdr behandelt,
womit die Herzinsuffizienz  eine der héaufigsten Griinde fiir Hospitalisierungen in
Deutschland ist (2).

Aktuell stellt die Gruppe der HFpEF Patienten mit iiber 70 Prozent den Grofteil der
Patienten mit Herzinsuffizienz im Alter {iber 65 Jahren dar (5,18). Sowohl die Privalenz als
auch die Inzidenz der HFpEF steigt im Vergleich zur HFrEF um etwa zehn Prozent pro
Dekade. Es wird erwartet, dass sich dieser Trend weiter fortsetzt vor dem Hintergrund der
steigenden Lebenserwartung und der steigenden Pridvalenz der mit HFpEF assoziierten
Komorbiditdten wie Adipositas, arterieller Hypertension und Diabetes mellitus (18-20).

Populationsbezogene Studien zeigen, dass mehr Frauen als Méinner von HFpEF
betroffen sind. Zum einen kann dies mit der hoheren HFpEF Inzidenz in den hochsten
Lebensdekaden und der hoheren Lebenserwartung von Frauen und dem damit verbundenen
hoheren geschlechtsspezifischen Lebenszeitrisiko begriindet werden. Zum anderen ist das
weibliche Geschlecht mit einem niedrigeren Mortalitétsrisiko nach einer HFpEF Diagnose
assoziiert (21). Dahingegen wird fiir HFrEF eine starke ménnliche Dominanz beobachtet,
entsprechend der hoheren Prdvalenz einer koronaren Herzkrankheit als wichtigstem
atiologischem Faktor bei Ménnern. In einem amerikanischen Bericht von tiber 100 000
Hospitalisierungen aufgrund einer akut dekompensierten Herzinsuffizienz waren HFpEF
Patienten durchschnittlich élter, hdufiger weiblich, hdufiger hypertensiv und hatten weniger
haufig vorausgegangene Mpyokardinfarkte, eine geringere Krankenhaussterblichkeit, aber
dhnliche Aufenthaltszeiten im Krankenhaus und auf der Intensivstation (22).

Die Anzahl der nicht kardialen Komorbidititen, wie etwa eine arterielle Hypertonie,

ein Diabetes mellitus, eine Adipositas oder eine obstruktive Lungenerkrankungen, ist



durchschnittlich hoher bei HFpEF als bei HFrEF Patienten. Thr Vorliegen erlaubt aber im
Einzelnen keine zuverldssige Diskrimination zwischen den beiden Entitdten und individuell
tragen die Komorbidititen in beiden Gruppen in dhnlichem Mal3e zur ungiinstigen Prognose
bei (23).

Unabhingig von der LV Funktion ist die Herzinsuffizienz mit einer deutlich erhéhten
Mortalitdt und Morbiditdt assoziiert. Dies gilt insbesondere auch fiir die HFpEF im Vergleich
zu Personen ohne Herzinsuffizienz (5). Die Prognose der Gesamtheit der HFpEF Patienten
scheint etwas besser zu sei als die von HFrEF Patienten (jdhrliche Mortalitdt zwischen acht
und neun Prozent versus 19 Prozent), obwohl einige Autoren dhnliche Mortalitdtsraten flir
HFpEF und HFrEF, insbesondere nach vorausgegangener Hospitalisierung, berichten (24-28).

Vor dem Hintergrund der Entwicklung effektiver Therapiekonzepte fiir HFrEF
Patienten und dem Fehlen effektiver Therapien fiir das HFpEF Kollektiv legen
populationsbezogene Daten eine Verbesserung der Prognose fiir HFrEF Patienten, nicht aber
fir HFpEF Patienten nahe (27). Hospitalisierungsraten, Hospitalisierungsdauer und
Einschrinkungen der Lebensqualitét dhneln sich fiir Patienten mit HFpEF und HFrEF (29,30).
Neben der Bedeutung der Hospitalisierungen fiir die Gesundheitsdkonomie, sind diese auch
mit einer deutlich erh6hten Mortalitdt verbunden (31). Die differierenden Mortalitdtszahlen in
verschiedenen HFpEF Kohorten spiegeln am ehesten auch Unterschiede im Einschluss von
Patienten verschiedener Erkrankungsstadien wieder. In der Tat zeigen HFpEF Patienten mit
den groBten Verdinderungen der kardialen Funktion, Natriumretention, Uberwésserung und
erhohten  natriuretischen  Peptiden ein  hoheres Risiko  fiir  Mortalitdt  oder
Herzinsuffizienzhospitalisierung ~ verglichen mit Patienten welche eine normale
Himodynamik in Ruhe aber eine pathologische Belastungsreaktion aufweisen (32). Dennoch
muss auch in diesen letztgenannten Patienten eine HFpEF diagnostiziert werden. Trotz
normaler Ruhehdmodynamik entwickeln diese Patienten eine myokardiale Schidigung und
Einschrinkung der myokardialen Funktion unter korperlicher Belastung, die in einer PHT und
Lungenstauung sowie einer eingeschrinkten Atemmechanik und Dyspnoe miinden (33-36).
Uber die Zeit fiihren diese Verinderungen zu einer reduzierten korperlichen Fitness, einem
erhohten Risiko fiir Hospitalisierungen und sind verbunden mit einer erhohten Mortalitdt
(32,37-39).

Letzteres gilt auch fiir Patienten mit Erfiillung der strukturellen HFpEF Kriterien, die
keine Symptome aufweisen und daher als sich in einem sehr friihen Stadium befindliche

Gruppe betrachtet werden kann (40-43).
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1.3.3 Pathophysiologie

Aus klinischer Sicht bilden HFpEF Patienten in der Regel eine Belastungsintoleranz
und Dyspnoe aus. Mit fortschreitendem Krankheitsstadium tritt diese Symptomatik bei
zunehmend geringeren Belastungsstufen auf und das Risiko einer pulmonalen und peripheren
Stauung mit konsekutiver Herzinsuffizienzhospitalisierung steigt.

Verursacht werden die Zeichen und Symptome der HFpEF durch Verédnderungen der
Héamodynamik, die, wie im Folgenden beschrieben, mit morphologischen und funktionellen
kardialen Verdanderungen assoziiert sind.

Neuere Daten legen nahe, dass zusétzlich zu kardialen Verdnderungen auch
Verdnderungen der Peripherie zum HFpEF Syndrom beitragen. Hier seien unter anderem
Verdnderung der systemischen Gefdfle, des Endothels, der Skelettmuskulatur und des
sympathischen Nervensystems genannt (5).

Das verbindende Element aller pathophysiologischen Konzepte ist die reduzierte
Belastungsreserve im Sinne der Unfahigkeit zur addquaten Steigerung des Herzzeitvolumens
unter Belastung. Trotz der Moglichkeit einer erhaltenen Ruhehdmodynamik ist die
Anpassungsfahigkeit an korperliche Belastung der kardialen, vaskuldren und peripheren

Funktionen eingeschrinkt (34).

1.3.3.1 Morphologische linksventrikuldre Verinderungen

Sowohl fiir die HFrEF als auch fiir die HFpEF gilt, wie in Kapitel 1.3.1 dargelegt, der
Zusammenhang zwischen strukturellen und funktionellen kardialen Stérungen und einer
kompromittierten Himodynamik. Die kardialen strukturellen Verdnderungen unterscheiden
sich jedoch zwischen den verschiedenen Herzinsuffizienztypen.

Bei dhnlich erhohten LV Fiillungsdriicken haben HFpEF Patienten ein erhaltenes LV
enddiastolisches Volumen und weisen héufiger eine LV Hypertrophie mit konzentrischem
Remodeling entsprechend einer hoheren Wandstirke im Verhéltnis zum Ventrikelvolumen
bei gleichsam auftretender linksatrialer (LA) Dilatation auf (44-46).

Als pathognomonische Veridnderungen von HFpEF Patienten gelten steife,
hypertrophierte Herzwédnde mit erhdhter myokardialer Fibrose und relativ kleiner
Ventrikelgrofe (47,48). Klinisch auffillig ist jedoch, dass die Gesamtheit der HFpEF
Patienten von einem heterogenen Bild eines kardialen Remodelings betroffen ist (49).
Epidemiologische Daten belegen eine normale LV Grofle mit variabler Hypertrophie.
Wihrend 40 bis 60 Prozent der Patienten eine signifikante LV Hypertrophie aufweisen, wird

ein konzentrisches Remodeling nur in etwa der Hélfte der Patienten beobachtet, wihrend etwa
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jeder achte Patient eine exzentrische Hypertrophie und beinahe ein Drittel der Patienten eine
normale LV Geometrie aufweist (45,50). Im klinischen Verlauf ist der Nachweis einer LV
Hypertrophie mit einer schlechten Prognose verbunden, inklusive eines erhohten Mortalitats-
und Herzinsuffizienzhospitalisierungsrisikos (51,52).

Die Verdnderungen der kardialen Morphologie und Geometrie gehen im Allgemeinen
mit Verdnderungen auf der zelluliren Ebene des Myokards einher. Es konnte gezeigt werden,
dass Kardiomyozyten von HFpEF Patienten in der Breite, nicht aber in der Lénge
hypertrophiert sind, was einer vergroferten Wandstirke bei geringem ventrikulirem Volumen
entspricht. Zudem weisen die Kardiomyozyten eine erhohte intrazelluldre Steifigkeit auf. Als
nicht myozytire Ursache einer erhohten myokardialen Steifigkeit wird eine vergroBerte
extrazellulire Fibrosierung des LV Myokards von HFpEF Patienten beschrieben (53,54).
Obwohl HFpEF Patienten in der Regel mehr interstitielle myokardiale Fibrose aufweisen als
gesunde Kontrollen sind die Unterschiede im Einzelnen gering und viele Patienten zeigen

keine relevant erhohte myokardiale Fibrosierung (55).

1.3.3.2 Diastolische linksventrikulire Dysfunktion

Auf funktioneller Ebene ist die prominenteste kardiale Storung bei HFpEF Patienten
die der diastolischen Funktion (5). In taxonomischer Abgrenzung zur HFrEF, die auch als
»Systolische Herzinsuffizienz*“ bezeichnet wird, war fiir HFpEF initial der Begriff der
»diastolischen Herzinsuffizienz*“ geldufig. Diese vereinfachte Darstellung negiert allerdings
die komplexe und heterogene Pathophysiologie und sollte daher verlassen werden (56).

Nach hidmodynamischer Definition treten bei HFpEF Patienten erhohte LV
Fiillungsdriicke auf, die mit dem AusmaR der Herzinsuffizienzsymptomatik korrelieren (34-
37). Diese erhohte LV Fiillungsdriicke entstehen vornehmlich durch das Auftreten einer
diastolischen Dysfunktion (57). Die kardiale Funktion héngt stark von den physiologischen
Vorgingen wihrend der Diastole ab, die {iber eine addquate LV Fiillung einen suffizienten
Auswurf ermdglichen. Der LV enddiastolische Druck (LVEDP) wird durch das Blutvolumen
im Ventrikel, die Steifigkeit und Dehnbarkeit des Ventrikels und externe Driicke auf den LV
etwa durch das Perikard oder die rechtsseitigen Herzkammern bestimmt. In der Diastole
bilden der LV, das linke Atrium (LA) und die Pulmonalvenen eine verbundene Einheit, die
mit dem pulmonalen Kapillarbett in Verbindung steht. Jede Druckerhdhung im LV und LA
wird so passiv auf die Lungengefil3e weitergeleitet (57).

Die ventrikulédre Diastole beginnt mit einem dynamischen, energieabhdngigen Prozess,

der Relaxation des kontrahierten Myokards. Die isovolumetrische Relaxation beschreibt die
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Phase zwischen Aortenklappenschluss und Mitralklappendffnung, mit Abfall des LV Drucks
ohne LV Volumendnderung. Wihrend der physiologischen isovolumetrischen Relaxation
beobachtet man einen schnellen LV Druckabfall, der mit den LV Deformationsdnderungen
LSuntwisting und ,recoiling” einhergeht. Dies ermoglicht die LV Fiillung durch einen
»Saugeffekt mit Erhohung des LA-LV Druckgradienten (58). In der Folgephase, der
Diastase, erfolgt eine Volumenzunahme des LV unter verschiedenen Druckverhidltnissen
zumeist bis zur zeitlichen Mitte der Diastole. In der letzten Phase der Diastole erfolgt die
atriale Fillung des LV mit Kontraktion des LA und LV Volumenzunahme um etwa 20
Prozent. Das LV Myokard ist dabei vollstindig relaxiert, der LV maximal dehnbar, sodass im
Gesunden ein nur geringer zusitzlicher LV Druckanstieg beobachtet werden kann (59).

Unter physiologischer Belastung muss das Herzzeitvolumen um ein Vielfaches
gesteigert werden um eine adiquate Abdeckung des erhohten peripheren Sauerstoftbedarfs zu
ermoglichen. Zu dieser Steigerung tragen eine Reihe von Mechanismen bei, darunter die
Erhohung der Herzfrequenz, eine Reduktion des peripheren Widerstands, eine geringe
Erhohung des LV Schlagvolumens und der LV Kontraktilitit. Der erhhte Auswurf bedingt
eine Steigerung der LV Fiillung, deren Mechanismen mit denen des erhhten Auswurfs zum
Teil interferieren. Hier sei die Herzfrequenzerhohung als Beispiel angefiihrt, die das
Herzzeitvolumen global steigert aber die Zeit fiir die Fiillung, die Diastolendauer, verkiirzt.
Kompensatorisch muss die diastolische Fiillungsgeschwindigkeit gesteigert werden, um den
erhohten LV Auswurf zu ermoéglichen (60). Eine vermehrte LV Fiillung bedingt eine
Erhohung des diastolischen Flusses liber der Mitralklappe, mit der Notwendigkeit eines
ausgeprigten LA-LV Druckgradienten. Unter physiologischen Bedingungen kann die LV
Fiillungsgeschwindigkeit deutlich gesteigert werden mit einem schnellen Druckabfall in der
frithen Diastole durch einen verstérkten ,,Saugeffekt™ und Erhéhung des LA-LV Gradienten
ohne Erhohung der LA Driicke. Einige Mechanismen die zu einem erhéhten LV Auswurf und
einer verbesserten LV Fiillung fiihren sind kombinierte Effekte der systolischen und
diastolischen Funktion. Eine gesteigerte Kontraktilitdt fiihrt iiber eine Verstirkung der
frithdiastolischen ,,Recoil* Kréfte und Erhéhung der LV Fiillungsgeschwindigkeit zu einer
verbesserten Fiillung unter Erhaltung moderater LA- und LV Fiillungsdriicke (57).

Eine Storung dieser diastolischen Mechanismen ist typisch fiir HFpEF Patienten und
fiihrt zu einer Erh6hung der L'V enddiastolischen Driicke, einer Erhdhung der LA Driicke und
resultierend auch zu einer Druckerh6hung im pulmonalvendsen und -kapilldren System (58).
Im Vergleich zu gesunden Kontrollen zeigen Patienten mit HFpEF eine nach oben und links

verschobene LV enddiastolische Druck-Volumenbeziehung als Ausdruck einer erhohten
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ventrikuldren Steifigkeit (61). Unter korperlicher Belastung nimmt das LV enddiastolische
Druck-Volumenverhiltnis akut und quantitativ deutlich stirker zu verglichen mit Patienten
ohne Herzinsuffizienz (62). Patienten mit HFpEF weisen eine verldngerte LV Relaxation und
eine eingeschriankte Anpassungsfahigkeit der LV Relaxation im Verhdltnis zur
Herzfrequenzzunahme unter Belastung auf (61,63). Insgesamt sind HFpEF Patienten damit
durch eine erhohte Sensibilitdt fiir Vorlastinderungen des LV und eine eingeschrinkte

diastolische Reserve gekennzeichnet (58).
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Abbildung 1 LV Druck-Volumen-Schleifen eines Patienten ohne Herzinsuffizienz (A) und mit HFpEF (B) in Ruhe (fette
Linie) und unter Belastung (gestrichelte Linie), die eine erhohte Steigung des enddiastolischen Druck-
Volumenverhiltnisses (rote Line), als Ausdruck der erhéhten ventrikuldren Steifigkeit, zeigt. Die blauen
Linien demonstrieren eine erhdhte arterielle Elastanz als Ausdruck einer erhdhten vaskulédren Steifigkeit und
LV Nachlast in HFpEF Patienten. Im Vergleich zu Patienten ohne Herzinsuffizienz (fette Linie in C) sind
HFpEF Patienten (gestrichelte Linie in C) neben einer erhohten LV Nachlast durch eine Verzogerung des LV
Druckabfalls in der isovolumetrischen Relaxationsphase, als Ausdruck einer eingeschrinkten aktiven
Relaxation (schwarzer Pfeil), charakterisiert; modifiziert nach (64).

Als Goldstandard fiir den Nachweis dieser Verdnderungen und einer detaillierten
pathomechanistischen Charakterisierung der diastolischen Funktion gilt die invasive
hdmodynamische Untersuchung (Abbildung 1). Die zeitlich hochaufgeldste Druckmessung
im linken Ventrikel ermoglicht die Charakterisierung der isovolumetrischen Relaxation unter
anderem {iiber die Bestimmung der Zeitkonstante der isovolumetrischen Relaxation ,,Tau‘
(65). Eine simultane Messung von Druck und Volumen ermdglicht zusétzlich die individuelle
Bestimmung ladungsunabhédngiger Parameter, wie die der enddiastolischen Druck-
Volumenbeziehung, als Mal3 der ventrikuldre Steifigkeit (66).

Sowohl in der klinischen Praxis als auch im Grofteil klinischer und epidemiologischer
Studien beruht die Untersuchung der diastolischen Funktion auf nicht-invasiven Methoden,
vornehmlich der Echokardiographie. Verschiedene Parameter wurden etabliert um die oben
genannten himodynamischen Anderungen abzuleiten, wobei diese auch physiologisch
altersabhiingigen Anderungen unterliegen und als Surrogat nur hinweisend sein konnen fiir
die tatsdchlichen himodynamischen Verhéltnisse (67).

Epidemiologische Daten legen eine echokardiographisch nachweisbare diastolische

Dysfunktion in etwa 80 Prozent der HFpEF Patienten nahe (26). Der Anteil von Patienten mit
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echokardiographischem Nachweis einer diastolischen Dysfunktion in klinischen Studien ist
variabler und tendenziell oft geringer. Beispielweise wies knapp die Hilfte der Patienten in
der TOPCAT-Studie (Treatment of Preserved Cardiac Function Heart Failure with an
Aldosterone Antagonist) eine echokardiographisch normale diastolische LV Funktion auf
(51). Sowohl epidemiologische Daten als auch Daten klinischer Studien belegen eine direkte
Korrelation der gestorten diastolischen Funktion mit einem ungiinstigen klinischen Outcome,

inklusive Mortalitidt und Herzinsuffizienzhospitalisierung (51,52).

1.3.3.3 Systolische linksventrikulidre Dysfunktion

Definitionsgemd3 ist die LVEF, als klinisch etabliertester systolischer
Funktionsparameter, normal oder erhalten bei HFpEF Patienten. Die LVEF ist allerdings ein
unspezifischer Marker der globalen systolischen LV Funktion, da sie wesentlich durch LV
Ladungsbedingungen und die LV Geometrie bestimmt wird und selbst im Falle des
Vorliegens einer systolischen myokardialen Dysfunktion normal sein kann (68). Wahrend die
ventrikuldre endsystolische Elastanz (Ees; Steigung der grauen Linien in Abbildung 1) als
invasiver Marker der ladungsunabhingigen Kontraktilitdit gerade in Anfangsstadien der
HFpEF erhoht sein kann (69), weisen Studien mit komplexerer echokardiographischer
Beurteilung der systolischen LV Funktion auf eine subtile Einschrinkung der systolischen
Ventrikelfunktion von HFpEF Patienten im Vergleich zu Patienten mit arterieller Hypertonie
und gesunden Kontrollen hin. Die Einschrdnkungen beziehen sich dabei hauptsdchlich auf die
longitudinale LV Kontraktion und sind préidiktiv fiir das Auftreten eines schlechten klinischen
Outcomes der HFpEF (70-72). Die relativ milden systolischen Funktionsstorungen in dieser
Patientengruppe sind dabei bereits in Ruhe nachweisbar, werden allerdings unter korperliche
Belastung aggraviert. Eine fehlende Augmentation der systolischen Funktion fiihrt {iber die
negative Beeinflussung der frithdiastolischen ,recoil-“ und ,Saugeffekte zu einer
Verschlechterung der diastolischen Funktion wie oben beschrieben (35). In Kombination mit
Faktoren, die eine erhohte ladungsunabhéngige enddiastolische LV Steifigkeit bedingen, fiihrt
dies zu einer unzureichenden Steigerung des Herzzeitvolumens und Endorganperfusion unter

Belastung (34,35,73).
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1.3.3.4 Linksatriale Verinderungen

Im Verlauf der Entwicklung intermittierender oder chronisch erhohter LV
Fiillungsdriicke mit konsekutiver LA Druckerh6hung kommt es zu einem LA Remodeling mit
LA Dilatation. Diese in der pathophysiologischen Uberlegung als HFpEF typisch zu wertende
morphologische Anderung hat daher Eingang in diagnostische Algorithmen zur HFpEF
Diagnose gefunden, wie in Kapitel 1.3.4 weiter ausgefiihrt (1,74). Dies wird dadurch
unterstiitzt, dass sowohl das Vorliegen einer LA Dilatation als auch deren Zunahme
prognostisch ungiinstige Faktoren der HFpEF sind (51,75,76). Eine LA Funktionsstorung
wird hiufig mit dem Auftreten von Vorhofflimmern assoziiert. Dies betrifft etwa ein Drittel
der HFpEF Patienten zu einem Zeitpunkt {iber die Dauer der Erkrankung. Das Auftreten von
Vorhofflimmern ist verbunden mit einem ausgeprigterem LA Remodeling, dem Nachweis
einer PHT, ausgeprdgterem rechtsventrikulirem (RV) Remodeling sowie einer

eingeschriankten Belastbarkeit und Prognose (77,78).

1.3.3.5 Pulmonale Hypertonie und rechtsventrikuldre Dysfunktion

Bei etwa 70 bis 80 Prozent der HFpEF Patienten kann eine PHT in Ruhe oder unter
Belastung nachgewiesen werden (79,80). Mit gesteigerten LA und pulmonalvendsen Driicken
bedingt durch eine bestehende diastolische LV Dysfunktion steigen auch pulmonalarterielle
(PA) Driicke durch passive hydrostatische Ubertragung. Eine intermittierende,
unproportionale LA Druckerhdhung unter Belastung fiihrt zundchst zum oben beschriebenen
LA Remodeling. Im weiteren Verlauf fiihren chronisch erhohte LA und PA Driicke zu
reaktiven Verdnderungen der pulmonalen Zirkulation und Ausbildung eines erhohten PA
Widerstands, einer rechtsatrialen (RA) Dilatation, einer RV Dilatation und der Ausbildung
einer Trikuspidalklappeninsuffizienz (TT)(81).

Das Auftreten einer PHT ist assoziiert mit einem ungiinstigen klinischen Outcome der
HFpEF, inklusive einer erhohten Mortalitdt und Herzinsuffizienzhospitalisierungsrate (79,80).
Entsprechend eines zu postulierenden fortgeschrittenen Stadiums im Falle einer PA
Widerstandserhohung zeigt diese Patientengruppe die unglinstigste Prognose (82). Die
Reduktion von PA Driicken durch Diuretikatherapie (und der damit verbundenen Reduktion
von LV und LA Driicken) reduziert die Hospitalisierungsrate in HFpEF (83,84). Ein
klinischer Nutzen spezifischer pharmakologischer Therapien der PHT konnte bisher nicht
demonstriert werden (85-87).

Hémodynamisch verursacht die Entwicklung einer fortgeschrittenen PHT eine

Druckbelastung des RVs mit eingeschrankter RV Reserve durch einen reduzierten RV
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Auswurf, eine RV Dilatation und erhdhten LV Fiillungsdriicken trotz einer relativen LV
Unterfiillung (88). Eine systolische RV Dysfunktion tritt bei etwa einem Drittel der HFpEF
Patienten auf und wird in der Regel als Folge der Nachlaststeigerung durch Druckerhéhung
im pulmonalen Kreislauf interpretiert (80,89,90). Die Ausbildung einer systolischen RV
Dysfunktion ist verbunden mit einer niedrigeren LVEF, hoheren PA Driicken sowie dem
Vorliegens eines Vorhofflimmerns und ist ein starker Prédiktor fiir eine ungiinstige Prognose

unabhingig vom Ausmal} der PHT (80,91).

1.3.3.6 Arterielle Hypertonie und vaskuldre Verdnderungen

Neben einer erhohten LV Steifigkeit ist die HFpEF durch eine erhohte Steifigkeit des
arteriellen Gefdllsystems gekennzeichnet, hdufig als Folge vorliegender Komorbidititen wie
eines Diabetes mellitus oder einer arteriellen Hypertonie (69,92). Die Anderung der
vaskuldren Eigenschaften fiihren zu einem Anstieg der pulsatilen Blutdruckkomponenten
(systolischer Blutdruck, Pulsdruck, Druckwellenreflektion), die wesentliche Risikofaktoren
fiir die Entwicklung einer Herzinsuffizienz im Allgemeinen und einer HFpEF im Besonderen
sind (69,93-96). Wihrend unter physiologischen Zustdnden die Druckwellenreflektion in der
Diastole eine Erhohung diastolischer Organperfusionsdriicke bewirkt, ist eine erhdhte
Steifigkeit der groBen Arterien mit einer erhohten und verfrithten Druckwellenreflexion und
damit einhergehender Verstirkung der spitsystolischen Nachlast verbunden. Dies beeinflusst
auch die frithe diastolische Funktion des LV, was durch die Demonstration eines
Zusammenhangs zwischen diastolischen Funktionsstorungen und erhohter arterieller
Steifigkeit mit verstirkten arteriellen Wellenreflexionen in verschiedenen Populationen
bestitigt wurde (97,98). Als Reaktion einer gesteigerten ventrikuliren Nachlast im
Zusammenhang mit erhohter arterieller Steifigkeit wird eine gesteigerte LV Ees beobachtet
(69). Vor allem in friihen Stadien dieser Verdnderungen dient dies der Kompensation zur
Erhaltung einer energetisch gilinstigen ventrikulo-arteriellen Kopplung (99). Eine erhohte
arterielle Steifigkeit liber die Zeit geht allerdings mit einem erhohten Risiko fiir die
Ausbildung einer arteriellen Hypertonie einher, pradisponiert zu reduziertem koronaren
Perfusionsdruck, konzentrischem LV Remodeling, myokardialer Fibrose und einer
kontraktilen Dysfunktion (100). Entsprechend der bedeutenden Rolle der arteriellen Funktion
in der zentralen Himodynamik geht ein pathologisches vaskuldres Remodeling im Sinne einer
erhohten Steifigkeit mit einem erhohten Risiko fiir kardiovaskuldre Ereignisse und
insbesondere sowohl der Entwicklung einer Herzinsuffizienz als auch einer

Herzinsuftizienzhospitalisierung einher (101). Himodynamische Grundlage dafiir ist eine
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erhohte Sensitivitét fiir Nachlast- und Volumenédnderungen bei HFpEF Patienten, die aus der
gleichzeitigen Erhohung der Elastanz des LV und der groflen Arterien folgt (Abbildung 2).
Kleine Volumenédnderungen fiihren dabei zu unproportional erhohten arteriellen Driicken und
LV Fillungsdriicken unter Belastung, zu Belastungsintoleranz und pradisponieren zur

Herzinsuffizienzdekompensation (92,102,103).
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Abbildung 2 Im Vergleich zu Patienten ohne Herzinsuffizienz (A) weisen HFpEF Patienten (B) eine gesteigerte LV

Elastanz (gestrichelte Linie) auf. Dies fiihrt zu groBeren Verdnderungen des systemischen Blutdrucks
(SBP) bei gleicher Anderung der LV Nachlast (afterload) in HFpEF Patienten; modifiziert nach (92).

Aggraviert wird diese Problematik durch eine gesteigerte systemische
Sympathikusaktivitit, die zunehmend als wichtiger pathomechanistischer Faktor bei
Herzinsuffizienzpatienten beschrieben wird und mit einer eingeschriankten Prognose assoziiert
ist (104-107). Eine gesteigerte Sympathikusaktivierung fiihrt dabei zu einer erhohten
Blutdruckpulsatilitdt und somit zu einer weiteren Verschlechterung der oben beschriebenen
ventrikulo-vaskuldren Interaktion (108).

Eine vermehrte Steifigkeit der GefdBle wird ultrastrukturell durch Verdnderungen der
GefalBwinde in Abhédngigkeit vom Vorliegen einer systemischen Inflammation und durch eine
reduzierte Endothelfunktion mit reduzierter Stickstoffmonooxidverfiigbarkeit vermittelt
(34,109).

In dhnlicher Weise sind auch mikrovaskulire Verdnderungen zentraler Teil der
Pathogenese von HFpEF, die bei etwa drei Viertel der Patienten vorliegen (110).
Morphologisch wurde in einer autoptischen Studie eine reduzierte Dichte der myokardialen
Mikrozirkulation beobachtet, deren Ausmall mit dem Grad der interstitiellen myokardialen
Fibrosierung korrelierte (55). Auch auf funktioneller Ebene kommt es zu Verdanderungen im
Sinne einer eingeschrinkten Vasodilatation auf Ebene der Mikrozirkulation infolge einer
reduzierten Stickstoffmonooxidverfiigbarkeit (111). Patienten mit HFpEF entwickeln hiufig
serologische Marker einer latenten myokardialen Schédigung unter korperlicher Belastung,
die auf eine myokardiale Ischdmie hindeutet (33). Diese Ischdmie kann durch ein

Missverhéltnis von Sauerstoffangebot und -bedarf im Kontext erhohter LV Fiillungsdriicke,
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Koronarstenosen und vor allem durch eine eingeschriankte mikrovaskuldre Funktion bedingt
sein (14,33,55,110). Der Nachweis einer funktionellen Einschrinkung der myokardialen
Mikrozirkulation ist dabei mit fortgeschritten Krankheitsstadien und einer erhdhten Rate an

Herzinsuffizienzhospitalisierungen verbunden (110,112).

1.3.3.7 Periphere Verdnderungen

Zusatzlich zu zentralen kardialen und vaskuldren Verdnderungen legen
Beobachtungen nahe, dass auch periphere Verdnderungen zum HFpEF Syndrom beitragen.
Exemplarisch sei hier die Skelettmuskulatur genannt, die einen erhohten Fettgehalt und eine
reduzierte Muskelmasse sowie einen eingeschriankten Sauerstoffmetabolismus aufweist (113-

115).

1.3.3.8 Zelluldre Mechanismen

Wihrend in zahlreichen Studien verschiedene organspezifische Pathologien
beschrieben wurden, bleiben die zugrunde liegenden zelluldren Mechanismen weiterhin nicht
vollstindig verstanden. Epidemiologische Daten weisen ein hoheres Alter, eine arterielle
Hypertonie, Adipositas, Diabetes mellitus, Bewegungsmangel und eine myokardiale Ischimie
als hiaufige Komorbiditdten und Risikofaktoren fiir die Entwicklung einer HFpEF aus (5).

Verantwortlich fiir das morphologische und funktionelle Remodeling ist nach
gingigem pathophysiologischen Model von Paulus et al. die mit dem Vorliegen verschiedener
Komorbiditdten assoziierte niedriggradige systemische Inflammation. Diese fiihrt zu
endothelialer mikrovaskulirer Aktivierung mit Uberexpression von E-Selektin und
interzellulirem Zelladhisionsmolekiil-1. Uber diese Molekiile treten Monozyten ins
myokardiale Interstitium aus, differenzieren zu Makrophagen und stimulieren {iiber die
Sekretion von Transforming-Growth-Factor-f Myofibroblasten zur Kollagenproduktion mit
resultierender erhohter interstitieller Fibrosierung, die zu einer Versteifung des Myokards
fiihrt (116). Daten aus einem HFpEF Tiermodell und Untersuchungen an myokardialen
Biopsien von HFpEF Patienten legen nahe, das eine systemische Inflammation, charakterisiert
durch das Zirkulieren von Tumornekrosefaktor-o, Interleukin-18 und Interleukin-6, zu einer
reduzierten endothelialen Stickstoffmonoxidproduktion (NO) fiihrt. Dies reduziert die
Aktivitdit der myokardialen cyclischem Guanosinmonophosphat (cGMP) und die
Proteinkinase G (PKG) Aktivitit, was eine Reduktion der Phosphorylierung des
Strukturproteins Titins zur Folge hat (117,118). Die systemische Inflammation fiihrt

auBlerdem iiber die Produktion von reaktiven Sauerstoffspezies zur Entstehung von
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Disulfidbindugen des Titins. Sowohl Hypophosphorylierung und die Entstehung dieser
Verbindungen fithren zu einer Versteifung der Titinmolekiile mit resultierender myozytarer
Steifigkeit (119).

Kiirzlich wurde von Schiattarella und Kollegen eine dritte Sdule der systemischen
Inflammationshypothese vorgeschlagen: eine Kompromittierung des evolutiondr hoch
konservierten zelluldren Reparaturmechanismus, des ,,Unfolded Protein Response®. Die
Autoren etablierten eine HFpEF Mausmodell durch eine Kombination von metabolischem
und hdmodynamischem Stress (hyperkalorische Didt und medikamentdse Induktion einer
arteriellen Hypertonie) als sogenanntes ,,two-hit-model”. In diesem Modell beobachteten sie
ein deutlich gesteigertes myokardiales NO Vorkommen durch eine inflammationsgetriggerte
Induktion der induzierbaren NO Synthase. Der resultierende nitrosative Stress fiihrte zur
Herabregulierung und Veridnderung von Proteinen die fiir den Ablauf des ,,Unfolded Protein
Response® verantwortlich sind. Diese gestorte zelluldren Stressantwort fithrt zu einer
myokardialen Ansammlung von destabilisierten Proteinen (120).

Die zentrale Bedeutung einer systemischen Inflammation wird gestiitzt durch die
Beobachtung, dass eine Erhoéhung von inflammatorischen Biomarkern pradiktiv fiir die
Entwicklung einer HFpEF ist und dass diese starker erhoht sind bei HFpEF im Vergleich zu
HFrEF Patienten (121,122).

Andere zellulire Mechanismen, die als pathophysiologische Faktoren in HFpEF
vorgeschlagen wurden, sind unter anderem ein eingeschrinkter —myozytérer
Calciumstoffwechsel, eine beschleunigte myozytire Seneszenz, eine Lipotoxizitit und
gestorte Autophagievorgénge (123-127).

Natriuretische Peptide werden als physiologische Antwort auf eine erhohte
ventrikuldre Wandspannung von Kardiomyozyten sezerniert. Diese wirken protektiv auf eine
Reihe kardiovaskuldrer Funktionen, inklusive eines diuretischen und blutdrucksenkenden
Effekts. Sie inhibieren die Renin-Angiotensin-Aldosteron Achse, die Endothelinsekretion und
die systemische und renale Sympathikusaktivierung (128,129). Préklinische Daten legen
aullerdem einen protektiven Effekt von natriuretischen Peptiden auf die Entwicklung einer
myokardialen Fibrose und auf den Phosphorylierungsstatus des Strukturproteins Titin nahe
(130,131). Natriuretische Peptide sind erhoht in Herzinsuffizienzpatienten im Vergleich zu
Patienten ohne Herzinsuffizienz und prognostisch relevant sowohl in HFpEF als auch in
HFrEF Kollektiven. Das Ausmal} dieser Erhohung ist jedoch bei HFrEF Patienten deutlich
grofler, wobei fiir HFpEF oft eine relative natriuretische Peptiddefizienz postuliert wird.

Begriindet wird dies mit der geringeren Wandspannung vor dem Hintergrund eines
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konzentrischen Remodelings mit kleineren Ventrikelvolumina und groBerer Wandstédrke in
HFpEF Patienten im Vergleich zu HFrEF Patienten. Zu weiteren Faktoren zdhlen eine
verminderte Produktion und ein erhohter Abbau natriuretischer Peptide im Kontext der in
HFpEF hochpréivalenten Adipositas, genetischen Polymorphismen und mdéglicherweise einer
erhohten Aktivitdit des Degradationsenzyms Neprilysin. Eine relativ  verminderte
natriuretische Peptidaktivitdt fithrt zu Natriumretention und Hypertension mit Aggravation

der Klinik der HFpEF (132).

1.3.4 Diagnose der Herzinsuffizienz mit erhaltener Pumpfunktion

1.3.4.1 Klinische Diagnose

Patienten verschiedener Herzinsuffizienztypen présentieren sich mit &hnlicher
Symptomatik und &hnlichen Funktionseinschrinkungen und die Diagnose beruht historisch
gesehen maflgeblich auf dem Nachweis einer vendsen Stauung in Ruhe (133,134). Diese
Zeichen sind aber oft nicht nachweisbar in kompensierten und frithen Herzinsuffizienzstadien
und in Patienten, die himodynamische Pathologien nur unter Belastung entwickeln (135).
Einige Symptome, wie Orthopnoe und paroxysmale nédchtliche Dyspnoe, sind sehr spezifisch
fiir eine Herzinsuffizienzdiagnose, aber selten und weisen daher eine geringe Sensitivitit auf
(136). Klinisches Leitsymptom ist eine Belastungsdyspnoe und Belastungsintoleranz. Diese
Symptome sind hadufig und daher sehr sensitiv aber weniger spezifisch fiir das Vorliegen einer
Herzinsuffizienz. Wahrend die Diagnose einer HFrEF in diesem klinischen Kontext in der
Regel einfach mit dem Nachweis einer eingeschrankten LV Funktion gelingt, ist die
Diagnosestellung einer HFpEF anspruchsvoller, da die LV Funktion sich, dhnlich wie bei
Patienten mit nicht kardialer Dyspnoe, normal darstellt. Anamnestisch gehen das Vorliegen
verschiedener Komorbidititen und Risikofaktoren (Alter iiber 60 Jahre, Adipositas, Diabetes
mellitus, Bewegungsmangel, arterielle Hypertonie, Vorhofflimmern und eine chronische
Niereninsuffizienz) mit einer hoheren Wahrscheinlichkeit fiir eine HFpEF Diagnose einher
(137).

Letztlich beruht die Diagnose auf dem Nachweis der definierenden LV
Fiillungsdriicke beziehungsweise auf dem Nachweis einer strukturellen Herzerkrankung, die

mit der zuvor beschriebenen Pathophysiologie vereinbar ist (1,137,138).

1.3.4.2 Echokardiographie

Der Echokardiographie kommt eine zentrale Rolle in der initialen Diagnostik zu.

Neben der Bestimmung der LV Funktion zum Ausschluss einer HFrEF und Beurteilung des

21



morphologischen LV Remodelings konnen hiermit auch andere Pathologien ausgeschlossen
werden die zum klinischen Bild einer Herzinsuffizienz fithren, wie etwa valvuldre oder
perikardiale Erkrankungen (7). Mittels Doppler- und Gewebedopplerverfahren kann das
Vorliegen einer diastolischen Dysfunktion oder erhohter LV Fiillungsdriicke abgeschétzt
werden. Die etabliertesten Parameter sind dabei das Verhiltnis der Geschwindigkeit des
frithdiastolischen =~ LV~ Einstroms (E) zur  friihdiastolischen  basalen LV
Gewebegeschwindigkeit (E/e), das mit akut erhohten LV Fiillungsdriicken korreliert. Eine
Erhohung der Geschwindigkeit des systolischen Riickflusses iiber der Trikuspidalklappe
deutet auf einen erhohten systolischen PA Druck infolge eines erhohten LA Drucks hin
(79,137). Andere Befunde, die mit einer erhohten Wahrscheinlichkeit fiir eine HFpEF
Diagnose einhergehen, sind Marker chronisch erhohter LV Fiillungsdriicke oder Ausdruck
des Vorliegens einer subtilen systolischen LV Funktionsstdrung (139). Hierzu gehdren das
Vorliegen einer LA Dilatation, RV Dilatation oder —Dysfunktion, ein reduzierte longitudinale
LV Deformation und eine eingeschriankte frithdiastolische LV Gewebegeschwindigkeit (e').
Die meisten dieser Parameter weisen eine hohe Spezifitit aber niedrige Sensitivitit fiir eine
invasiv bestitigte HFpEF Diagnose auf und sind daher hilfreich fiir den Einschluss, weniger

aber fiir den Ausschluss der Diagnose (137,140).

1.3.4.3 Natriuretische Peptide

Serumkonzentrationen natriuretischer Peptide sind im gesamten Spektrum der
Herzinsuffizienzpatienten erhoht. Sie konnen daher als diagnostische Marker eingesetzt
werden und bieten prognostische Informationen (141,142). In Verbindung mit der einfachen
Bestimmbarkeit hat sich eine NT-pro-BNP (N-terminal pro-B-type natriuretic peptide)
Erhohung in den letzten zehn Jahren daher als Einschlusskriterium fiir klinische HFpEF
Studien und als HFpEF Diagnosekriterium in den Leitlinien etabliert (1,5,138).

Serumkonzentrationen natriuretischer Peptide miissen vor dem Hintergrund
verschiedener Storfaktoren interpretiert werden, die ihre Sensitivitit und Spezifitit fiir eine
HFpEF Diagnose einschrianken. Dazu tragen die bereits beschriebene relative natriuretische
Peptiddefizienz in HFpEF bei, als auch Effekte der Niereninsuffizienz und anderen
differentialdiagnostischen Zustinden die eine Erhohung natriuretischer Peptide bedingen
(142). Kiirzlich konnte gezeigt werden, dass 18 Prozent, 30 Prozent und 40 Prozent von
Patienten mit invasiv diagnostizierter HFpEF Serumkonzentrationen des NT-proBNPs
unterhalb der Grenzwerte von 125pg/ml, 225pg/ml und 300pg/ml aufweisen, die als

Diagnosekriterien in der klinischen Praxis und klinischen Studien genutzt werden (140).
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Wihrend niedrige natriuretische Peptidkonzentration daher nicht zwangsliufig eine HFpEF
ausschliefen konnen, steigern erhohte Konzentrationen die Wahrscheinlichkeit einer HFpEF

Diagnose (137,138).

1.3.4.4 Nicht-invasive Diagnose

Basierend auf den genannten diagnostischen Erwigungen beruht die Diagnose einer
HFpEF auf einem klinischen Herzinsuffizienzsyndrom, dem Nachweis einer erhaltenen LVEF
und einer mit der HFpEF Pathophysiologie zu vereinbarenden strukturellen Herzerkrankung
sowie einer moglichen Erh6hung natriuretischer Peptide (1,143).

Entsprechend der aktuellen Herzinsuffizienz Leitlinien der europdischen
kardiologischen Gesellschaft ergibt sich eine HFpEF Diagnose beim Vorliegen
herzinsuffizienztypischer Zeichen und Symptome, dem Nachweis einer LVEF >50 Prozent
und einem Nachweis erhohter natriuretischer Peptide sowie zusidtzlich dem Nachweis des
Vorliegens einer LV Hypertrophie oder einer LA Dilatation oder einer diastolischen LV
Dysfunktion (1).

Differenziertere diagnostische Kriterien wurden kiirzlich anhand evidenzbasierter
Daten und eines Expertenkonsensus vorgeschlagen (137,138). In der ersten Studie wurden
tiber 400 Patienten mit Luftnot mittels des diagnostischen Goldstandards, einer invasiven
Belastungsuntersuchung, auf das Vorliegen einer HFpEF untersucht und klinische,
laborchemische, elektrokardiographische und echokardiographische Pradiktoren einer HFpEF
Diagnose bestimmt (137). Wéhrend die Erhohung natriuretischer Peptide, das Vorliegen einer
LA Dilatation oder einer LV Hypertrophie univariate Pridiktoren waren, flossen als
unabhingige Préddiktoren in einen gewichteten Diagnosescore, den H?FPEF Score, das
Vorliegen einer Adipositas (2 Punkte), das Vorliegen einer mit zwei Medikamentenklassen
behandelten arteriellen Hypertonie (1 Punkt), einer Vorhofflimmeranamnese (3 Punkte), einer
echokardiographisch abgeschédtzten PHT (1 Punkt), echokardiographischer Hinweise auf
erhohte LA Driicke (E/e‘ iiber 9, 1 Punkt) und eines Alters {iber 60 Jahren (1 Punkt) ein. Die
Wahrscheinlichkeit einer HFpEF Diagnose steigt linear pro Punkt des Scores, wobei diese bei
einem Score von 6-9 als wahrscheinlich gilt, wahrend sie mit einem Score von 0-1 nahezu
ausgeschlossen werden kann. Die Anwendbarkeit und der prognostische Nutzen dieses Scores
konnte in weiteren Patientenkollektiven validiert werden (144,145).

Ein &hnliches diagnostisches Modell wurde von der europdischen Gesellschaft fiir
Kardiologie und der européischen Gesellschaft fiir Herzinsuffizienz vorgeschlagen (138). Der

Algorithmus umfasst eine klinische Vortest-Beurteilung, spezifische Diagnostik mittels
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Echokardiographie, Bestimmung natriuretischer Peptide und eine weiterfiilhrende Diagnostik
mit Belastungsuntersuchung in unklaren Féllen sowie eine &tiologische Abkldrung zum
differentialdiagnostischen Ausschluss anderer Kardiomyopathien. Der HFA-PEFF Score
beurteilt Kriterien in den drei Doménen: Funktion, Morphologie und Biomarker, von denen
jede maximal 2 Punkte bis zu einem Maximalscore von 6 Punkten beitragen kann (138). Bei
einem Score von 5-6 kann eine HFpEF Diagnose gestellt, bei 0-1 ausgeschlossen werden und
im Falle von 2-4 Punkten wird eine Belastungsuntersuchung gefordert. Der diagnostische
Wert in Bezug auf den Ein- oder Ausschluss einer klinischen HFpEF Diagnose und der
prognostische Wert des HFA-PEFF Scores konnte an zwei unabhédngigen Kohorten
nachgewiesen werden (146). Beide Scores besitzen eine dhnliche prognostische Wertigkeit,
identifizieren aber nur geringfiigig iiberlappende Hochrisikogruppen und weisen eine
eingeschriinkte diagnostische Ubereinstimmung auf (147,148).

Die Heterogenitdt nicht-invasiver diagnostischer Kriterien in der klinischen Praxis und
in klinischen Studien muss als Faktor eines uneinheitlichen Therapieansprechens in
verschiedenen Studien diskutiert werden und ist ein starkes Argument fiir eine erweiterte

Phénotypisierung der Patienten, die auf das Vorliegen einer HFpEF untersucht werden (149).

1.3.4.5 Invasive Diagnose

Beide Scores umfassen neben dem Ein- und Ausschluss einer HFpEF Diagnose die
Identifikation einer groBen Patientengruppe mit intermedidrer Diagnosewahrscheinlichkeit,
fiir deren Differenzierung weitere Diagnostik notwendig ist (137,138). Entsprechend der
hdmodynamischen Definition der Herzinsuffizienz gilt eine Erh6hung invasiv abgeschitzter
LA oder LV Fiillungsdriicke als diagnostische Referenz. Ein erheblicher Anteil von HFpEF
Patienten entwickeln solche nur unter korperlicher Belastung, sodass eine invasive
Belastungsuntersuchung fiir die endgiiltige Diagnosefindung vorgeschlagen wird (140).

In der klinischen Praxis kann dies durch einen Belastungstest wéhrend der
Rechtsherzkatheteruntersuchung realisiert werden. Der Nachweis eines pulmonalkapilldren
Verschlussdrucks (PCWP) >15mmHg in Ruhe oder >25mmHg unter korperlicher Belastung
ist dabei beweisend fiir eine HFpEF Diagnose. AuBlerdem konnen weitere himodynamische

Parameter, wie PA Driicke und die Herzzeitvolumenreserve abgeschétzt werden (7).
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1.3.5 Therapeutische Konzepte

Im Gegensatz zur Etablierung multipler effektiver Therapien fiir Patienten mit HFrEF
haben bis dato alle bisherigen grof8en klinischen Studien zur Effektivitdt pharmakologischer
Therapien neutrale Ergebnisse erbracht (7).

Eine wichtige Sdule der HFrEF Therapie ist die Blockade des Angiotensin
konvertierenden Enzyms oder Angiotensin-II-Rezeptors, die in groBen klinischen Studien
sowohl einen Uberlebensvorteil als auch einen positiven Effekt auf die Hospitalisierungsrate
bewirken konnten (41,150). Fiir HFpEF Patienten konnte fiir diese Medikamentenklassen kein
Mortalititsunterschied und eine nur numerische, statistisch nicht signifikante, Reduktion von
Hospitalisierungen demonstriert werden (151-153).

Auch Betablocker reduzieren die oben genannten ,harten* klinischen Endpunkte in
HFrEF ohne klinischen Effekt in HFpEF (154-157).

Mineralokorticoidrezeptorantagonisten bieten gleichfalls einen klinischen Vorteil in
HFrEF Patienten (158,159). Im HFpEF Kollektiv konnte in der ALDO-DHF (Aldosterone
Receptor Blockade in Diastolic Heart Failure) Studie zwar eine Verbesserung der
diastolischen Funktion aber keine Anderung der korperlichen Belastbarkeit oder
Lebensqualitdt im Zusammenhang mit einer Medikation mit Spironolacton beobachtet werden
(160). Die TOPCAT-Studie untersuchte in der Folge den Effekt dieser Medikation auf die
Hospitalisierung und Mortalitit in iiber 3400 Patienten und konnte keinen statistisch
signifikanten Therapievorteil nachweisen (161).

In dhnlicher Weise zeigte sich fiir die HFpEF Therapie mittels kombinierter Inhibition
des Angiotensin-2-Rezeptors und des natriuretische Peptide spaltenden Enzyms Neprilysin
eine numerische, aber nicht signifikante Reduktion der kardiovaskuldren Mortalitdt und
Hospitalisierungsrate (162). Fiir den gleichen therapeutischen Ansatz hatte sich eine
signifikante Reduktion dieser Endpunkte um 20 Prozent in HFrEF Patienten ergeben (163).

AuBerdem stehen fiir HFrEF weitere medikamentdse Optionen zur Verfiigung. Eine
Herzfrequenzsenkung mittels Ivabradin reduziert Mortalitit und Hospitalisierungen in HFrEF,
wohingegen fiir HFpEF keine klinischen Effekte, zum Teil sogar eine Reduktion der
korperlichen Belastbarkeit beobachtet wurde (164,165). Kiirzlich konnte fiir die Klasse der
Gliflozine eine Mortalitits- und Hospitalisierungsratenreduktion in HFrEF vor dem
Hintergrund einer bereits optimierten medikamentdsen Herzinsuffizienztherapie gezeigt
werden. Outcomedaten fiir diese Substanzgruppe in HFpEF werden fiir dieses Jahr erwartet

(166-168).
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Auch fiir pharmakologische Therapien, die spezifisch die im Kapitel 1.3.3.8
beschriebenen zelluldren Pathomechanismen adressieren, konnte bislang kein Nutzen belegt
werden. Fiir die orale Kompensation der endothelialen NO Defizienz mittels
Nitratsubstitution zeigte sich gar eine reduzierte korperliche Belastung unter Therapie ohne
Effekt auf andere klinische Endpunkte (169). Auch eine Inhibierung der Phosphodiesterase 5
zur Verbesserung der intrazelluliren PKG Aktivitdt konnte keinen klinischen Vorteil in
Bezug auf Symptome und Belastbarkeit von HFpEF Patienten erbringen (85).

Wie fiir HFrEF Patienten stellen Diuretika eine effektive Therapie zur
Symptomreduktion in HFpEF dar (1,170). Obwohl deren therapeutischer Effekt in HFpEF
nicht direkt in klinischen Studien getestet wurde, gibt es indirekte Evidenz fiir deren
Wirksamkeit in dieser Patientengruppe. In der randomisierten CHAMPION (CardioMEMS
Heart Sensor Allows Monitoring of Pressure to Improve Outcomes in NYHA Class I1I Heart
Failure Patients) Studie konnte gezeigt werden, das ein implantierbarer Monitor zur Erfassung
der PA Driicke Herzinsuffizienzhospitalisierungen reduzieren kann. Eine kurzfristige
Erh6hung der PA Driicke spiegelt in der Regel eine Erhéhung der LA und LV Fiillungsdriicke
und die Notwendigkeit von deren Reduktion wieder. Der klinische Vorteil in der
Interventionsgruppe ging mit einer intensiveren Auftitrierung der diuretischen Therapie und
niedrigeren PA Driicken iiber die Zeit sowohl in HFpEF als auch in HFrEF einher. Diese
Ergebnisse legen einen klinischen Nutzen von Diuretika in HFpEF nahe und suggerieren, dass
LA und LV Fiillungsdriicke als Therapieziele geeignet sind um den klinischen Verlauf zu
verbessern (83,84).

Im Vordergrund der HFpEF Therapie stehen folglich eine symptomorientierte
antikongestive Therapie sowie die Behandlung der assoziierten Komorbidititen (1,8). In
Studien zur Blutdruckreduktion von Patienten mit arterieller Hypertonie konnte gezeigt
werden, dass eine effektive Blutdrucktherapie ein Neuauftreten von HFpEF verhindert (171-
173). Therapiestudien mit medikamentdser neurohumoraler Blutdrucktherapie bei Patienten
mit bereits bestehender HFpEF zeigten dagegen neutrale Ergebnisse wie im vorhergehenden
Abschnitt beschrieben, sodass diese Intervention aktuell als praventive Mallnahme gewertet
werden muss. Fiir Lebensstilinterventionen, wie Ausdauertraining und Gewichts-
normalisierung konnte eine Verbesserung der korperlichen Belastbarkeit und Lebensqualitit

demonstriert werden (174,175).
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1.4 PHANOTYPISIERUNG ALS WEG ZUR ETABLIERUNG EFFEKTIVER
THERAPIEN

Die Griinde fiir den bisher fehlenden Nachweis effektiver Therapiekonzepte fiir
HFpEF Patienten konnen auf mehreren Ebenen diskutiert werden. Die Tatsache, dass ein
Syndrom nicht wie sonst tiiblich iiber ein pathologisches Untersuchungsergebnis (etwa eine
eingeschrinkte LVEF bei HFrEF), sondern iiber die Norm (erhaltene LVEF bei HFpEF)
definiert wird, impliziert dass das auf diese Weise betrachtete Kollektiv eine grofe
Heterogenitdt aufweisen miisste, deren zugrunde liegende pathophysiologischen Faktoren
nicht einer einheitlichen Therapie zugénglich sind. Auch die fehlende Spezifitit und
Heterogenitét weiterer zur Diagnosestellung genutzter Kriterien in der klinischen Praxis und
in klinischen Studien miissen als Faktoren eines uneinheitlichen Therapieansprechens in
verschiedenen Studien ins Feld gefiihrt werden (149).

Dies wird deutlich, wenn man die Evolution nicht-invasiver diagnostischer Kriterien
in der klinischen Praxis und in klinischen Studien betrachtet. Frithe Outcome Studien nutzten
als HFpEF Diagnosekriterium einen LVEF cut-off von 40 Prozent in Verbindung mit einer
stattgehabten Herzinsuffizienzhospitalisierung (152). Diese Definition beruhte im
Wesentlichen auf der pragmatischen Uberlegung, dass fiir diese Patientengruppe keine
evidenzbasierte Behandlung vorlag und weniger auf der Beobachtung pathomechanistischer
Zusammenhdnge (5). Auf der Suche nach diesen Zusammenhidngen wurde in der Folge der
Hauptfokus auf die diastolische Dysfunktion des LV gelegt, wobei im Verlauf klar wurde,
dass auch andere Mechanismen, wie morphologische kardiale und vaskuldre Pathologien
zentrale Bestandteile der HFpEF Pathophysiologie sind (47,51,57). Um diesen Aspekten
Rechnung zu tragen hat sich die HFpEF Definition in den letzten zwei Jahrzenten weg von
einer rein klinischen Herzinsuffizienzdiagnose vor dem Hintergrund einer erhaltenen LV
Funktion, hin zu einer Definition unter Einbeziehung des Nachweises typischer
Komorbidititen, kardialer struktureller und funktioneller Verdnderungen, einer Erh6hung der
natriuretischen Peptide, dem Nachweis erhohter LA und LV Fiillungsdriicke und dem
Ausschluss spezifischer alternativer Kardiomyopathien entwickelt, wie in Kapitel 1.3.4
ausgefiihrt. Dazu gehort auch die Fokussierung auf eine LVEF Bereich iiber 50 Prozent, da
Patienten mit niedrigeren LVEF Werten ein homogeneres Therapieansprechen aufweisen
(9,157,176).

Trotz der mit der Prézisierung der Definition einhergehenden Reduktion der
Heterogenitit des HFpEF Kollektivs, stellt sich die Frage, ob die multiplen in diesen

Patienten zu beobachtende Pathologien auf einen gemeinsamen Mechanismus zuriickzufiihren
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sind oder es sich um pathophysiologische Implikationen verschiedener Komorbidititen
handelt. Das Vorliegen eines HFpEF spezifischen Pathomechanismus wird gestiitzt durch die
Tatsache, dass Patienten in klinischen Studien mit HFpEF ein deutlich schlechteres Outcome
haben, als Patienten die in Studien zur Behandlung vergleichbarer Komorbiditdten aber ohne
Diagnose einer Herzinsuffizienz eingeschlossen wurden (177).

Nach der Hypothese von Paulus und Tschope (116), wie in Kapital 1.3.3.8 ausgefiihrt,
kann auf zelluldrer Ebene ein verbindender Pathomechanismus identifiziert werden. Dieser
beruht auf einer systemischen Inflammation mit resultierender Reduktion von NO
Bioverfiigbarkeit sowie cGMP und PKG Aktivitdt und fiihrt letztlich zu einer erhohten
myozytdren Steifigkeit, interstitiellen myokardialen Fibrosierung und vaskulédrer Dysfunktion.
Fiir therapeutische Interventionen, die auf eine spezifische Modulation dieses
pathomechanistischen Wegs abzielten, konnte jedoch kein klinischer Vorteil gezeigt werden
wie in Kapitel 1.3.5 dargestellt. Neben der Moglichkeit der Ungiiltigkeit dieses Modells
konnte dies bedeuten, dass hier bisher nur ein Teilaspekt der zentralen Pathologie erfasst
wurde (178). In der Tat konnte gezeigt werden, dass weitere molekulare Mechanismen an der
kardialen Pathologie beteiligt und dass physiologische Verdnderung bei HFpEF Patienten
nicht ausschlieBlich kardial, sondern auch in anderen Organsystemen nachweisbar sind
(120,179).

Unabhéngig von der Frage, ob HFpEF durch einen zentralen Pathomechanismus oder
durch eine zentrale Prisentation verschiedener Pathomechanismen charakterisiert ist,
beinhaltet das Syndrom auch mit spezifischer klinischer Definition ein heterogenes
phéanotypisches Spektrum. Dies mag unter anderem mit der unterschiedlichen Interaktion
vorrangiger Komorbiditdten und dem natiirlichen individuellen Alterungsprozess aber auch
mit unterschiedlichen Phasen des natiirlichen Verlaufs der Erkrankung erklirbar sein. Ein
Weg zur Entwicklung effektiver therapeutischer Konzepte ist daher eine Phénotypisierung
mit Erarbeitung homogenerer Patientenkollektive zur Ermdglichung einer gerichteten
Therapie. FEin wichtiger Aspekt ist, dass diese Phénotypisierung flexibel und klinisch
praktikabel ist. Aus diesem Grund wurden in der Vergangenheit verschiedene
Klassifizierungssysteme auf der Basis klinischer Informationen und Komorbidititen
vorgeschlagen (180). Die Phanotypisierung auf Grundlage mechanistischer Abnormititen
erlaubt eine gerichtete Intervention zur Therapie pathologischer biologischer Prozesse mit der
Moglichkeit einer tatsdchlich ,individualisierten” Therapie. Dieser Ansatz macht eine
detaillierte Charakterisierung verschiedener zellulirer und gewebsspezifischer Prozesse

notwendig, die mitunter dynamisch sind. Aus diesem Grund scheinen mechanistische Studien
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besonderes geeignet um eine Verbindung zwischen klinischer Phénotypisierung und
individueller Pathophysiologie herzustellen. Dariiber hinaus bieten sie die Moglichkeit neue
Pathomechanismen zu identifizieren, die in der Folge sowohl Grundlage fiir klinische, als

auch pathomechanistische Charakterisierungen sein konnen.

14.1 Pathomechanistische Charakterisierung

1.4.1.1 Himodynamische Charakterisierung mittels Konduktanzmessung

Wie in Kapitel 1.3.1 und 1.3.3 beschrieben kann fiir HFpEF Patienten die gemeinsame
zentrale himodynamische Beobachtung der erhohten LV Fiillungsdriicke in Ruhe oder unter
Belastung definiert werden. Wie in Kapitel 1.3.3 ausgefiihrt kann dies jedoch auf
verschiedene Aspekte morphologischer und funktioneller Stérungen vor allem der
diastolischen LV Funktion zuriickzufithren sein. Als Goldstandard der hdmodynamischen
Funktionsbestimmung des LV gilt die invasive Aufzeichnung von Druck-
Volumenbeziehungen (66). Durch die simultane Messung von Druck und Volumen iiber den
Herzzyklus konnen ladungsunabhédngige Funktionsparameter bestimmt und damit die
systolische und diastolische myokardiale Funktionsstorung weiter charakterisiert werden.
Dies gelingt durch den Einsatz spezieller Konduktanzkatheter, die neben einem
Druckabnehmer aus einer unterschiedlichen Anzahl von Elektroden fiir die Erzeugung eines
elektrischen Feldes bestehen. Die Messung von Potentialunterschieden zwischen den
Elektroden  ermdglicht die Anderung des intrakavitiren Blutvolumens als

Konduktanzunterschiede zu quantifizieren (Abbildung 3).
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Abbildung 3 Pigtail Konduktanzkatheter (A) mit Drucksensor (wei}) zwischen der fiinften und sechsten Elektrode
(silber) und dessen fluoroskopisch korrekte Positionierung von transfemoral im LV Apex (B). Die
Anderungen der Potentialunterschiede zwischen den Elektroden im elektrischen Feld zwischen distaler
und proximaler Elektrode geben Auskunft iiber segmentale Volumendnderungen und werden in
Verbindung mit dem simultan registrierten Druck zu gesamtventrikuldren Druck-Volumen-Schleife
summiert (C).
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Durch Manoéver der Vorlastreduktion, zum Beispiel durch Ballonokklusion der Vena
cava inferior, beziehungsweise der Nachlaststeigerung, zum Beispiel durch isometrische
Handgriffiibungen, werden verschiedene Ladungsbedingungen simuliert und so ventrikuldre
Funktionskonstanten bestimmt. Die enddiastolische-Druck-Volumenbeziehung (EDPVR),
ventrikuldre Steifigkeitskonstante (Beta) und die Rate des Druckabfalls zum Zeitpunkt der
isovolumetrischen Relaxation (Tau) sind géngige Male zur Quantifizierung der diastolischen
Funktion. Die endsystolische Elastizitit (Ees), die endsystolische Druck-Volumenbeziehung
(ESPVR) und die ventrikulo-arterielle Kopplung geben Auskunft iiber die ventrikuldre
Kontraktilitidt und die ventrikuldre Interaktion mit der Nachlast (66). In dhnlicher Weise kann
eine Beurteilung der RV Funktion vorgenommen werden (181).

Eine solche Untersuchung ist gut geeignet um HFpEF spezifische himodynamische
Pathologien und Phénotypen zu identifizieren, libersteigt aber im personellen, zeitlichen und
finanziellen Aufwand die Moglichkeiten der klinischen Routinediagnostik. Eine
Phinotypisierung sollte damit idealerweise darauf abzielen invasive Untersuchungsergebnisse

mit nicht-invasive Messungen zu approximieren.

1.4.1.2 Kardiale Magnetresonanztomographie

Die kardiale Magnetresonanztomographie (MRT) ist ein Bildgebungsverfahren, das
die intrinsischen magnetischen molekularen Eigenschaften nutzt um Bildkontraste und
Gewebecharakteristika darzustellen. Damit konnen kardiale Morphologie, kardiale Funktion
und Blutfliisse mit guter zeitlicher und exzellenter raumlicher Auflosung beurteilt werden.
Die im Vergleich zur Echokardiographie bessere Reproduzierbarkeit ermdglicht die Detektion
geringer Unterschiede bei kleineren Patientenzahlen in klinischen Studien. Die Methode ist
unabhingig von akustischen Fenstern, und reduziert geometrische Annahmen, die oft eine
Limitation in der Echokardiographie darstellen und einer detaillierten Struktur- und
Funktionsbeurteilung insbesondere der rechtsseitigen Herzhohlen entgegenstehen (182). In
aktuellen Empfehlungen zur Diagnostik bei HFpEF Patienten ist eine kardiale MRT zentraler
Teil des Ausschlusses differentialdiagnostisch zu erwidgender Kardiomyopathien (74).

Die diastolische Funktion kann mittels Flussmessungen, Deformationsmessungen und
Zeit-Volumen-Kurven &dhnlich zur Echokardiographie bestimmt werden. Im Gegensatz zu
anderen Bildgebungsverfahren bietet die kardiale MRT auch die Moglichkeit der
myokardialen Gewebecharakterisierung. Die kardiale MRT kann dabei Informationen zum
Vorhandensein von Odemen, fokaler Fibrose und Fettinfiltrationen geben. Insbesondere neu

entwickelte Bildgebungstechniken (T1-Mapping, Abbildung 4) erlauben die Quantifizierung
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einer diffusen myokardialen Fibrosierung mit Ermittlung der extrazelluldren
Volumenfraktion, die histologisch mit dem Ausmal3 einer interstitiellen Myokardfibrose
korreliert (182).

Die Vielseitigkeit dieser Bildgebungsmodalitit und die Mdoglichkeit der direkten
Visualisierung der myokardialen Struktur machen die kardiale MRT zu einem geeigneten
Instrument um eine Phénotypisierung von HFpEF Patienten vorzunehmen. Die Methode ist
weitaus universeller einsetzbar als eine invasive hdmodynamische Evaluation mittels
Konduktanzmessung. Limitierende Faktoren sind die Notwendigkeit einer aktiven Mitarbeit
und eine relativ lange Untersuchungsdauer. AuBerdem bestehen spezifische
Kontraindikationen wie ein hochgradig eingeschrinkte Nierenfunktion oder das

Vorhandensein von nicht MRT—kompatiblen Implantaten.
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Abbildung 4 Quantifizierung der extrazelluliren Volumenfraktion mittels T1-Mapping vor und nach
Gadoliniumkontrastgabe in einem Patienten ohne Herzinsuffizienz und einer extrazelluldren
Volumenfraktion von 22 Prozent (links) und einem HFpEF Patienten mit einer extrazelluldren
Volumenfraktion von 36 Prozent (rechts); modifiziert nach (64).

1.4.2 Klinische Phinotypisierung

1.4.2.1 Herzinsuffizienz mit erhaltener Pumpfunktion und Trikuspidalklappeninsuffizienz

Fortgeschrittene Stadien der HFpEF sind mit dem Auftreten und dem Ausmal einer
funktionellen, das heiit nicht mit einer primdren Pathologie der Klappen assoziierten, TI
verbunden. Bis zu einem Fiinftel der HFpEF Patienten weisen eine signifikante (moderate
oder schwere) TI auf, wobei die hochsten Raten in Patienten mit der ausgeprédgtesten RV
Dilatation und RV Dysfunktion zu verzeichnen sind (90,183). Die allgemeine Prdvalenz der

Patienten mit signifikanter TI nimmt zu und diese Zunahme ist, wie die der generellen HFpEF
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Pravalenz, mit hoherem Alter und weiblichem Geschlecht assoziiert (184). Aus é&tiologischer
Sicht wird fiir das Auftreten einer T1 im HFpEF Kollektiv eine Anulusdilatation als Folge der
in Kapitel 1.3.3.5 beschriebenen Entwicklung einer PHT mit Dilatation von RV und RA
postuliert (81,90).

Hamodynamisch fiihrt das Vorhandensein einer hochgradigen TI zu einer
Volumenbelastung des RV mit Kompression des LV (ventrikuldre Interdependenz) und
konsekutiver Behinderung der LV Fiillung mit weiterer Erh6hung der ohnehin schon erhéhten
LV Fiillungsdriicke. Eine Reduktion des effektiven RV Schlagvolumens infolge des erhohten
Pendelvolumens im RV trigt zudem zu einer chronischen Unterfiillung des LV bei (185).
Eine signifikante TI ist mit hoherer Symptomlast, verminderter Lebensqualitit, hoheren
Hospitalisierungsraten und einer erhdhten Mortalitit verbunden (186). Fiir HFpEF Patienten
besteht eine klare Assoziation dieses Vitiums mit der Mortalitét (187,188).

Nur ein geringer Anteil der Patienten mit signifikanter, funktioneller TI wird einer
chirurgischen Therapie zugefiihrt. Dies liegt an der hiufig spiten Vorstellung der Patienten
mit hohem perioperativen Risiko und einer deutlich erhohten perioperativen Mortalitét
(186,189,190). Aus diesem Grund wurden kiirzlich verschiedene interventionelle,
katheterbasierte Verfahren vorgeschlagen um dieses klinische Problem zu adressieren (191).
Neben hetero- oder orthotopen Klappenersatz- und direkten beziehungsweise indirekten
Anuloplastieverfahren wird weltweit mehrheitlich das Prinzip der ,edge-to-edge®
Rekonstruktion angewendet (192). Dabei werden jeweils zwei Segel mit dem
Reparatursystem an ihren Segelspitzen gegriffen und mittels Clipimplantation angendhert

(Abbildung 5).

Abbildung 5 Transdsophageale echokardiographische Darstellung einer hochgradigen TI (A) mit breiten
Insuffizienzjet (Farbe). Verschiedene Systeme zur katheterinterventionellen ,edge-to-edge*
Klappenrekonstruktion stehen zur Verfiigung, in B ist das am héufigsten verwendete Device, der
Mitraclip (Abott, USA), dargestellt. Uber einen vendsen femoralen Zugang wird das Koaptationsdevice
in den RV gefiihrt und im Riickzug die beabsichtigten Segel gegriffen (C). Nach Implantation und
Ablosung des Device (rotes Kreuz) zeigt sich eine Reduktion des Koaptationsdefekts mit deutlich
reduziertem Insuffizienzjet (D); modifiziert nach (193).

Dies verbessert die Koaptation der Segel und reduziert die Durchtrittstfliche des
Insuffizienzjets sowie die Dimensionen des Anulus. Dieses Verfahren wurde initial fiir die

Therapie der hochgradigen Mitralklappeninsuffizienz entwickelt und wird in dieser Indikation
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heute weltweit angewandt (194). Aufgrund der langjdhrigen Erfahrung mit dieser Methode
wurde das Prinzip auf die TI iibertragen (195). Diese Technik stellt vor dem Hintergrund des
durchschnittlich hohen Alters und der hohen Morbiditdtslast von HFpEF Patienten mit

relevanter TI einen interessanten Therapieansatz fiir diese Patientengruppe dar.

1.4.2.2 Herzinsuffizienz mit erhaltener Pumpfunktion und resistenter arterieller Hypertonie

Die arterielle Hypertonie gehort mit einer Prdavalenz von etwa 90 Prozent zu den
haufigsten Komorbiditdten der HFpEF und steht in engem Zusammenhang mit den in 1.3.3.6
beschriebenen vaskuldren Verdnderungen. Vor allem eine Sympathikusiiberaktivitdt scheint
ein gemeinsamer treibender Pathomechanismus zu sein (196). Eine sympathische
Uberaktivitit ist fiir Patienten mit arterieller Hypertonie und HFpEF beschrieben, wobei eine
gesteigerte renale Sympathikusaktivitit gar von prognostischer Relevanz ist (196,197).

Eine Sympathikusiiberaktivierung wird mit einem erhohten GefaBitonus im
Splanchnikusgebiet in Verbindung gebracht. Dies fiihrt zu einer Erhohung des effektiv
zirkulierenden Blutvolumens. Eine unproportionaler Erhdhung der LV Vorlast, vor allem
unter Belastung, fiihrt in Verbindung mit der in Kapitel 1.3.3.2 beschrieben Vorlastsensitivitit
bei bestehender diastolischer LV Dysfunktion zu einer starken Steigerung der LV
Fiillungsdriicke (198).

Unter den Patienten mit arterieller Hypertonie zeigen vor allem Patienten mit einer
Therapieresistenz ~ (unkontrollierter arterieller Hypertonus trotz drei oder mehr
antihypertensiver Medikamente) eine gesteigerte Sympathikusaktivitit und ein erhohtes
Risiko fiir kardiovaskuldre Mortalitit und Morbiditdt (199,200). In der TOPCAT Studie
konnte bei etwa 23 Prozent der Patienten eine resistente arterielle Hypertonie diagnostiziert
werden. Interessanterweise wiesen diese Patienten eine erhohte LVEF im Vergleich zu nicht
resistenten Hypertonikern auf. Dies kann sowohl als kompensatorischer hyperkontraktiler
Zustand im Zusammenhang mit einer erhéhten LV Nachlast als auch in Verbindung mit einer
gesteigerten LV Vorlast infolge einer Sympathikusiiberaktivierung interpretiert werden (201).
Die Bedeutung dieser Befunde wird unterstiitzt durch den kiirzlich postulierten U-férmigen
Zusammenhang zwischen Mortalitdt und LVEF in einer bevolkerungsbezogenen Studie mit
einer erhohten Mortalitdt in Patienten mit einer LVEF > 65 Prozent (202).

Dementsprechend haben Therapiekonzepte, die auf die Behandlung der renalen und
systemischen Sympathikusaktivitit zielen das Potential den klinischen Verlauf und die
Prognose von Patienten mit HFpEF zu verbessern (203). Die Modulation der renalen

Sympathikusaktivitit wurde bereits in den 50er Jahren als operatives Verfahren evaluiert
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(204,205). Ende des ersten Jahrzehnts der 2000er Jahre konnten katheterbasierte Verfahren

zur Modulation des renalen Sympathikotonus entwickelt und erstmals in klinischen Studien

getestet werden (Abbildung 6). Dabei werden

sympathische Nervenfasern mittels

Radiofrequenz oder Ultraschallenergie von endovaskuldr abladiert und damit der

Sympathikotonus reduziert (206). Unsere und andere Gruppen konnten in den letzten Jahren

unmissverstindlich zeigen, dass diese Methode zu einer effektiven Blutdrucksenkung bei

hypertensiven Patienten fiihrt. (207-210). Die mannigfaltigen Effekte einer Reduktion des

Sympathikotonus konnten dariiber hinaus gerade fiir Patienten mit HFpEF und resistenter

Hypertonie einen Therapieansatz bieten (206).

Symapthische Efferenzen Rechte Niere

Sympathische Affarenzen (z.B. Reninausschuttung)

{z.B. Vasokonstriktion)
Renale sympathische
Nervenfasern
Nierenarterie /
\ Linke Niere
Renaler
Denervationskatheter
Abbildung 6 Schematische Darstellung des Prinzips der interventionellen renalen Denervation (links). Uber einen

femoralen arteriellen Zugang wird ein Denervationskatheter in die Nierenarterie vorgebracht und mittels
Energieabgabe eine Reduktion der Signaliibertragung der renalen sympathischen Nervenfasern entlang
der Nierenarterie erreicht. Dadurch werden sympathische Efferenzen mit Effekten auf den renalen
Sympathikotonus und Afferenzen mit Effekten auf den systemischen Sympathikotonus moduliert.
Fluoroskopische Darstellung der Prozedur (rechts) mit selektivere Angiographie der Nierenarterien und
anschlieBender Platzierung des Ablationskatheters. Es erfolgt eine mehrfache Energieabgabe an

verschiedenen Positionen in den Nierenarterien.
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ABSTRACT

of ECV to differentiate among pathomechanisms in HFpEF.

BACKGROUND Optimal patient characterization in heart failure with preserved ejection fraction (HFpEF) Is essential to
tailor successful treatment strategies. Cardiac magnetic resonance (CMR)-derived T, mapping can noninvasively quantify
diffuse myocardial fibrosis as extracellular volume fraction (ECV).

OBJECTIVES This study aimed to elucidate the diagnostic performance of T, mapping in HFpEF by examining the
relationship between ECV and invasively measured parameters of diastolic function. It also investigated the potential

METHODS We performed T; mapping in 24 patients with HFpEF and 12 patients without heart failure symptoms.
Pressure-volume loops were obtained with a conductance catheter during basal conditions and handgrip exercise,
Transient pre-load reduction was used to extrapolate the diastolic stiffness constant.

RESULTS Patients with HFpEF showed higher ECV (p < 0.01), elevated load-independent passive left ventricular (LV)
stiffness constant (beta) (p < 0.001), and a longer time constant of active LV relaxation (p ~ 0.02). ECV correlated

highly with beta (r = 0.75; p < 0.001). Within the HFpEF cohort, patients with ECV greater than the median showed a
higher beta (p = 0.05), whereas ECV below the median identified patients with prolonged active LV relaxation (p = 0.01)

eart failure with preserved ejection fraction

(HFpEF) is an increasingly common condi-

tion accounting for almost one-half of
heart failure (HF) cases, thus presenting a major chal-
lenge in modern cardiology (1). The prognosis of pa-
tients with HF symptoms and sustained systolic
function is comparable to patients with reduced
systolic function (2). Despite extensive research, all
efforts to develop successful treatment strategies
have led to unsatisfactory results (3-6). The lack of

and a marked hypertensive reaction to exercise due to pathologic arterial elastance (p = 0.04). On multiple linear
regression analyses, ECV independently predicted intrinsic LV stiffness (f = 0.75; p < 0.01).

CONCLUSIONS Diffuse myocardial fibrosis, assessed by CMR-derived T, mapping, independently predicts invasively
measured LV stiffness in HFpEF. Additionally, ECV helps to noninvasively distinguish the role of passive stiffness

and hypertensive exercise response with impaired active relaxation. (Left Ventricular Stiffness vs. Fibrosis Quantification
by T, Mapping in Heart Failure With Preserved Ejection Fraction [STIFFMAP]; NCT02459626) (J Am Coll Cardiol
2016;67:1815-25) ® 2016 by the American College of Cardiology Foundation.

consistent therapeutic success might partly be
explained by the heterogeneous cohort of patients
investigated in previous studies, who exhibit exercise
intolerance elicited by different pathophysiological
mechanisms (7-11). Thus, there is a need to optimize
patient characterization to enable scientists and clini-
cians to successfully tailor individual treatments.
Diastolic dysfunction can frequently be diagnosed
in HFpEF patients and is associated with an impair-
ment of active left ventricular (LV) relaxation and/or
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ABBREVIATIONS
AND ACRONYMS

Rommel et al.
Ty Mapping for Quantification of LV Stiffness

LV compliance, which in turn results in a
disproportional rise in LV filling pressures
during exercise (7,12).

beta = left ventricular stiffness ; g z ”
constant Diffuse myocardial fibrosis and an increase
2 = artertal elastance in extracellular matrix have been suggested

HCV = extracellular volume
fraction

EDPVR = end-diastolic

as potential mechanisms for increased LV
stiffness and diastolic dysfunction (13-15).
Cardiac magnetic resonance (CMR) imag-

pressure volume retstion ing is a noninvasive tool that allows reliable
Ees = end-systolic elastance characterization of myocardial tissue. With
ESPVR = end-systolk the recent advent of T, mapping techniques,
pressura-volume rolations it has become possible to quantify diffuse

PV = pressure volume

tau = time-constant of active
left ventricular relaxation

changes to the extracellular space, Post-
contrast T, times and extracellular volume
fraction (ECV) correlate with histological
collagen volume fraction in vivo and in vitro (16,17).
The diagnostic value of T, mapping techniques in
patients with HFpEF needs to be further determined.

Invasive tracings of pressure-volume (PV) relations
represent the gold standard for assessing left ven-
tricular (LV) load-independent mechanical diastolic
properties. Moreover, this technique provides the
opportunity to instantly assess different aspects of
diastolic function and the end-diastolic pressure-
volume relation (EDPVR) under altering loading
conditions (18,19).

SEE PAGE 1826

This study examined the relationship between ECV
and invasively measured parameters of diastolic
function, and also investigated the potential of ECV
to differentiate between different pathomechanisms
in HFpEF.

METHODS

This was a prospective study conducted at the Heart
Center, Leipzig University, Germany. Patients with
clinical and echocardiographic evidence for HFpEF
were included, and patients without HF symptoms
but indication for invasive coronary angiography
served as control subjects. HFpEF patients were
identified according to a consensus paper of the
European Society of Cardiology (20), using specific
inclusion criteria: left ventricular ejection fraction
(LVEF) =50%; New York Heart Association functional
class =II; and E/E’ (explanation in next section) 15 or
E/E’ 8 to 15 combined with elevated B-type natriuretic
peptide. Patients without HF symptoms served as
control subjects; specific inclusion criteria were LVEF
=50%, E/E’ <8, as well as normal values of N-terminal
pro-B-type natriuretic peptide (NT-proBNP). Ex-
clusion criteria included any relevant coronary
artery diseases (CADs), any contraindication to CMR

JACC VOL. 67, NO_ 15, 2016
APRIL 18, 2016:1815-25

imaging (e.g., pacemaker or cardioverter-defibrillator
implants), an estimated glomerular filtration rate
<30 ml/min/1.73 m?, acute coronary syndrome, more
than moderate valvular diseases, or persistent atrial
fibrillation. NT-proBNP levels were analyzed centrally
with a standard assay (Cobas, Elecsys NT-proBNP II,
Roche, Basel, Switzerland). Assay-specific elevations
=220 pg/ml were considered relevant.

To ensure comparable levels of intravascular
volumes, CMR imaging and cardiac catheterization
were preceded by an intravenous infusion of 500 ml
saline solution. To reduce significant confounding,
oral medication was withheld on the day of diagnostic
workup.

The study was approved by the local ethics com-
mittee,and all patients gave written informed consent.

IMAGING AND TESTING PROTOCOLS. Echocardio-
graphic studies were performed on a Vivid 9 system
(General Electric Healthcare, Chalfont St. Giles, Great
Britain). Mitral valve inflow pattern (E and A veloc-
ity), septal and lateral mitral valve annular velocities
(E’), as well as the duration of the A wave and the
duration of the pulmonary venous flow reversal (Ar),
were recorded in an apical 4-chamber view. The ratios
of E/A, E/E’ septal, E/E’ lateral, an averaged E/E’, and
the difference of Ar-A duration were calculated as
markers of diastolic function according to American
Society of Echocardiography guidelines (21). Data
were analyzed from stored images by an experienced
operator (M.vR.) who was unaware of other test
results. Measurements were made in 3 cardiac cycles;
the average was used for statistical analysis.

Cardiopulmonary exercise testing was performed
on a bicycle ergometer. Work rate was increased witha
ramp protocol. Breath-by-breath respiratory gas
exchange measurements were recorded throughout
the test and averaged over a peak width of 20 s at the
end of exercise to determine maximum values.
Patients were encouraged to exercise until exhaustion.

CMR was performed immediately before invasive
catheterization. All scans were performed on an
Intera 1,5-T scanner (Koninklijke Philips N.V.,
Amsterdam, the Netherlands).

The CMR protocol consisted of cine-sequences,
T,-weighted spin-echo, and 2-dimensional inversion
recovery gradient echo sequences for late enhance-
ment assessment after gadobutrol administration.

T, mapping was performed with a modified Look-
Locker inversion recovery sequence with a 3(3)5
scheme before and 15 min after contrast application
(22). Mapping was performed over all available
short-axis slices. ECV was calculated on the basis of
the combination of pre- and post-contrast T,
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mapping data according to the approach proposed by
Arheden et al. (23) using the formula: ECV =
(AR1y0cardium/AR1b004) © (1 — hematocrit), where
R1 = YT, time. A detailed description of the CMR
protocol is provided in the Online Appendix.
According to the amount of ECV, we further
assigned HFpEF patients to a group on the basis of an
ECV greater or less than the median. Data were
interpreted by 2 experienced readers who were un-
aware of the subjects’ clinical information and the
results of other diagnostic tests (C.L. and M.G.).

CARDIAC CATHETERIZATION PROTOCOL. Standard
invasive coronary angiography was performed via
right femoral artery access to exclude significant CAD;
patients were excluded if they had an indication for
the treatment of epicardial stenosis. A conductance
catheter (CD Leycom, Hengelo, the Netherlands) was
then introduced to record simultaneous LV pressure
and volumes as previously described (12). For reduc-
tion of pre-load, transient occlusion of the inferior
vena cava was achieved by inflation of an Amplatzer
sizing balloon (St. Jude Medical, St. Paul, Minnesota).
The end-systolic elastance (Ees) was determined as the
linear slope through the end-systolic pressure-volume
relations (ESPVR), and the load-independent LV stiff-
ness constant (beta) was extrapolated from the EDPVR
using the formula EDP = Cee™'***"V where EDP is LV
end-diastolic pressure, Cis a fitting constant, and EDV
is LV end-diastolic volume (24).

To increase afterload, patients were asked to
perform handgrip exercise for 1 min, and PV data were
acquired at baseline and throughout peak exercise.

The time constant of active relaxation, or tau, was
calculated after the method of Mirsky (25), which
evaluates the time needed for LV pressure to fall to
one-half of its value from peak rate of LV pressure fall
(dP/dt,,;,). Arterial elastance (Ea) was calculated as
end-systolic pressure/stroke volume, whereas ven-
tricular arterial coupling was assessed by the formula
of end-systolic volume/stroke volume. An experi-
enced operator without knowledge of other test results
analyzed the conductance catheter data (K.-P.R.).
Further details are provided in the Online Appendix.

STATISTICAL ANALYSIS, Normality of data was assessed
using Shapiro-Wilk tests. Data for continuous variables
are presented as mean + SD, if normally distributed, or
as median and interquartile range (IQR) if nonnormally
distributed. Categorical variables are presented as
frequencies and percentages. Comparisons between
groups were made using chi-square tests for categori-
cal variables. Continuous variables were compared
with unpaired Student ¢ tests or the nonparametric
Mann-Whitney U test where appropriate.

Rommel et af.
T, Mapping for Quantification of LV Stiffness

TABLE 1 Baseline Characteristics

HFpEF Control Subjects
(n - 24) (n-12) p Value
Age, yrs 66.1 + 82 56.6 + 12.1 0.01
Female 21 (88) 207 <0.01
BMI, kg/m? 298 + 43 26.7 + 26 0.01
Abdominal girth, em 913 g5+ N 040
Systolic BP, mm Hg 155=13 149 = 16 0.27
Diastolic BP, mm Hg 80 +9 79 +10 0.86
Hematocrit 40 (39-42) 44 (42-46) 0.01
Heart rate, beats/min 67+9 74+ 9 0.07
eGFR, ml/minel.73 m* 744 £ 174 864 + 142 0.05
Fasting glucose, mmol/L 58 +18 82+63 0.20
hs-CRP, mg/l 3.0 (0.8-5.0) 1.6 (1.4-20) 0.40
NT-proBNP, ng/L 342 (222-614) 44 (22-68) <0.01
NT-proBNP, elevation 17 () 0(0) <0.01
NYHA functional class
| 0(0) 12 (100) <0.01
I 20 (83) 0{0) <0.01
" 4 (16) [sR(0)} 0.28
Smoking 304) 9(83) <0.01
Hypertension 23 (96) 7(58) 0.01
Hypercholesterolemia 21 (88) 1(92) on
Diabetes mellitus 3(13) 4(33) 019
<oPD 2(8) 0{0) 0.54
Paroxysmal AF 6 (25) 0{0) 0.08
0SA 2(8) 0(0) 0.54
Beta-blockers 11(46) 207 0.4
ACEI/ARB 17 (M 4(33) 0.07
Calcium antagonist B (33) 3(25) 0.72
Stating 9 (38) 4 (33) 0.81
Diuretic agents 8(33) 1(8) 0.22

Values are mean = S0, n (%), or median (interquartile range)

aphea.

ACEl « angiotensi-converting enzyme inbibitor; AF « atrol fbellation; ARB « angiotensin
receptor blocker; BAI - body mass index; BP . blood pressure; COPO .« civonic obstructive
prdmonsry disease; eGFR -« estimated glomenudar filtration rate; HFpEF « heart falure with
preservad epction fraction; ks-CRP < high sensitivity C-reactive proten; NT-proBP . N-termnal
peo-B-type natruretic peptide; NYHA = New York Heart Association; OSA - obstructive sieep

Univariate and stepwise multivariate linear regres-
sion analyses were performed to identify predictors of
beta. Correlations were analyzed with the Pearson
method (r - Pearson product moment or standardized
coefficient of univariate linear regression).

In a first step, comparisons were made between
patients with HFpEF and control subjects. In a second
step, HFpEF patients were classified and compared
according to their extent of ECV (greater or less than
the median). PV loops of 14 patients (providing a total
of 28 measurements for each parameter) were
assessed by a second observer (K.F.). Reproducibility
of PV measurements was tested by the use of linear
regression and Bland-Altman limits of agreement.
The reproducibility coefficient was calculated as
1.96 x the SD of the differences, as proposed by Bland
and Altman (26).
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presented with indication for coronary angiography

TABLE 2 CMR and TTE Results ; o "
due to chest pain and had a significant cardiovascular

HFpEF Control risk profile. A trend toward a more frequent use of
(n - 24) n-12) p Value 3 g k3 .
antihypertensive and HF medications was noted in
LVEDV, mt 140 & 38 139 4 31 0.98 ;
LVEDV index, ml/m’ 7.6 £14.0 695 + 137 oes | HFPEF patients.
LYESY. - R e 066 |  TESTING AND IMAGING RESULTS. Patients with
LVESE AR B Al TR 988 | HFpEF had a significantly impaired exercise capacity
LVEF, % 60.2 4+ 7.2 585+ 7.6 076 : \ ith control subjects (97 W [IQR: 76 ¢
LV mass, g 185 (156-240) WO (ME189) a3 | | ComPparisonwith cobirolsubjects (97 b 70

104 W] vs. 152 W [IQR: 114 to 193 W]; p < 0.01) and
a reduced maximal oxygen uptake (16 mi/kgemin
[1QR: 14 to 21 mi/kgemin] vs. 25 ml/kgemin [IQR: 21 to
38 ml/kgemin]; p < 0.01).

All patients in the final analysis had complete data

LV mass index, g/m’ 95 (85-128) 82 (72-100) 0.04

Myocardial T, 1,074 (1,044-0,107) 1,061(1,000-0,097) 021
pre-contrast, ms

Blood Ty pre-contrast, ms 1,607 (1,576-1,652) 1,526 (1,477-159%) <0.01

Myocardial T, 453 (418-498) 488 (456-503) 0.08
post-contrast, ms

Blood Ty post-contrast, ms 344 {309-373) 356 (325-378) 030 for CMR and echocardiographic examinations; pa-
Focal LGE present 4017 0(0) 022 tients with HFpEF had bigger left atrial volumes,
Extracellular 2932 289+ 30 <0.01 higher E/E' ratios, and longer Ar-A durations (Table 2).
volume fraction, % S

- Late gadolinium enhancement (LGE) was observed
LAESVI, my/m 39.9 + 145 26+63 <0.01 2 ; inferol il A GE -of
ey s wik 089102 066101 <001 in 4 patients: 2 had inferolateral midwall LGE o
A velocity max, m/s 0.80 402 0.68 - 02 012 unknown etiology, and 2 patients with marked
E/A ratic 1.0 (0.8-1.6) 0.9 (0.8-1.3) 0.46 hypertrophy showed focal LGE at the posterior right
E' septal, mfs 0.06 + 0.02 0.09 + 0.02 <0.01 ventricle insertion. Areas of focal LGE were manually
E lateral, m/s 0.07 + 0.02 0.12 + 0.03 <0.01 excluded from the analysis. T, maps were created
AR -Supids Fvch 154+48 79x11 <0.01 from a median of 5 (IQR: 5 to 6) ventricular short-axis
A r',m AR Sl 08 slices. The ECV was significantly higher in patients
E/E' mean ratio 148 =4 69+09 <001 ith HFpEF
E deceleration time, ms 200 + 51 206 + 40 eyl PER.
Ar-A duration, ms 38 (26-42) 4(0-23) <0.01

CORRELATION OF MEASURES OF DIASTOLIC FUNCTION,

Markers of intrinsic systolic performance (contractility
as defined by Ees) and arterial elastance (Ea) were
comparable between groups. HFpEF patients had
higher LV EDPs at baseline and during exercise as well
asamore pronounced increase in EDPVR inresponse to
physical exertion (AEDPVR) (Table 3). Patients in the
HF group showed prolonged active relaxation during
exercise as well as a significantly higher beta. Univar-
iate linear regression demonstrated a significant
correlation of the LV stiffness constant with
pre-contrast T, time (r = 0.48; Buonsundsrdizes =
0.00007; p = 0.003), post-contrast T, time (r - -0.34;

Viluos are mean + SD, median (interquartile range), or n (%)

Ar = pulmonary venous flow reversal; CMR = cardlac magnet) oe; EOV - end
volume; £F - gjection fraction; ESV ~ end-systolic volume; HFpEF ~ heart falure with preserved
ejection fraction; LAESVI - left atral end-systolic volume index; LY ~ left ventnoudar; LGE ~ late
gadolinum enhancement; LVEF ~ left ventricular ejoction fraction; LVEDV - left ventriadar
end dastolc volume; LVESV - left ventricular end systolic vol TTE - horacc
echocardiograpty.

A 2-tailed p value <0.05 was considered statisti-
cally significant. SPSS version 20.0 (IBM, Armonk,
New York) was used for statistical analyses.

RESULTS

During the study period, 45 patients were considered
suitable after echocardiographic assessment. Of these,
2 patients were excluded due to incomplete CMR
studies, another 5 excluded due to significant CAD, and
2 due to atrial fibrillation during catheterization.
Therefore, 12 patients served as control subjects and 24
patients with HFpEF were included for final analyses.

HFpEF patients were older, were more frequently
female, had a higher body mass index, were more
likely to have hypertension, and had a numerically
higher rate of paroxysmal atrial fibrillation (Table 1).
An elevation of NT-proBNP was present in two-thirds
of HFpEF patients, who all reported exertional
dyspnea, predominantly New York Heart Association
functional class II. Patients without HF symptoms

Rponstandardizea = —0.00006; p = 0.04), and ECV (r
0.75; Bronstandardizea = 0.212; p < 0.01) (Figure 1), as well
as with E/E' (r = 0.59; B,anstandardized = 0.001; p = 0,04)
and left atrial volume index (r = 0.48; B,0nstandardized =
0.0003; p < 0.01).

E/E' correlated with LV end-diastolic pressure at
baseline (r = 0.63; Bponstandardized = 0.87; p < 0.001)
and maximal exercise (r = 0.48; B onstandardized = 0.37;
p < 0.01), EDPVR at baseline (r = 0.56;
B ronstandardized = 75-2; P < 0.01), and maximal exercise
(r = 0.52; Bponstandardizea = 40.4; p < 0.01).

On multivariate linear regression analyses
including ECV, E/E', and left atrial volume index as
the noninvasive imaging parameters potentially
informing on LV stiffness, ECV emerged as the only
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independent predictor for intrinsic LV stiffness
(Borandardized = 0.75; Bnonstandardizea = 0.21; p < 0.01).

ECV GROUPS IN HFpEF PATIENTS. When patients with
HFpEF were grouped according to the median ECV
(32.3%), no differences were observed in baseline
characteristics, results of exercise testing, or nonin-
vasive imaging parameters, but the group with ECV
greater than the median showed higher ECV (35.4 +
2.2% vs. 30.3 4 1.4%; p < 0.01). Echocardiographic
measures of diastolic function were comparable for
ECV below or above the median: E/E' 15.0 + 4.3 vs,
14.6 + 4.1; p = 0.80; Edeceleration time 200 = 62 ms vs,
201 + 39 ms; p = 0.97; E/A-ratio 1.0 (IQR: 0.8 to 1.5) vs.
1.0 (IQR: 0.8 10 1.6); p = 0.59; and Ar-A duration 38 ms
(IQR: 28 to 51 ms) vs. 38 ms (IQR: 20 to 43 ms); p = 0.66,
respectively.

Both groups had a pathological increase in EDPVR
during exercise compared with control subjects with
no between-group difference (Figure 2, Table 4).
Although the group with ECV below the median
showed a significantly higher beta, a lower-than-
median ECV identified patients with a higher Ea, a
hypertensive reaction to physical exercise with
markedly elevated filling pressures, and prolonged
active relaxation (Figures 2 and 3, Table 4).

REPRODUCIBILITY OF PV-LOOP MEASUREMENTS.
Bland-Altman analysis demonstrated acceptable
agreement with the following average differences be-
tween measurements: ESPVR —0.07 mm Hg/ml (upper
limit of agreement [ULAJ: 0.35 mm Hg/ml; lower limit
of agreement [LLA]: —-0.48 mm Hg/ml); EDPVR
0.0 mm Hg/ml (ULA: 0.05 mm Hg/ml; LLA: —-0.05
mm Hg/ml); Ees 0.06 mm Hg/ml (ULA: 0.50 mm Hg/ml;
LLA: —-0.38 mm Hg/ml); Ea 0.13 mm Hg/ml (ULA: 0.78
mm Hg/ml; LLA: —0.53 mm Hg/ml); beta 0.002 (ULA:
0.011; LLA: -0.007); and tau -0.9 ms (ULA: 5.3 ms;
LLA: —7.0 ms) (Online Figure 1). The reproducibility
coefficients (given as percent of the average value of
the measurements) were: 13% for ESPVR; 349% for
EDPVR; 14% for Ees; 28% for Ea; 17% for tau; and 30%
for beta. There was no significant proportional bias.

DISCUSSION

This is the first study comprehensively assessing the
diagnostic performance of T, mapping and determi-
nation of ECV in patients with HFpEF. The main
findings are: 1) the noninvasively obtainable ECV
correlates highly with load-independent LV myocar-
dial stiffness; 2) in patients with HFpEF and a near-
normal ECV, predominant pathomechanisms other
than myocardial stiffness must be assumed, with a
predominant impairment of active relaxation; and 3)
ECV assessment allowed for classification of HFpEF

Rommed et al.
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TABLE 3 Pressure Volume Loops
HFpEF Control
(n-24) (n-12) p Value
Baseline

Heart rate, beats/min 684 =99 730478 0.6

LVESP, men Hg M5 =21 1B5+24 0.20

LVEDP, mm Hg 179+ 43 135 + 4.1 <0.01

Tau, ms 360+ 89 308 +38 0.06

LVESPVR, mm Hg/ml 32£13 28413 033

LVEDPVR, mm Hg/ml 01 + 0.04 0.08 + 0.02 0.04

Ees, mm Hg/ml 23:08 29+13 on

Ea, mm Hg/ml 1504 15403 0.55

Ea/Ees ratio 08 04 06 +03 038
Exercise

Heart rate, beats/min 879 £ 122 996 + 76 <0.01

LVESP, mm Hg 196 « 27 188 + 30 042

LVEDP, mm Hg 264 =69 207 + 39 0.01

Tau, ms 382 +52 334 4+ 56 0.02

LVESPVR, mm Hg/ml 37+20 32+15 0.46

LVEDPVR, mm Hg/mi 021 £ 0.07 0.16 + 0.03 0.05

Ees, mm Hg/ml 37+£20 32+15 0.47

Ea, mm Hg/ml 27+10 26 +08 0.88

Ea/Ees ratio 0904 10+ 05 048
AEDPVR baseline-exercise, 0.10 £ 0.04 0.06 + 0.02 <0.01

mm Ha/ml
LV stiffness constant 0.037 (0.031-0.041) 0.021(0.013-0.025) <0.01
Values are mean =+ S0 or medan (nterguartile range).

2« tevial el EDP « end-d lic pe e, AEDPVR « end-disstolic pressure-volume
relstion; Ees « end-systolic elastance; LVEDP ~ left ventnodar end-dastolic pressure;
LVEDPYR « left ventricular end-dastolic pressure-volume relation; LVESP « left ventricular
end-systolic pressare; LVESPVR — left ventriculer end-systol  pressure-volume relation;
130 « time corstant of relaxation; other abbreviations as in Table 2
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FIGURE 1 Correlation of LV Stiffness Constant and ECV
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FIGURE 2 Results According to ECV Group and Control Subjects
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Differences in (A) extracellular volume fraction (ECV), (B) change in end-diastolic pressure-volume relation (AEDPVR) from baseline to
exercise, (€) beta, and (D) time constant of active left ventricular relaxation (tau) are compared between control subjects and patients
with heart failure with preserved ejection fraction (HFpEF) with ECV above and below the median. Values are mean + SD.

patients into 2 groups demonstrating different un-
derlying mechanisms for HFpEF and exercise
intolerance.

The emerging clinical problem of patients with HF
symptoms despite having a preserved LVEF has led to
intensive research and diagnostic algorithms to better
understand and ultimately treat these patients
(20,27). Problems arise from the heterogeneity of the
cohort classified as having HFpEF and the need to
individualize possible treatment therapies.

Diastolic dysfunction is the hemodynamic conse-
quence of many pathologies involved in HFpEF. Pa-
tients share a pathological upward shift of the EDPVR
on exertion (28). Two main determinants of this sce-
nario are an increase in intramyocardial stiffness and
a prolongation of active myocardial relaxation (7).
Whereas the former is thought to be a consequence of
an increase in extracellular matrix (accumulation of

collagen and abnormalities of the intramyocardial
cytoskeleton), the latter is attributed to an impaired
active process of muscular inactivation, asynchro-
nous contraction, or pathological loading conditions
(13). Both mechanisms have been demonstrated to
play a major role in the development of HFpEF and
possibly suggest different treatment targets (7).
Doppler echocardiography provides a foundation to
noninvasively diagnose diastolic dysfunction. How-
ever, abnormalities found on echocardiographic eval-
uation are not specific to individuals with HFpEF and
are highly load dependent; conclusions as to the un-
derlying pathophysiological processes are limited (29).
The invasive recording of PV relations is the only
way to directly assess the heart’s diastolic properties.
Therefore, the stiffness constant beta is related to a
decreased ventricular compliance, consistent with
intrinsic myocardial stiffening (12). Tau, or time
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constant of isovolumetric relaxation, is a measure of
the active relaxation process (25).

CMR T, mapping techniques have emerged as a
noninvasive tool to quantify diffuse myocardial fi-
broses. Indeed, several studies have found a correla-
tion between histologically proven fibrosis and T,
mapping-derived estimated ECV, and its utility to
characterize different cardiac conditions has been
demonstrated (16,30-32). Compared with standard
T, mapping techniques, ECV is not affected by many
external patient-specific factors, permitting more
accurate patient-to-patient comparisons (33). In a
recent study, Ellims et al. (14) found that post-
contrast T, times and ECV correlated with beta in
heart transplant patients. In their patients, post-
contrast T, time independently predicted beta,
allowing them to establish a link between fibrosis and
myocardial stiffness. However, their study predomi-
nantly examined male cardiac transplant patients
with hardly any HF symptoms or signs of diastolic
dysfunction and only mildly elevated filling pres-
sures. Moreover, hemodynamic effects during exer-
tion were not examined.

Our study comprehensively evaluated the diag-
nostic performance of T, mapping in HFpEF patients
compared with control subjects. In line with previous
studies, we found that HFpEF patients were pre-
dominantly female with multiple cardiovascular risk
factors and reduced exercise capacities, Hemody-
namically, this could be attributed to a pathological
rise of the EDPVR through exercise caused by
increased myocardial stiffness and prolongation of
active relaxation. We also observed an increased ECV
but only a trend toward lower post-contrast T, times
in the HFpEF group. In line with Ellims et al. (14), we
found a correlation with post-contrast T, times and
beta. However, ECV was the only independent pre-
dictor for the myocardial stiffness constant in multi-
variate analysis. It should also be noted that, apart
from extracellular fibrosis, myocardial wall thickness
and alterations of the myocytoskeleton can
contribute to myocardial stiffness, which may explain
some degree of scatter within the correlation between
ECV and beta,

The discrepancies between our study and the work
by Ellims et al. (14) might further be explained by the
differences in patient characteristics, with an overall
higher ECV in our patients (31 + 4% vs. 26 + 9%) and
different CMR mapping techniques. Our study added
the observation that ECV might help differentiate
between different aspects of exercise intolerance.
When HFpEF patients were classified according to the
ECV median, a group with near normal ECVs was
generated and compared with a group with elevated

Rommel et af. 82
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TABLE 4 Pressure-Volume Loops by ECV Level
HFpEF ECV < Median  HFpEF ECV - Median
(n-12) (n-12) p Value
Baseline
Heart rate, beats/min 23 =47 69.4 =132 049
LVESP, mn Mg 150 = 24 141 £ 18 0.27
LVEDP, mm Hg 178 =53 179 + 32 0.96
Tau, ms 354 =62 358 93 0.89
LVESPVR, mm Hg/ml 3613 28 +12 0.10
LVEDPVR, mm Hg/ml 0.2 = 0.05 010 + 0,03 018
Ees, mm Hg/ml 2407 21:09 03
Ea, mm Hg/ml 1703 14:04 0.04
Ea/Ees ratio 07+02 08+05 056
Exercke
Heart rate, baats/min 875+ 123 883 127 0.88
LVESP, mm Hg 208 £ 21 185 + 27 0.04
LVEDP, mm Hg 306 =58 225+ 6. <00
Tau, ms 403 =59 363 +36 0.06
LVESPVR, mm Hg/ml 38=15 3725 0.88
LVEDPVR, mm Hg/ml 0.24 = 0.06 038 + 0.08 0.03
Ees, mm Hg/ml 3815 3625 0.87
Ea, mm Hg/ml 2906 24 +11 014
Ea/Ees ratio 09=04 08:04 0.85
AEDPVR baseline-exercise, mm Hg/ml 011 =003 Q.10 = 0,05 0.55
LV stiffness constant 0.031 (0.028-0.040) 0.39 (0.037-0.042) 0.02

Values are mean + SD or medan (interguartile range).
Abbreviations as In Tables 2 and 3.

ECV. Both groups showed a pathological upward shift
of the EDPVR under exercise, which combines both
increased intrinsic stiffening and impaired active
relaxation. In patients with elevated ECV, the domi-
nant pathomechanism was identified as an increase in
passive stiffness. In the other group, patients had a
significantly elevated Ea (i.e., arterial stiffness),
marked hypertensive reaction to exercise, impaired
active relaxation, and development of even higher LV
pressures (Figure 3, Central Illustration). Active LV
relaxation follows a biphasic course during afterload
rise. Although small increases in afterload cause a
shortening of tau, afterload excess, as observed in
these patients, prolongs relaxation time leading to
diastolic dysfunction (34). Although statistically sig-
nificant differences in active relaxation and passive
stiffness could be detected between groups, a rele-
vant overlap between these mechanisms has to be
assumed, In fact, patients in the group with ECV
below the median showed a significantly higher LV
stiffness constant than control subjects. Additionally,
in patients with ECV greater than the median, the LV
relaxation constant was numerically higher than in
control subjects.

Importantly, both groups demonstrated similar
echocardiographic findings and were only different
when considering the CMR T, mapping results. These
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FIGURE 3 Pathomechanisms by ECV Group and Control Subjects

Patient without HFpEF Patient HFpEF Patient
Heart Failure Symptoms ECV < Median ECV > Median
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In patients without heart failure symptoms: (A1) Pressure-volume (PV) loops under transient pre-load reduction showed a shallow stope of the EDPYR line (red line).
(A2) PV loops at baseline (black) and throughout exercise (red) demonstrated a physiological response to exertion and a small change in EDPVR (green points).
(A3) Echocardiographic mitral valve (MV) inflow pattern (left) and septal MV annular velocities (right) showed no evidence of diastolic dysfunction. (A4) Cardiac
magnetic resanance (CMR)-derived extracellular volume map demonstrated a low ECV of 25%. In HFpEF patients with ECV less than the median, (B1) PV loops under
transient pre-load reduction showed an increased slope of the EDPVR line (red line). (B2) PV loops at baseline (black) and throughout exercise (red) with elevated
arterial elastance and marked hypertensive response to exertion resulted in signficant changes in EDPVR (green points). (B3) Echocardiographic MV inflow pattern (left)
and septal MV annular velocities (right) showed diastolic dysfunction. (B4) CMR-derived extracellular volume map demonstrated a normal ECV of 28%. In HFpEF
patients with ECV greater than the median: (C1) PV loops under transient pre-load reduction showed the steepest slope of the EDPVR line (red line). (C2) PV loops
at baseline (black) and throughout exercise (red) showed a significant change in EDPVR (green points). (C3): Echocardiographic MV inflow pattern (left) and septal
MV annutar velocities (right) show diastolic dysfunction without notable differences from the other ECV group. (C4) CMR-derived extracellular volume map demon-
strated an elevated ECV of 36%. Abbreviations as in Figures 1 and 2.
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CENTRAL ILLUSTRATION T, Mapping to Quantify LV Stiffness in Patients Without HF Symptoms
and With HFpEF

Assessments No heart failure HF with preserved

(HF) symptoms  ejection fraction (HFpEF)

« Left ventricle (LV) filling pressures

Invasive assessment
of diastolic function:

= Intrinsic myocardial stiffness
* Active LV relaxation

= LV afterload under exercise
= Arterial stiffiness

Rommel, K.-P. et al. J Am Coll Cardiol. 2016;67(15):1815-25.

Use of cardiac magnetic resonance T, mapping to quantify myocardial fibrosls as ECV independently predicted LV stiffness in patients with
HFpEF, whereas degree of ECV helped distinguish among pathomechanisms in HFpEF. ECV ~ extracellular volume fraction; HF — heart failure;
HFpEF = heart failure with preserved ejection fraction; LV = left ventricle.

Rommed et af.
T, Mapging for Quantification of LV Stiffness

data, therefore, suggest a valuable role of T, mapping
in classifying patients with HFpEF in distinct groups
that share the same symptoms and degree of exercise
intolerance but exhibit different underlying patho-
physiology. Because ECV was the only independent
predictor for intrinsic ventricular stiffening, this
parameter could be of tremendous value in esti-
mating the contribution of intrinsic ventricular stiff-
ness to HFpEF. Consequently, ECV evaluation might
also be used to identify patients for whom an alter-
native mechanism of diastolic dysfunction is most
likely, thus enhancing efforts to better tailor indi-
vidual treatments.

STUDY LIMITATIONS. Given the invasiveness of
applied conductance catheter methods, our sample
was small, which importantly affects interpretation
of the study results. Because multiple statistical
testing in a small patient population is susceptible
to a type I error, certainly possible in this study,
interpretation of our results should be considered
“hypothesis-generating” only. Presence of different
comorbidities led to some heterogeneity of the small

HFpEF patient population, hampering generaliz-
ability of our findings. Due to the control group’s
defined inclusion criteria (indication for invasive
catheterization to exclude CAD), this group showed
an extensive cardiovascular risk profile and should
not be considered healthy subjects.

Importantly, a group of healthy control subjects
may have yielded even clearer differences in hemo-
dynamics and CMR parameters.

Exaggerated by the small sample size, HFpEF
patients and control patients differed in age and sex
distribution; both have a demonstrated effect on ECV.
Although significant confounding of the correlation
between CMR-derived ECV and load-independent
myocardial stiffness appears unlikely, it cannot be
excluded. Separation of patients per ECV exhibited
2 significantly different HFpEF phenotypes, How-
ever, relevant overlap between groups is to be
expected. Furthermore, ECV might not reflect myo-
cardial stiffening caused by other mechanisms
such as myoskeletal alterations. These limitations,
along with the small sample size, inhibited the
general application of an ECV cutoff value for
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characterization of HFpEF phenotypes. Echocardio-
graphic diastolic stress was not part of the assess-
ment, but it could have carried some additional
diagnostic benefits (35) in this clinical scenario that
remain to be determined.

Finally, optimal timing to assess T, post-contrast
maps is disputed (36). It remains unclear whether
earlier or later assessment (15-min post-contrast in
this study) could improve diagnostic performance,

CONCLUSIONS

Diffuse myocardial fibrosis as assessed by CMR-
derived T, mapping independently predicts inva-
sively measured LV stiffness in HFpEF. Although a
considerable overlap existed between groups, ECV
emerged as a noninvasive way of distinguishing
different pathomechanisms in HFpEF. Assessment of
ECV could provide additional value in large-scale
epidemiological, diagnostic, and therapeutic trials in
this field, both in helping to establish certain ECV
cutoff values and for subgroup analysis of treatment
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:
Myocardial fibrosis, as assessed by CMR T,-mapping
derived measurement of ECV, correlates with myocardial
stiffress and may be useful inidentifying the mechanism of
diastolic dysfunction in patients with HFpEF.

TRANSLATIONAL OUTLOOK: Further research is
warranted to establish the utility of CMR T, mapping as a
quide to clinical decision making in the evaluation and
management of patients with HF.

effects depending on baseline ECV,
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2.1.2 Identifikation einer unabhingigen linksatrialen Kardiomyopathie als

pathomechanistischer Faktor der Herzinsuffizienz mit erhaltener Pumpfunktion

Zitierweise:

von Roeder M, Rommel KP, Kowallick JT, Blazek S, Besler C, Fengler K, Lotz J,
Hasenfuf} G, Liicke C, Gutberlet M, Schuler G, Schuster A, Lurz P.

Influence of Left Atrial Function on Exercise Capacity and Left Ventricular Function
in Patients With Heart Failure and Preserved Ejection Fraction.

Circ Cardiovasc Imaging. 2017 Apr;10(4):e005467.
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Atrial Structure and Function

Influence of Left Atrial Function on Exercise Capacity
and Left Ventricular Function in Patients With Heart
Failure and Preserved Ejection Fraction

Maximilian von Roeder, MD; Karl-Philipp Rommel, MD; Johannes Tammo Kowallick, MD;
Stephan Blazek, MD; Christian Besler, MD; Karl Fengler, MD; Joachim Lotz, MD; Gerd Hasenfull, MD;
Christian Liicke, MD; Matthias Gutberlet, MD: Gerhard Schuler, MD;

Andreas Schuster, MD, PhD, MBA*; Philipp Lurz, MD, PhD*

Background—Although left atrial (LA) dysfunction is common in heart failure with preserved e¢jection fraction (HFpEF).
its functional implications beyond the reflection of left ventricular (LV) pathology are not well understood. The aim of
this study was to further characterize LA function in HFpEF patients.

Methods and Results—We performed cardiac magnetic resonance myocardial feature tracking in 22 patients with HFpEF
and 12 patients without HFpEE. LA reservoir strain, LA conduit strain, and LA booster pump strain were quantified.
Peak oxygen uptake (VO2max) was determined. Invasive pressure—volume loops were obtained to evaluate LV diastolic
properties. LV early filling was determined from LV volume—time curves as derived from cardiac magnetic resonance. LA
reservoir and conduit strain were significantly lower in HFpEF (LA reservoir strain, 22+£7% versus 29+6%, P=0.04; LA
conduit strain, =9+53% versus —=15+4%, P<0.01). Patients with HFpEF showed lower oxygen uptake (176 versus 29+8 mL/
(kg min). P<0.01). Strain measurement for LA conduit function was strongly associated with VO2max (+=0.80; P<0.01).
On multivariable regression analysis, LA conduit strain emerged as strongest predictor for VO2max even after inclusion of
LV stiffness and relaxation time (f§=0.80; P<0.01). LA conduit strain correlated with the volume of early ventricular filling
(r=0.67; P<0.01), but not LV stiffness constant [ (~=0.34; P=0.051) or relaxation constant T (r=-0.33; P=0.06).

Conclusions—Cardiac magnetic resonance myocardial feature tracking—derived conduit strain is significantly impaired in
HFpEF and associated with exercise intolerance. Impaired conduit function is associated with impaired early ventricular
filling, as potential mechanism leading to impaired oxygen uptake. Our results propose that impaired LA conduit function
represents a distinct feature of HFpEF, independent of LV stiffness and relaxation.

Clinical Trial Registration—URL: http://www.clinicaltrials.gov. Unique identifier: NCT(2459626.

(Cire Cardiovasc Imaging. 2017;10:005467. DOI: 10.1161/CIRCIMAGING.116.005467.)

Key Words: atrial function ® exercise test ® heart failure, diastolic ® magnetic resonance imaging

Hc.'m failure with preserved ejection fraction (HFpEF) is a
syndrome with increasing significance because it accounts
for morbidity. mortality. and impaired exercise capacity in a
growing number of patients.'* Different pathophysiological
mechanisms are found to contribute to HFpEF, including left
ventricular (LV) diastolic dysfunction, exercise-induced pul-
monary hypertension, marked arterial hypertension on exertion,
chronotropic incompetence, or right ventricular pathologies.™

See Editorial by Freed and Shah
See Clinical Perspective

Left atrial (LA) remodeling and dysfunction are¢ common
in this population. In addition, LA dilatation and LA dysfunction

were found to be independent risk factors for development
and progression of HFpEE To date, the majority of studies
on LA function in HFpEF have used echo-derived parameters,
including deformation techniques such as tissue Doppler and
speckle tracking for LA imaging.'*"

Magnetic resonance imaging is regarded as the most accu-
rate technique for LA volume assessment. with its high spatial
resolution and excellent myocardial border detection through-
out the cardiac cycle. Cardiac magnetic resonance feature
tracking (CMR-FT) is a novel tool to assess myocardial defor-
mation directly from standard steady-state—free precession cine
CMR images."” This allows for quantifying myocardial defor-
mation without the need for complex tagging sequences.'"
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LV diastolic function in HFpEF and LA dysfunction
have been shown to be linked with each other.'"” However. it
remains unclear whether the assessment of LA dysfunction
can provide additional information. independent of active and
passive LV diastolic function. Accordingly, the mechanisms
involved and the impact of LA function on exercise capacity,
independent of LV stiffness, are still poorly understood.

This study therefore aimed, first, 1o assess LA morphologi-
cal and functional properties in HFpEF patients using CMR-
FT—derived strain analysis; second, to assess the role of LA
performance as a predictor for functional capacity when com-
pared with other parameters of HFpEF pathology: and, third, to
link LA performance to load-dependent and load-independent
parameters of LV diastology and LV filling properties using
CMR and invasive conductance catheters measurements.

Methods

Study Protocol
This study is a substudy of the STIFFMAP trial (Left Ventricular
Stiffness vs. Fibrosis Quantification by T1 Mapping in Heart Failure
With Preserved Ejection Fraction),'” Patients with indication for coro-
nary angiogram were prospectively recruited between July 2014 and
January 2016 if they met the following criteria: HFpEF patients had
to fulfill the following criteria (1) signs and symptoms of heart failure
(New York Heart Association class 211) and (2) echocardiographic
signs of diastolic dysfunction according to the consensus article of
the European Society of Cardiology' (LV ejection fraction [LVEF]
250%, and E/E” >15 or E/E” 8-15 and an elevation in NT-proBNP
[N-Terminal Pro-B-Type Natriuretic Peptide, Cobas; Elecsys NT-
proBNP 11, Roche, Basel, Switzerland; assay-specific elevations over
220 pg/mL]). Control patients had to be (1) free of heart failure symp-
toms (2) have an LVEF 250% and be free of echocardiographic signs
of severe diastolic dysfunction (E/E” <8), Patients with relevant coro-
nary artery discase, contraindication to CMR imaging, acute coronary
syndrome, more than mild valvular discase. or atrial fibrillation (AF)
during CMR/cardiac catheterization were excluded from the study.

As part of the initial screening, echocardiographic studies were
performed. Subsequently, eligible patients underwent cardiopulmo-
nary exercise testing and magnetic resonance imaging and cardiac
catheterization. To assure comparable levels of intravascular vol-
umes, echocardiography, CMR, and invasive catheterization were
performed consecutively and within a 5-hour time window,

The study was approved by the local ethics committee, and all
patients gave wrilten informed consent.

Exercise Testing

Cardiopulmonary exercise testing was performed on a supine bicycle
ergometer (Ergoline. Germany). Work rate was started with 20 to 40
W. The patients were instructed to maintain a pedaling rate of 60 rota-
tions per minute with stepwise workload increments of 10 to 20 W/
min. Patients were encouraged to exercise until exhaustion. VO,, CO2
production. and ventilation were measured on a breath-to-breath basis
and calculated using established methodology (ZAN 600: ZAN, Steyr-
Dietach, Austria). Peak VO, and respiratory exchange ratio were med-
sured in the last 20 s at maximal exercise. A test with an respiratory
exchange ratio 21.0 was considered sufficient. We defined peak VO, as
the highest VO, obtained during an adequately performed test."

Echocardiography

Transthoracic echocardiography was performed on Vivid E9 (GE
Healthcare. Chalfont St. Giles, Great Britain). Analysis was per-
formed offline using commercially available software (Echopac PC
6.1.0, GE Healthcare). LV size and LVEF were quantified accord-
ing to current guidelines.™ Diastolic properties were assessed by

Influence of Atrial Function in HFpEF

determining maximum early (E wave) and late (A wave) diastolic
velocities on pulsed wave Doppler and by tissue Doppler peak dia-
stolic velocities of the septal and lateral mitral annulus (E”). The E/E
ratio was calculated.

CMR Protocol

CMR scans were performed on a 1.5-T scanner (Phillips Intera 1.5T,
Best, The Netherlands). Electrocardiographic tracing and triggering
were performed with the system’s built-in patient monitoring unit.
Initially, steady-state-free precession sequences were obtained in 2-
and 4-chamber views and a short-axes cine stack covering the entirety
of the heart (repetition time, 3.8 ms; echo time. 1.6 ms: flip angle,
60°; voxel size, 1.25x1.25x8 mm’; 8-10 mm slice thickness),

Evaluation of volumes was performed offline on a remote
workstation using commercially available software (cmr42, Circle
Cardiovascular Imaging Inc, Calgary, Alberta, Canada). LVEF, LV
end-diastolic volume, and LV end-systolic volume were assessed
from the short-axis stack. Calculated volumes were normalized to
body surface area, Semiautomated tracings of the LA area and length
were performed in the 2- and 4-chamber views. LA volumes were cal-
culated using the previously validated biplane area-length method.”!

For assessment of LV filling properties, LV volumes throughout
the cardiac cycle were calculated. Early LV filling, defined as the in-
crease in LV volume during the first one third of diastole, was cal-
culated, All volumes were indexed to body surface area.” T1-based
extracellular volume fraction was assessed as previously described.”
For further details see the Methods in the Data Supplement.

Feature Tracking

LA myocardial feature tracking was performed using dedicated
software {(2-dimensional cardiac performance analysis magnetic reso-
nance, Version 1.1.2.36; TomTec Imaging Systems, Unterschleissheim,
Germany) as previously described.™ Temporal solution was 25 1o 30
frames per cardiac cycle.

In brief, LA endocardial borders were manually traced in the 2-
and 4-chamber views, and an automated tracking algorithm was ap-
plied (Figure 1A and 1B). In case of insufficient automated border
tracking, manual adjustments were made to the initial contour, and
the algorithm was reapplied, If the tracking quality was not sufficient,
for example, because of the presence of pulmonary veins or LA ap-
pendage. the corresponding segment was excluded from the analysis.
Tracking was repeated for 3x in both the 2- and 4- chamber views,
and the respective averages of these repetitions were used for further
analyses.

LA longitudinal strain (€) and strain rate (SR) curves were gener-
ated from the averages of all 3 repetitions in both views. Three aspects
of atrial strain were analyzed (Figure 1C): passive strain (ee, corre-
sponding to atrial conduit function), active strain (£4, corresponding
to atrial contractile booster pump function), and total strain (g8, cor-
responding to atrial reservoir function), the sum of passive and active
strain. Accordingly, 3 SR parameters were evaluated (Figure 1D):
peak positive strain rate (corresponding to atrial reservoir function),
peak early negative strain rate (corresponding to atrial conduit func-
tion), and peak late negative strain rate (corresponding to atrial con-
tractile booster pump function).” Negative values mean shortening.
For description and statistical analysis. only the absolute values were
used, and figures were edited accordingly. Thus, for example, better
LA conduit strain means higher negative values.

Cardiac Catheterization Protocol

Standard invasive coronary angiography was performed via right
femoral artery access to exclude significant coronary artery disease,
Subsequently, a conductance catheter was introduced into the LV
to simultaneously record pressures and volumes as previously de-
scribed,'” Briefly, using a 7F conductance catheter (CD Leycom,
Zoctermeer, The Netherlands), continuous real-time LV pressure
and volume signals were recorded for 10 s at baseline, with volume
calibration performed using LV volumetric data from the preced-
ing CMR scan, For reduction of preload, transient occlusion of the
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Figure 1. A and B, Left atrial (LA) tracking at maximal LA volume (left), atrial volume pre atrial contraction (middle), and minimal LA vol-
ume (right) with A showing better and B showing worse conduit function. Bottom, Corresponding strain curves. C, bottom left, LA strain
showing better (blue) and worse (red) LA conduit strain and total strain with similar active strain; LA total strain=LA conduit strain+LA

active strain. D, bottom right, corresponding LA strain rate.

inferior vena cava (VCO) was achieved by inflation of an Amplatzer
sizing balloon (St. Jude Medical, Saint Paul, MN). On average, 12
pressure~volume loops were acquired during inflation and deflation
of the balloon. The load-independent LV stiffness constant (8) was
extrapolated from the end-diastolic pressure—volume relations from
the equation EDP=Cxe™*", where EDP is LV end-diastolic pres-
sure (LVEDP), C is a fitting constant, and EDV is LV end-diastolic
volume. Loops were analyzed from the last heartbeat before the on-
set of volume/pressure decline for a minimum of 5 beats without
increase in heart rate. Curve fitting was realized through Microsoft
Excel (Version 14.0).

To increase afterload, patients were asked to perform handgrip
exercise for | minute, and pressure—volume loops were acquired at
baseline and throughout peak exercise.

The time constant of active relaxation (1) was calculated after the
method of Mirsky.” which evaluates the time needed for LV pressure
to fall 1o one half of its value from peak rate of LV pressure fall (dP/
dtmin),

Statistics

Data for continuous vaniables are presented as meanzSD, if normally
distributed. or as median and interquartile range if non-normally dis-
tributed, Distribution was tested using Shapiro-Wilk test. Categorical
variables are presented as frequencies and percentages, Comparisons
between groups were made using Fisher exact test for categorical
variables. Continuous variables were compared with unpaired f tests
or nonparametric Mann-Whitney U test where appropriate. HFpEF
and controls were compared, and male controls were compared with
age-matched female subjects from a previous study with regard to LA

)

and LV function.™>

Pearson () and Spearman (p) tests were used to find factors as-
sociated with VO2max. Univariate linear regression analysis and
stepwise forward multivariable linear regression analysis were per
formed to search and control for influencing factors of VO2Zmax in
the whole cohort and partial correlation was analyzed. Different mod-
els were calculated, including the factors strongest correlated (with
P<0.005) with VO2Zmax. Standardized [ coefficients are reported for
multivariable regression analysis. To avoid possible multicollinear-
ity between factors of LA dynamics, only 1 aspect of LA function at
a time was included into analysis. Features of impaired LA function
were searched using Pearson test, Spearman test, and univariate lin-
car regression, including diastolic ventricular properties.

Results

Clinical and Demographic Data
A total of 44 patients were recruited, out of whom [0 patients
were excluded in the course of the study: 2 because of incomplete
CMR studices. 5 because of significant coronary artery discase,
2 because of AF, and | control subject with markedly younger
age (34 years) when compared with the remaining population to
reduce potential age-dependent confounding. For the final analy-
ses, 34 patients were available, 22 patients with HFpEF and 12
control subjects. Baseline characteristics are displayed in Table 1.
All patients were stable patients without signs of decom-
pensation. Referral for coronary angiogram was part of the
diagnostic workup for HFpEF (mostly because of unexplained
exertional dyspnea) and control patients (mostly because of
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Table 1.

Baseline Characteristics

Influence of Atrial Function in HFpEF

Patients in the heart failure group showed a significantly
higher intrinsic LV stiffness constant § and T1-based extracel-
lular volume fraction.

- Age,y 6549 5849
' Female, sex 19/22 (86%) I12(25%) | 0.001° LA Function
Results are shown in Figure 2. HFpEF patients had higher
2 .
| oM. b oo s | 6 maximal LA volume (5218 versus 34+8 mL/m?; P=0.001),
\ NT_-proW. ng/lL 331 (0R 205-456) | 51 (IOR 28-78) | <0.0001*
| NT-proBNPelevation | 16722 (68%) | 0M12(0%) | 0.0001" Table 2. CMR, TTE, and Invasive Measures Results
© NYHAI 022 (0%) 12/12 (100%) j
| NYHALI 19722 (86%) 012{0%) | <0.0001* Echocardiography
- NYHA N 3/22 (14%) 012 {0%) E—}Imax, m's 0.9:0.2 0.7=0.1 0.@1 x ;
| Smoking 22 (%) 712(58%) | 0.004° A-Vmax, m/s 0.8:03 0.7+0.1 0.21
| Hypertension 21/22(96% | BA2(67%) | 0.04" E/A, ratio 10(0R08-14) 09(0R08-120) 058 |
' Hypercholesterolemia 18/22 (82%) 11/12(92%) | 0.63 £’ septal, m/s 0.06+0.02 0.08=0.01 0.006" |
‘ Diabetes mellitus 3/22 (14%) 4112 3%) 021 E’ lateral, m/s 0.07+0.02 0.12+0.03 0.0004* '
. COPD 2/22 (9%) 0/12 (0%) 0.53 EE avg 14.6=4 7.2=1 <0.0001* ‘
P ) R |
| Paroxysmal AF 2@ | 012(0% | oM M decsoaon | 175 P 5
| 0SA 22 (14%) w12{0% | 054 | W
" p-blackers 10/22 (45%) A1217%) | 0.14 | CMR imaging . :
| ACE inhibitors/ARB 162273% | 512042% | 014 it i il Joer .|
T ke 722 %) szes% | 10 LV ESV, mUm? 2348 2749 025 |
LVEF, (%) 678 63=10 016 |
issnsoris 0422 (0%) 0120% | na |
antagonists LV stroke volume, 4627 4429 054
' Statins 82(6% | 41204%) | 100 ootk |
[ Dwrotis 2% %) neee | oo LV mass, g | 13140 | 125:30 | o062 |
T T e — LV mass index, g/m? 6719 62212 045 |
ACE indicates angiotensin-converting enzyme; AF, atrial fibrillation; ARB, Extracellular volume 33+3.0 2923 0.003" 1
angiotensin receptor blocker; BMI, body mass index; COPD, chronic obstructive fraction (%) e )
lung disease; HFpEF, heart fallure with preserved ejection fraction; KR, Interguartile B
range; NT-proBNP, N-terminal prohormone of brain natriuretc peptide; na, not | e Measures
apphicable; NYHA, New York Heart Association; and OSA, obstructive sleep apnea. Heart rate baseline, 68510 7347 0.09
*Pyalues below the significance level of 0.05. bpm o o X |
1
LV ESP baseline, .
atypical retrosternal pain without exertional symptoms) with mmHg Topeds bl o i
onset of symptoms within 6 to 12 month before study inclusion. LV EDP baseline, _— _— o
HFpEF patients were older, more frequently female, had mmHg & ; .
a higher body mass index. and more frequently arterial hyper- PC wodae: ma 1245 843 0.03* '
tension. Elevation of NT-proBNP was present in two thirds Cailes” = = ) —
of HFpEF patients, who all reported exertional dyspnea, pre- T B 378 Sisk ot !
dominantly in New York Heart Association class I1. Patients Heart rate exercise, 8912 100=7 0.005*
without heart failure symptoms presented with indication for bpm g
coronary angiography because of chest pain and had a marked LV ESP exercise, 06227
cardiovascular risk profile, mmHg 191z : 9 <
HFpEF patients showed significantly reduced functional LV EDP exercise, sy e e
capacity (97433 versus 154443 W; P<0.001) and maximal mmHg : ‘
oxygen uptake (VO2max |.7t6 versus 28+7 mL/(kg min); ¥ exsrcios, ms 3825 426 0.04" i
P<0.001) when compared with controls, : 1
LV stiffness (B) 0.036+0.006 0.022+0.008 = <0.0001° |

Echocardiography, CMR, and Invasive Parameters

No statistically significant differences on LVEF, LV dimen-
sions, and LV stroke volume were found, whereas HFpEF
patients had higher E-wave velocities and lower E” velocities
with resulting higher E/E’ ratios. HFpEF patients had higher
LVEDPs at bascline and during exercise as shown in Table 2.

Values are presented as means=SD or medians+interquartile range.
E‘avg is calculated as (E'septal+E'lateral)/2. CMR indicates cardiac magnetic
resonance; EDP, end-diastolic pressure; EDV, end-diastolic volume; EF,
ejection fraction; ESP, end-systolic pressure; ESV, end-systolic volume; HFpEF,
heart failure with preserved ejection fraction; LV, left ventricular; t, time
constant of relaxation; and TTE, transthoracic echocardiography.

*Pvalues below the significance level of 0.05.
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404 Wl HFpEF
= Control
20 p*0.002 p*0.18
— |

04

p = 0.002 @8 HFpEF B8 p=0.003 Bl HFpEF
|—' == Control
p=006
p < 0,001 —

Figure 2. A, Left atrial volumes (LAV):
maximal LA volume (LAVmax}, LA volume
before atrial contraction (LAVbefore ac),
and minimal LA volume (LAVmin). B, LA
function according to volumetric mea-
surements: LA ejection fraction (LAEF).
C, LA strain measurements: LA total
strain (es), LA conduit strain (ee), and LA
active strain (ea). D, LA strain rate mea-
surements: LA total strain rate (SRs}, LA
conduit strain rate (SRe), and LA active
strain rate (SRa). HFpEF indicates heart
failure with preserved ejection fraction.
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higher LA volume before atrial contraction (4017 versus
22+7 mL/m* P=0.001). and higher minimal LA volume
(27419 versus 12+5 mL/m*; P=0.01). LA total EF and con-
duit EF were lower in HFpEF patients (LAEF total, S1+14%
versus 64=8%, P=0.003: LAEF conduit, 23+8% versus
36+8%, P<0.001), whereas active LA contraction was not
significantly different between both groups (LAEF booster,
37413 versus 45+8%: P=0.06). Despite impaired volumetric
LA reservoir and conduit function, similar LA stroke volumes
(25£6 versus 21+5 mL/m*; P=0.13) were observed in both
groups, resulting from LA dilatation and higher LA active
stroke volume in the HFpEF group (1345 versus 10£3 mlL/
m’; P=0.03). HFpEF patients had impaired LA total strain
(es. 22+7% versus 29+6%; P=0.04) and LA conduit strain
(e, 9£5% versus 1524%: P=0.002) and a decreased peak
positive strain rate (0.79£0.25 versus 1.1+0.3; P=0.008) and
peak early negative strain rate (0.54+0.27 versus 0.77x0.20:
P=0.014). No significant differences were found compar-
ing markers of LA booster pump function (P=0.18 for strain
and P=0.09 for strain rate). No significant difference on LA
conduit function was found when comparing HFpEF patients
with and without ¢levated NT-proBNP (ee, 8+£4% versus
11+£6%: P=0.08).

Factors Associated With Functional Capacity

Factors associated with maximal oxygen uptake are listed in
Table 3. The strongest correlations with VO2max were present
for LA conduit function (strain ee, »=0.8, P<0.001; conduit
peak early negative strain rate, r=0.61. P<0.001: and LAEF
conduit, r=0.58, P<0.001), E/E’ (r=-0.56; P=0.001), LA total

strain (r=0.56; P=0.001), and age (r=-0.54; P=0.001). The
univariate linear regression of e with VO2max is shown in
Figure 3.

Various multivariable lincar models were tested: in a
model including LA conduit strain and invasive markers of
LV diastolic properties (stiffness constant B and isovolu-
metric relaxation time t), LA conduit strain remained the
only independent predictor of VO2max (f=0.8: P<0.001).
Another model, including conduit strain and the baseline
characteristics, sex and age, showed a preserved strong
influence of conduit strain (§=0.73: P<0.001) with a com-
parably weak influence of female sex (f==0.27; P=0.01) on
VO2max., When including E/E” and ge, LA conduit strain
remained the only independent predictor (P<0.001). Details
of the multivariable models are shown in Table I in the Data
Supplement,

Features of Impaired Conduit Function

To assess a potential link of LA conduit function and load-
dependent and load-independent parameters of LV diastol-
ogy, Pearson correlation was performed, including LV
stiffness constant B, E/E, LVEDP, age, sex, and BMI, The
factor strongest associated with LA conduit function was age
(r==0.59; P<0.001). No relevant correlation with LV stiffness
constant § (r=-0.34; P=0.05), extracellular volume fraction
(r=—0.34; P=0.05), relaxation constant T (r=—0.3; P=0.09),
or LVEDP (==0.3; P=0.08) at rest were present. Correla-
tions with T under maximal exercise (r=-0.46; P=0.007), NT-
proBNP (r=-0.49; P=0.004). and E/E’ (+=-0.53: P=0.001)
were observed.
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Table 3. Univariate Correlation With Maximal Oxygen Uptake
(mL/[kg min])

Age, y =-0.54 0.001*
BMI, kg/m* 7=-0.40 0.02°
| NT-proBNP, ngiL p=-0.66 <0.0001*
E/E” mean r=-0.56 . 0.001*
£5 (%) r=0.56 . 0.001*
ce (%) ] =080 | <0001
a (%) | r=0.03 0.87
 SRs (%/s) ' =042 | 001°
SRe (~9%/s) ' =061 | 00001°
SRa (-%/s) =011 ‘ 0.52
LAVmax, mU/m? r=-0.27 . 012
LAVmin, mL/'m? r=-0.32 0.065
LAVp-ac, mL/m* r=-0.36 0.04*
LAEF total (%) 1=0.46 7 0.006*
LAEF conduit {%) r=0.58 ‘ 0.0003*
LAEF booster (%) =0.30 009
LV EDP baseline, mm Hg =020 | ON
1 baseling, ms r=~0.23 0.20
.7Heart rate exercise, bpm =0.31 0.08 I
LV ESP exercise, mm Hg r=-0.02 ‘ 0.92
| LV EDP exerclse, mmHg r=-0.16 . 0.40
T eXercise, ms | r=-025 . 0.16
LV stiffness &) =041 | 002
Extracellular volume fraction (%) r=-0.35 0.049°

BMI indicates body mass index; EDP, end-diastolic pressure; ESP, end-
systolic pressure; LAEF, left atrial ejection fraction; LAV, LA volume; LAVbefore
ac, LA volume before atrial contraction; LAVmax, maximal LA volume; LAVmin,
minimal LA volume; LAVp-ac, LA volume before atrial contraction; NT-proBNP,
N-terminal prohormone of brain natriuretic peptide; r, Pearson correlation; p,
Spearman correfation; SRa, LA active strain rate; SRe, LA conduit strain rate;
SRs, LA total strain rate; LV, left ventricular; T, time constant of relaxation; £a,
LA active strain; ee, LA conduit strain; and s, LA total strain,

*Pvalues below the significance level of 0.05.

Potential Mechanisms and Functional Implications
of LA Conduit Function

The potential impact of LA conduit function on LV filling
properties was assessed by analyzing time-volume curves of
the LV (Figure 4A). On echocardiography, no patient had more
than trace aortic regurgitation (as possible confounder for ven-
tricular filling). Despite having similar stroke volumes, early
ventricular filling was significantly lower in HFpEF (35415
versus 53+11 as % of LV filling volume; P=0.001; Figure 4B).
Early LV filling correlated significantly with LV conduit func-
tion (r=0.67; P<0.001) and age (r=-0.53; P=0.001), but not
with LV stiffness (r==0.32; P=0.07) or 1 (r==0.33; P=0.06).
On bivariate lincar regression analysis, including LA conduit
function and age. conduit strain remained the only indepen-
dent predictor of early LV filling ($=0.67; P<0.001). Figure 5

Influence of Atrial Function in HFpEF
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Figure 3. Univariate linear regression of conduit strain and
VO2max.

depicts the correlations of early LV filling with maximal oxy-
gen uptake and LA conduit function, respectively.

Characteristics of the Control Group

Patients in the control group were more often male. When
male control patients were compared with an age-matched
female control group. no significant differences on LV and LA
size and function were found. Table Il in the Data Supplement
shows the results.

Potential Influence of AF on LA Conduit Function
Within the HFpEF group, 5 patients had paroxysmal AF
(PAF) with potential influence on LA function. During the
time course of the study, all of them remained in sinus rhythm.
To detect potential confounders on AF and LA function,
baseline, imaging, and invasive data from HFpEF patients
with and without PAF were compared. The results are shown
in Tables 111 through V in the Data Supplement. No differences
with regard to baseline and invasive data were found. After
excluding patients with PAF, correlation of LA conduit strain
and VO2max remained highly significant (=0.77; P<0.0001).

Discussion

This study comprehensively assessed LA and LV diastolic
function using CMR-FT and LV pressure volume curves in
HFpEF patients, The main findings are that (1) CMR-FT-
derived LA conduit function is significantly impaired in HFpEF
and a strong predictor of exercise intolerance: (2) impaired LA
conduit function is associated with impaired early diastolic LV
filling; (3) as such, LA conduit function seems as a distinct
pathophysiological entity in HFpEF independent of load-inde-
pendent LV stiffness or instantaneous LV relaxation,

Role of LA Dilatation and Dysfunction in HFpEF

For a longer period, HFpEF was thought to be primarily a dia-
stolic LV filling problem with an increase in LVEDP and cle-
vated LA pressure and dilatation. The dilated LA was primarily
seen as a prognostic marker for disease progression, and indeed
the prognostic relevance of LA dilatation is well established.*'”
Recently, LA functional remodeling has been proposed as an
independent prognostic marker in HFpEF patients.'” Although
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Figure 4. A, Left ventricular (LV) volume curves showing better (blue) and worse (red) early diastolic LV filling. B, LV filling volumes in heart

failure with preserved ejection fraction (HFpEF) and controls,

LA remodeling is thought to be the consequence of LV dia-
stolic dysfunction, little is known about the relations between
LA functional parameters and individual aspects of LV dia-
stolic function in HFpEF patients. Our study. therefore. sought
to give insight into the pathophysiological role of LA function
as measured by CMR-FT, given the advantages in myocardial
border delineation and spatial resolution,”** in relation to exer-
cise capacity, invasively determined diastolic LV function and

CMR-derived LV volume—time curves,

Time Course of LA Dysfunction

Consistent with previous reports, we demonstrated functional
LA remodeling in HFpEF patients, who presented with higher
filing pressures and increased LV stiffness. LA volumes were
significantly increased at each point of the atrial cycle. LA
reservoir and conduit function were decreased, whereas active
LA function was comparable between HFpEF patients and
controls. Importantly, active LA stroke volume was increased
in HFpEF patients, allowing for compensation of impaired
carly LV filling as demonstrated in this population of HFpEF
patients. This increase in active stroke volume at comparable
booster pump function between groups can only be achieved
with LA dilatation, Although cause and consequence remain
speculative. LA dilatation might also be seen as a phenomenon
known from the LV, which dilates with impaired systolic func-
tion and EF to maintain adequate stroke volumes. A biphasic
time course of LA remodeling in response to LV remodeling
has been described: although initially adaptive changes lead to
an increased atrial contribution to LV filling, further LV stiffen-
ing is associated with a progressive decline in LA global and
in particular booster function.'” These variations in different
aspects of LA function over time could explain the conflicting
data on the role of different aspects of LA function in HFpEF,

where many studies showed a predominant decline in LA total
strain and LA active strain.'>*’ A recent echocardiographic
speckle-tracking study found LA total strain (reservoir func-
tion) to be the most accurate predictor of VO2max. Whereas
the influence of LA conduit function on oxygen uptake was
not reported,'” these differing results compared with our study
might be explained by the course of LA remodeling over time
and disease severity of the studied patient population. Our study
included stable ambulatory patients only, without previous
hospitalization for heart failure, exhibiting a higher maximal
oxygen uptake when compared with the study population of
Freed et al." This suggests a less advanced stage of the disease.
Nevertheless, most studies showed that LA conduit function is
affected early and consistently in the course of LA remodeling
and has therefore been proposed as an early marker of LA func-
tional decline.'” The fact that strain paramelers were superior 1o
volumetric assessment of LA function as a predictor for exer-
cise capacity mirrors the results of previous studies.'*"

Influence of LA Function on Exercise Capacity

Parameters of LA function. especially LA conduit function,
correlated closely with patients’ exercise capacity. When adjust-
ing for clinical, echocardiographic, and invasively measured
clinical parameters, LA conduit strain emerged as best predic-
tor of peak oxygen uptake. This suggests that LA dysfunction
should not be considered as an innocent bystander of global
cardiac pathology but is associated with functional limitations.
In contrast to LA active (booster) function, which is thought to
be mainly influenced by worsening of LV stiffness,' conduit
function is predominantly modulated by passive LA parameters
(elastance and stiffness)” and in our study to lesser degree by LV
diastolic properties.® This suggests that conduit function might
be a better reflect of early LA remodeling causing increased

A“- L4 Y B 1
£ B
E = 804 "
'l .=.§ "
<2 2 Figure 5. A, Correlation of early left ven-
5 = £ 0 tricular (LV) filling with maximal oxygen
& 10, E‘E uptake. B, Correlation of left atrial (LA)
g r=066 p<0001 §- 20+ % =067 p <0001 conduit strain and early LV filling.

0 20 40 60 80 o 5 10 15 20 25

537;.""'::% &';:'0' Conduit Strain (%)
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stiffness and decreased clastance, whereas LA booster pump
function reflects LV remodeling, causing stiffness and exac-
erbation of ventricular filling pressures. Another important
finding of this study is the association of LA conduit function
and early LV filling. which was not the case for LV stiffness
or relaxation. This again points toward an important role of
intrinsic LA function, which, if not independent, is at least only
marginally explained by parameters of LV diastolic properties.
Given the multifactorial modifiers of patients exercise capacity,
the reproducible impact of LA function on peak oxygen uptake
among different studies is intriguing.'** Early diastolic filling
has been shown to be a key determent of LV filling and thereby
stroke volume during exercise. With shortening of diastole and
partial fusion of passive and active filling phases,™ alterations in
LA conduit function govemning early diastolic filling are likely
to become even more relevant under exercise than at rest. In
healthy subject, rise in stroke volume during exertion requires
increased LA conduit emptying with consequent higher LV
filling volumes. This emphasizes the physiological need for
an increased early LV filling as an adaptation to exercise.” In
HFpEF, limited conduit function at rest is likely to exaggerate
during exercise and might no longer be compensated for by
active LA contraction, impacting on LV early filling, LV stroke
volume, cardiac output, and ultimately exercise capacity.

Determinants of LA Function

One of the strengths of our study is the ability to relate LA
function to load-independent markers of LV stiffness and load-
dependent markers of LV relaxation, both derived from pres-
sure—volume loop analysis, This analysis showed that conduit
function was not significantly associated with LV stiffness or
relaxation, further supporting our discussion above that LA con-
duit function reflects intrinsic LA pathology, which cannot be
sufficiently explained by ventricular pathology. The structural
changes of the LA are also known to occur with aging. In our
patients, LA conduit function showed a significant correlation
to age. However, current data support the theory that LA dilation
and impaired LA function reflect rather the clinical conditions
that frequently accompany aging than the effects of physiologi-
cal aging alone.' Data on the influence of known factors con-
tributing to the HFpEF syndrome (eg, obesity, hypertension,
diabetes mellitus, and age) and their specific influence on LA
conduit function are currently lacking and might be of poten-
tial interest for analysis in future studies. Although the observed
changes in LA function are closely related to disturbances in LV
filling. the relative independence of other established markers of
LV diastolic function and the strong relation between LA func-
tion and exercise capacity imply the ability to gain additional
information on hemodynamic alterations in HFpEF patients by
assessing LA function. Especially strain analyses seem to be of
diagnostic value because they inform early and more specific
on functional LA remodeling when compared with volumetric
assessment only. Although LA dilatation could also be a physi-
ological response to compensate for decreased LA function, LA
strain analysis reveals intrinsic LA dysfunction and LA stiffness
at an early stage. Our study confirms the hypothesis of the pres-
ence of an independent contribution of LA disease in HFpEF
patients. although especially LA conduit function might be a
promising diagnostic and therapeutic goal in future studies.

Influence of Atrial Function in HFpEF

Limitations

Given the complexity and invasiveness, the acquisition of
pressure—volume loops resulted in a limited sample size. To
justify invasive catheterization in the control group, control
subject had to have risk for coronary artery disease. This led
to a wide variety of cardiovascular risk factors in these control
subjects and 10 some differences in baseline characteristics
between the control and the HFpEF group which could have
introduced some confounding.

Importantly, recent data imply that many of the mechanistic
abnormalities involved in HFpEF are noted with normal aging
and are more pronounced in HFpEE?' Thus, progressive acqui-
sition of cardiovascular risk factors and cardiovascular function
abnormalities underlie the development of more symptomatic
stages in patients at risk for HFpEF. We are therefore confident
that our results and conclusions represent pathophysiological
mechanisms contributing to the HFpEF syndrome, rather than
resembling baseline group differences alone. We did not include
imaging exercise testing using either stress echo or stress CMR
imaging. This would have further clarified the influence of LA
mechanics under exercise conditions. Five patients with PAF
were included in the analysis. Because of the study protocol we
did not acquire information on previous AF episodes. Although
the inclusion of patients with PAF did not alter the results about
the main results of this study. future research should clarify the
impact of AF on atrial function in HFpEE,

Conclusions

CMR-FT-derived conduit strain is significantly impaired in
HFpEF and associated with exercise intolerance. Impaired
conduit function could lead to impaired early ventricular fill-
ing as a potential mechanism for decreased exercise capacity
in HFpEFE. LA conduit function emerges as a distinct feature
of HFpEF, with functional implications independent of LV
stiffness and relaxation.
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CLINICAL PERSPECTIVE

Accumulating evidence shows that heart failure with preserved ejection fraction is not an isolated diastolic heart disease but
rather a syndrome of different intra- and extracardiac pathologies. This includes increased ventricular stiffness, increased
systemic and pulmonary arterial stiffness, chronotropic incompetence, right ventricular discase, and left atrial disease. Quan-
tifying the extend of each contributing factor permits a complete diagnostic workup. Measuring atrial function and espe-
cially left atrial conduit function allows explaining patients’ decreased functional capacity. Especially in patients with poor
echocardiographic image quality, cardiac magnetic resonance is an alternative with excellent image quality. Feature tracking
is done from standard cine sequences without the need for gadolinium application and can also be done in patients with con-
traindication to contrast agents. Although cardiac magnetic resonance contrast is safe in most patients, this allows expanding

the pool of new contrast-free imaging modalities,
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QRIGINAL ARTICLE

Load-Independent Systolic and Diastolic
Right Ventricular Function in Heart Failure
With Preserved Ejection Fraction as
Assessed by Resting and Handgrip Exercise

Pressure-Volume Loops

BACKGROUND: Although systolic right ventricular (RV) dysfunction has
been shown to be a potent predictor for adverse outcomes in patients
with heart failure with preserved ejection fraction (HFpEF), RV functional
abnormalities in the course of the syndrome are not well characterized.
We, therefore, sought to assess load-independent and load-dependent
systolic and diastolic characteristics of RV function in stable outpatients
with HFpEF.

METHODS AND RESULTS: We invasively obtained RV and left
ventricular pressure-volume loops in 24 HFpEF patients and 9 patients
without heart failure symptoms with a conductance catheter during
basal conditions and handgrip exercise. Transient preload reduction was
used to extrapolate the RV end-systolic elastance and diastolic stiffness
constant. HFpEF patients and controls showed similar left ventricular and
RV dimensions and ejection fractions with elevated left ventricular filling
pressures. In HFpEF patients, invasively determined load-independent RV
contractility (P=0.04) and load-independent passive RV stiffness constant
[ (P<0.01) were elevated. Although RV relaxation and cardiac output
were similar at baseline, HFpEF patients demonstrated a blunted increase
in cardiac output under exercise (P=0.01) associated with prolonged RV
relaxation (P=0.01), decrease in stroke volume (P<0.01), higher RV-filling
pressures (P<0.01), and a marked increase in the end-diastolic pressure-
volume relationship (P<0.01).

CONCLUSIONS: In compensated stages of the HFpEF syndrome, systolic
RV function is preserved, but diastolic abnormalities with intrinsic RV
stiffness and prolonged RV relaxation are already present. Impaired
diastolic RV reserve contributes to a blunted increase in cardiac output
during exertion. Because impairments in diastolic function seem to be

a biventricular phenomenon, RV diastolic dysfunction warrants further
consideration when characterizing HFpEF patients.

CLINICAL TRIAL REGISTRATION: https://www.clinicaltrials.gov. Unique
identifier: NCT02459626.
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WHAT IS NEW?

 Disturbances in right ventricular (RV) diastolic
function occur during the course of heart failure
with preserved ejection fraction (HFpEF) and can-
not fully be explained by increased RV afterload.

* RV diastolic dysfunction leads to inappropriate RV
filling with a blunted cardiac output reserve under
handgrip exercise.

WHAT ARE THE CLINICAL
IMPLICATIONS?

* HFpEF has to be considered a biventricular phe-
nomenon with alterations of myocardial properties
of right and left ventricle.

« RV diastolic dysfunction is part of the pathophysi-
ology of the HFpEF syndrome, which needs to be
considered when characterizing HFpEF patients.

* Further studies are warranted to clarify the impact
of elevated pulmonary vascular load on RV myo-
cardial remodeling in HFpEF and identify poten-
tial treatment targets specifically addressing the
enhancement of RV function.

(HFpEF) is increasingly recognized as a complex

syndrome. It can be secondary to multiple im-
pairments in cardiac, vascular, and peripheral function,
which coexist with one another, and eventually lead to
heart failure (HF) symptoms. Left ventricular (LV) func-
tional abnormalities in HFpEF patients are well charac-
terized. LV diastolic dysfunction and impaired LV filling
in conjunction with a subtle systolic dysfunction have
been shown to lead to a blunted stroke volume re-
sponse during physical endurance exercise.’

In contrast, right ventricular (RV) function has been
underinvestigated in patients with HFpEF? Recent
studies reported a high prevalence of RV systolic
dysfunction in this patient cohort and identified RV
systolic dysfunction as a potent predictor of adverse
outcomes.** RV diastolic dysfunction has also been
implied in the setting of LV diastolic dysfunction.®®
Most recently, limited RV reserve capacity has been
suggested in HFpEF patients because of unfavorable
RV mechanics during exertion, as assessed by echo-
cardiography.®

However, the role of RV diastolic dysfunction in
hemodynamic adaption to various loading conditions
in HFpEF patients is currently unclear, Up to now, stud-
ies investigating RV functional parameters were limited
by the difficulty of differentiating between load-depen-
dent and load-independent RV function. Given the
high load dependence of various RV systolic and dia-
stolic functional parameters, it remains unclear whether
alterations in RV function in HFpEF patients are solely

Heart failure with preserved ejection fraction

Circ Heart Fail. 2018;11:e004121. DOI: 10.1161/CIRCHEARTFAILURE.117.004121

the consequence of altered RV load in this setting or
reflecting truly impaired intrinsic RV function.

High-fidelity conductance catheters provide the
opportunity to measure pressure and volume instan-
taneously and determine load-independent markers of
diastolic and systolic RV function.”®

We hypothesized that besides systolic abnormalities,
also diastolic RV function abnormalities can be detected
in HFpEF patients. This study, therefore, sought to deter-
mine load-dependent and load-independent markers of
systolic and diastolic RV function and their role in hemo-
dynamic adaption to handgrip exercise in HFpEF patients.

METHODS

Patients

This prospective study, conducted at the Heart-Center, Leipzig
University, Germany, was a predefined substudy of the StiffMAP
trial (Left Ventricular Stiffness vs. Fibrosis Quantification by T1
Mapping in Heart Faillure With Preserved Ejection Fraction),
which investigated the diagnostic value of cardiac magnetic
resonance (CMR}-based fibrosis quantification in  HFpEF®
Consecutive patients referred to our outpatient dlinic for evalu-
ation of dyspnea and suspected coronary artery diseases (CAD)
were incduded, if they fulfilled the criteria for HFpEF diagnosis
according to the consensus paper of the European Society of
Cardiology'?; specific inclusion criteria were LV ejection fraction
(LV-EF) 2509, New York Heart Association class 21l and E/E° 215
or E/E'=8 to 15 combined with NT-proBNP (N-terminal pro-8-
type natriuretic peptide) elevation =220 ng/L. Patients without
HF symptoms served as controls; specific inclusion criteria were
LV-EF 250%, E/E* <8, and NT-proBNP values <220 ng/L. Patients
with relevant CAD, any contraindication to CMR imaging includ-
ing pacemaker or implantable cardioverter defibrillator implants,
and an estimated glomerular filtration rate <30 mU/min per 1.73
m?, acute coronary syndrome, more than moderate valvular dis-
eases, and persisting atrial fibrillation were excluded. Patients
<40 years were also excluded from the analysis. NT-proBNP lev-
els were analyzed centrally with a standard assay (Cobas, Elecsys
NT-proBNP II; Roche).

To assure comparable levels of intravascular volumes, CMR
and cardiac catheterization were preceded by an intravenous
infusion of 500 mL isotonic buffered crystalloid solution. Oral
medication was withheld on the day of diagnostic workup.

The study complies with the Declaration of Helsinki and
was approved by the local ethics committee. All patients gave
written informed consent. The data that support the findings
of this study are available from the corresponding author on
reasonable request,

Echocardiographic Protocol

Echocardiographic studies were performed on a Vivid 9 sys-
tem (General Electrics Healthcare). Mitral valve inflow pattern
{E and A velocity) and septal and lateral mitral valve annular
velocities (E) were recorded in an apical 4-chamber view. The
ratios of E/A, E/E’ septal, E/E’ lateral, and an averaged E/E” were
calculated as markers of diastolic function according to the
recommendation of the American Society of Echocardiography
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guidelines."" Data were analyzed from stored images by an
experienced operator, unaware of other test results.

Spiroergometry

Cardiopulmonary exercise testing was performed on a bicy-
cle ergometer before cardiac catheterization. Work rate was
increased with a ramp protocol. Breath-by-breath respiratory
gas exchange measurements were recorded throughout the
test and averaged over a peak width of 20 seconds at the
end of exercise to determine maximum values. Patients were
encouraged to exercise until exhaustion.

CMR Protocol

CMR image acquisition was performed immediately before
invasive catheterization. The detailed protocol has been
described previously.® Evaluation of biventricular volumes was
performed by manual delineation of the end-systolic and end-
diastolic endocardial borders in every slice of the short-axis
stack using a linked 4-chamber view as a navigator sequence,
RV-EF <45% was considered abnormal.'? Analyses were
performed using certified CMR evaluation software (cmrd2;
Circle Cardiovascular Imaging, Inc). Data were interpreted by
2 readers blind to the subjects’ clinical information and the
results of other diagnostic tests.

Cardiac Catheterization Protocol
The detailed catheterization protocol is available in the sup-
plemental material. In short, after exclusion of significant
CAD, high-fidelity pressure tracings were realized using a ret-
rograde approach for LV, as well as standard right heart cath-
etenzation for determination of pulmonary artery pressures
(PAP) and pulmonary capillary wedge pressures. Pulmonary
hypertension (PHT) was defined as mean PAP >25 mmHg
at rest and >30 mmHg under exercise. A 7F conductance
catheter{CD Leycom, Zoetermeer, the Netherlands) was used
to obtain pressure-volume (PV) data for the LV as previously
described.® Similarly, for RV assessment, a conductance cath-
eter was advanced via the right femoral vein into the right
ventricle under fluoroscopy and connected to a PV signal pro-
cessor (Inca; CD Leycom). Real-time continuous RV pressure
and volume signals were recorded for 10 seconds at baseline
at resting expiratory level, using electrocardiographic deter-
mination of end systole and end diastole, as well as volume
calibration using RV volumetric data from the preceding CMR
scan. To examine load-independent properties of the RV, a
family of PV loops was generated by preload reduction at rest
via transient balloon occlusion of the inferior vena. To assess
intrinsic contractility, the slope of the end-systolic elastance
(RV-Ees) was determined as the linear relationship through
the end-systolic PV relations during caval occlusion. Intrinsic
RV stiffness was assessed by extrapolating the load-indepen-
dent RV stiffness constant (B) from the end-diastolic PV rela-
tions (EDPVR), and the formula EDP=C*B'*™, where EDP is
RV-end-diastolic pressure (RV-EDP), C is a fitting constant, and
EDV is RV-end-diastolic volume (RV-EDV), applying the meth-
ods established for the LV.”

An afterload challenge was then realized through hand-
grip exercise. Patients were asked to perform handgrip
exercise with a 2-handle tension-spring device (100 pounds

Circ Heart Fail. 2018;11:e004121. DOI: 10.1161/CIRCHEARTFAILURE.117.004121

resistance} for 1 minute at their maintainable, submaximal
tolerated work rate. PV data were acquired from baseline
throughout peak heart rate and afterload nse.

Following parameters were derived from the acquired PV
data: RV end-systolic pressure (RV-ESP), RV-EDP, mean PAP,
pulmonary capillary wedge pressure, LV-ESP, LV-EDF, RV end-
diastolic volume (RV-EDV), RV end-systolic volume (RV-ESV),
RV stroke volume (RV-SV), RV ejection fraction (RV-EF), pre-
load adjusted maximal change in pressure over time (PAdp/
dt) as instantaneous contractility marker,'? cardiac index
(Heartrate*SV/body surface area), the time constant of active
RV relaxation (1), calculated after the method of Mirsky', and
RV end-diastolic PV relation (RV-EDPVR), and RV end-systolic
PV relation (RV-ESPVR). RV systolic load was quantified as
pulmonary vascular elastance (RV-Ea=RV-ESP/RV-SV). The
ventricular pulmonary vascular coupling was assed as RV-Ea/
Ees=RV-ESV/RV-SV. Similarly, LV PV relations were assessed at
rest and under afterload challenge using a femoral retrograde
approach. Volumes were indexed to body surface area.

Statistics

Data for continuaus variables was tested for normality using
Shapiro-Wilk tests and are presented as mean+SD or median
with interquartile range where appropriate, Continuous
variables were compared using repeated-measures ANOVAs
with Bonferroni corrections for differences between values at
baseline and under afterload challenge as well as between
group differences and the interaction of group assignment
and afterload challenge.

For the comparisons of characteristics at baseline and exer-
cise between groups, as well as the comparisons of the absolute
change of hemodynamic variables from baseline to maximal
afterload challenge between groups unpaired t tests or single-
factor ANOVAs were applied where appropriate. Categorical
variables are presented as frequencies and percentages and
were compared between groups using Fisher exact tests.

Additional analysis with adjustments for age and sex
where performed using ANCOVAs and adjusted repeated-
measures ANOVAs,

A 2-tailed Pvalue of <0.05 was considered statistically sig-
nificant. SPSS version 20.0 was used for statistical analyses.

RESULTS

Clinical and Demographic Data

Out of 46 patients screened for eligibility, significant
CAD was seen in 5 patients, 2 patients had atrial fibrilla-
tion during catheterization, and in 5 patients RV-PV data
were found to be of insufficient quality. One patient was
excluded from the control group because of age (34 years).
Therefore, 9 patients serving as controls and 24 patients
with HFpEF were included within the final analyses.
Baseline characteristics are presented in Table 1.
HFpEF patients were more frequently female, had a
higher body mass index with a comparable body surface
area, and had higher rates of arterial hypertension and
diuretic intake. An elevation of NT-proBNP was present
in two thirds of HFpEF patients, who all reported exer-
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Table 1. Baseline Characteristics
Age, y i 662485 59.548.2 005 |
Female sex | 22(92) 3(33) <0.01
BMI, kg/m? | 208444 27.232.1 003 |
; + {
Body surface area, m* | 1.9320.19 2012018 025 |
Abdominal girth, cm | 98412 9829 0.87
Systolic BP baseline, | 155413 154218 082 |
mm Hg ‘
Diastolic 8P baseline, ‘ 8029 8029 093 |
mmHg
Heart rate baseline, ‘ 6648 74310 013
beats per min
GFR, mUminper 1.73m? | 73.8+180 8224116 | 026 |
Fasting glucose, mmol/L | 5.3 (IQR 5.0-6.0} 55(QR 032 |
| 5.1-14.7}
NT-proBNP, ngil | 331(QR 187-614) |52 QR 33-76) | <0.01
NT-proBNP elevation | 16 (87) 0 {0 <001 |
$ + {
NYHA | I 0 (0} 9{100} <001 |
NYHA I | 19 (79) 0{0) <0.01
NYHA Il | 521 0 {0) 016 |
, . 1
Smoking ! 21(8) 6 (66) <001 |
Hypenension | 23 (96) 61(67) 0.02
Hypercholesteralemia | 22 (92) 8(89) 081 |
} + {
Diabetes mellitus ! 5(21) 3(33) 041
coro | 2(8) 0(0) 0.38
Paroxysmal AF | 61(25) 0{0) 010 |
b + {
OSA I 2(8) 01{0) 038 |
p-Blockers | 10 (42) 1) 0.10
ACE inhibitor/ARE | 1770 4(44) 017 |
Ca™* antagonist ! 8(33) 101 021 |
. - - . - )
Statins | 10 (42) 333 0.67
Diuretics ; 8(33) 0{0) 005 |

Values are presented as meanzSD of frequencies (percentages),
ACE indicates angiotensin-converting enzyme, AF, atrial fibrillation; ARB,
anguotensin receptor blocker, BMI, body mass index; BF, blood pressure; COPD,
chronic obstructive lung disease, GFR, glomerular filtration rate; HFpEF, heart
fallure with preserved ejection fraction; IQR, interquartile range; NT-proBNP,
N-terminal pro-8 type natriuretic peptide; NYHA, New York Heart Association;
and OSA, obstructve sieep apnea

tional dyspnea, predominantly in New York Heart Asso-
ciation class II. Patients without HF symptoms presented
with indication for coronary angiography because of
chest pain and had a significant cardiovascular risk pro-
file with a high prevalence of smoking, arterial hyper-
tension, hypercholesterolemia, and diabetes mellitus.
Two patients in the HFpEF group and none in the con-
trol group had previous diagnosis of chronic obstructive
pulmonary diseases. Six patients in the HFpEF group
and none in the control group had a history of paroxys-
mal atrial fibrillation, whereas all patients were in sinus
rhythm during diagnostic workup.,

Circ Heart Fail. 2018;11:e004121. DOI: 10.1161/CIRCHEARTFAILURE.117.004121

Exercise Capacity

Patients with HFpEF had an impaired exercise capacity
in comparison to the control group (workload: 9334
versus 151+42 W; P<0.01, maximal oxygen uptake;
16 [interquartile range, 13-20] versus 24 [interquartile
range, 22-31] mU/kg*min; P<0.01).

CMR and Echocardiography Data

Noninvasively assed ventricular volumes were compa-
rable between groups for RV-EDV (66+14 versus 69+11
ml/m?; P=0.66) and RV-ESV (2510 versus 29+6 mL/m?;
P=0.19). Similarly, LV-EDV (71+14 versus 69+14 mU/m?;
P=0.75) and LV-ESV (2849 versus 2911 mL/m?; P=0.75)
did not differ between HFpEF patients and controls.
Although HFpEF patients demonstrated a slightly higher
RV-EF (64+10% versus 57+4%; P=0.03), LV-EF (63+7%
versus 63+5%; P=0.87) was similar between groups.
LV mass was only numerically higher in HFpEF patients
(104+33 versus 82+16 g/m?; P=0.08).

On echocardiography, patients with HFpEF demonstrat-
ed larger left atrial volumes (4115 versus 2529 mL/m?,
P<0.01), higher E-wave velocities (0.9+0.2 versus 0.7+0.1
m/s; P<0.01), lower septal myocardial velocity (0.06+0.02
versus 0.08+0.02 m/s; P<0.01), lower lateral myocardial
velocity (0.07+0.02 versus 0.11+0.03 m/s; P<0.01), and,
therefore, higher E/E" ratios (1544 versus 7+1; P<0.01).

Hemodynamics at Rest

Hemodynamic data at rest and during afterload chal-
lenge are displayed in Table 2 and Figure 1. At baseline,
resting heart rate, RV and LV ESV and EDVs, and RV-
SV were comparable between groups. Consequently,
RV cardiac index was similar. However, HFpEF patients
showed higher systolic and diastolic RV pressures, end-
diastolic LV pressures, and higher pulmonary artery pres-
sures. Nine HFpEF patients (38%) and none of the con-
trol patients (0%) were found to have PHT at rest (mean
PAP >25 mmHg; P=0.03). LV systolic pressures were
similar between groups, but LV-EDP and pulmonary cap-
illary wedge pressures were elevated in HFpEF patients.

Only 1 patient in the HFpEF group (4%) was found
to have a reduced RV-EF (42%), who also demonstrated
elevated pulmonary arterial pressures (mean pulmonary
artery pressure 31 mmHg).

Active relaxation (t) of RV and LV was prolonged in
HFpEF patients (P<0.01 and P=0.03), who also showed
higher RV- and LV-EDPVRs, indicating decreased
chamber distensibility. RV-ESPVR (indicating increased
systolic stiffness), RV-Ees, and pulmonary vascular
load (RV-Ea) were increased in HFpEF patients. PAdp/
dt+ was comparable between groups (2.5+1.6 versus
2.5+0.8 mmHg/s*mL; P=0.95). The ratio of RV-Ea/Ees,
reflecting ventricular-vascular coupling, was lower in
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Table 2, Hemodynamic Data

Heart rate, beats per min 709+106 | 91.8:141 | 7362123 | 1001188 018 <0.01 0.26 021
| Cardiac index, mUminperm? | 30208 34810 | 29:08 | 40:08 | <001 | <001 | 056 <001
| RVESP mmHg 325:02¢ | 469s11.7% | 271423 | 37.72458 0.14 <0.01 0.04 0.19

RV EDF, mm Hg 7.221 8% 12.4+41° 4113 56419 <0.01 <001 <0.01 <0.01
RV EDV index, mU/m? 66.4s139 | 636+124 | 6844100 | 709:144 0.01 0.99 0.51 0.01
RV ESV index, mi/m? | 248:100 | 266+108 | 294160 | 309108 0.99 0.13 0.35 084
| RV 'SV index, mUm? | 417183 369477 391262 | 400269 <0.01 004 | 0% <0.01
RV EF, % | 637408* | 5004114 57.244.1 57.127.4 0.06 0.07 0.33 0.08
RV T, ms | 367s831 | 4102105+ | 298284 | 27.0:81 0.02 0.70 <0.01 0.02
RV EDPVR, mm Hg/mi. | 0.0620.02* | 0.10:004* | 003:001 | 004002 | <0.01 <0.01 <0.01 <0.01
RV ESPVR, mmHaimL | 0832055+ | 11s055* | 047:008 | 0652016 | 020 <001 | o008 0.36
RV Ea, mm Hg/mt. | 0421015t | 0712030* | 0.35:0.04 | 0484011 <0.01 <0.01 0.08 0.03
RV EafEes ratio | 06120261 | 076035 | 0764014 | 0782024 0.27 0.05 0.47 019
PA systolic, mm Hg | 347s85% | 484409 | 278:44 | 395:49 0.49 <0.01 0.03 0.57
PA diastole, mmHg | 152481 | 256459° 91228 158246 0.13 <001 | <001 0.06
PA mean, mmHg | 247455 | 37.1267* 171235 | 269:44 023 | <001 | <001 0.20
PCWE, mim Hy | 133136 | 244167* 70428 141448 0.01 <0.01 <0.01 <001
" WESR mmHg | 15642222 | 19122255 | 14802181 | 18922199 | 050 <001 | o066 | o064
LV EDP, mmHg | 1809433 | 29.046.0° 130626 | 20127 0.07 <0.01 <0.01 016
LV EDV index, miim? | 710:136 | 705£169 | 6932143 | 7052132 0.46 085 0.91 0.41
LV ESV index, mL/m? | 27.9:91 3394152 | 2884108 | 30096 0.13 0.07 0.94 0.25
LV SV index, mum? | 431485 36.648.2 404253 | 405261 <0.01 <0.01 0.92 <0.01
| wer% | 612482 5338122 | 595:84 | 582479 0.03 <0.01 0,94 0.08
W, ms 35.849.1 38.0452% 308443 | 3362438 0.82 022 0.08 0.84
LV EDPVR, mmHg/mL | 0142004 | 023:007* | 009:001 | 015:002 | 003 <0.01 <001 008
LV ESPVR, mm Hg/mL | 3204116 | 356:1.73 | 2894110 | 335212 053 0.04 0.50 0.98
LY Ea, mm Hg/mL | 194:047 | 290:090t | 185:030 | 2382043 | <001 <0.01 0.25 0.03
LV EafEes ratio | 0664022 | 099:045t | 0712023 | 0742022 | <0.01 <0.01 0.60 0.04

Values are presented as meansSD. Significant p-values for comparison at baseline and exercise between groups are indicated, Ea indicates vascular load; Ea/
Ees, ventricular vascular coupling; EDP, end-diastolic pressure; EDPVR, end-diastolic pressure-volume relation; EDV, end-diastolic volume; EF, ejection fraction; ESP,
end-systalic pressure; ESPVR, end-systolic pressure-volume refation; ESY, end-systolic volume; LV, left ventricular; PA, pulmanary arterial pressure; PCWP, pulmonary
capillary wedge pressure; RM, repeated measures; RV, right ventricular; and SV, stroke volume.

*P<0.01.

1P=0.05.

HFpEF patients, indicating a systolic overcompensation  increased RV-Ees (0.49+0.16 versus 0.69+0.27 mmHg/

of arterial load. mL; P=0.04) with comparable x-axis intercepts at VO

(8.8+19.0 versus 16.3x17.2 mL; P=0.35). Patients in

> the HFpEF group demonstrated a higher end-diastol-

lnvastve Measures of Load-Independent ic RV stiffness, as assessed by i (0.018+0.003 versus
Function 0.012+0.003; P<0.01; Figure 2).

During caval balloon obstruction, sufficient preload

reduction with acquisition of a series of PV loops could
be achieved in 23 HFpEF and 9 control patients. The Hemodynamics Under Afterload

determined slope RV-Ees as load-independent marker Challenge
of intrinsic contractility did not show depressed systolic ~ Hemodynamic data at rest and during afterload chal-
RV function; on the contrary, HFpEF patients showed an  lenge are displayed in Table 2 and Figure 1. During
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Figure 1. Hemodynamic changes from baseline to handgrip exercise in heart failure with preserved ejection frac-

tion (HFpEF; red) and controls (blue).

EDP indicates end-diastolic pressure; EDV, end-diastolic volume; EDPVR, end-diastolic pressure-volume relation; ESP, end-systolic pres-
sure; ESPVR, end systolic pressure volume relation; ESV, end-systolic volume; RV, right ventricular; and RV-EA, pulmonary elastance.

handgrip exercise, LV-EDP, RV-EDP, LV-ESP, RV-ESF,
and pulmonary arterial pressures rose in both groups,
whereas the absolute changes for RV-EDP and pul-
monary capillary wedge pressures were significantly
greater in HFpEF patients. Eighteen patients (75%) with
HFpEF and 3 controls (33%) demonstrated PHT (mean
pulmonary artery pressure >30 mmHg; P=0.01).

Circ Heart Fail. 2018,11:e004121. DOI: 10.1161/CIRCHEARTFAILURE.117.004121

LV-Ea and RV-Ea increased in both groups, whereas
a greater change from baseline was noted in HFpEF
patients. RV-ESPVR and LV-ESPVR increased similarly in
both groups with significantly elevated RV-ESPVR lev-
els in HFpEF patients. Similarly, PAdp/dt+ increased in
both groups with a greater increase in HFpPEF patients
(4.3%1.7 versus 3.4+0.6 mmHg/s*mL; P=0.04). Con-
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Figure 2. Reduction of preload in heart failure with preserved ejection fraction (HFpEF; left column) and controls
(middle column) to determine load-independent markers of contractility (Ees slope) and stiffness (g; right column).

Ees indicates endsystolic elastance; and RV, right ventricular.

sequently, RV-Ea/Ees ratio increased in HFpEF patients
close to the values of the control patients, in whom
RV-Ea/Ees ratio was kept constant.

Under handgrip exercise, RV-t was shortened in con-
trol patients, whereas HFpEF patients showed a prolonga-
tion of RV-t, with a significant difference of the absolute
within-group changes and group-exercise interaction.
V-t rose only modestly during handgrip exercise, with
overall LV-t prolongation in HFpEF patients.

The RV-EDPVR and the LV-EDPVR increased sig-
nificantly during exercise in HFpEF patients with the
change from baseline to exercise being greater in HFpEF
than in controls.

RV-ESV similarly increased in both groups. Although
in controls RV-EDV increased with elevated RV-EDP
under afterload challenge, HFpEF patients failled to
increase their RV-EDV with a significant group—-exercise
interaction. Consequently, RV-SV was maintained from
baseline to exercise in controls but decreased in HFpEF
patients. Similarly, RV-EF decreased in the HFpEF group,
whereas control patients maintained their RV-EF on the
same level.

Although LV-EDV was nearly unchanged with after-
load intervention in HFpEF and in control patients, the
HF cohort showed a numerically higher increase in LV-
ESV, leading to changes of LV-SV and EFs comparable
to those of the RV,

Heart rate during exercise increased in both groups
with no significant differences.

As a result, in the HFpEF group, cardiac index increased
slightly from baseline to exercise with the heart rate

Circ Heart Fail. 2018;11:e004121. DOI: 10.1161/CIRCHEARTFAILURE.117.004121

increase compensating for the decrease in stoke vol-
umes but increased significantly more in control patients
during the afterload intervention (Figure 1; Table 2).

Above-described adaptions to handgrip exercise in
HFpEF patients resulted in a shift of the PV relation
upward at maximal exertion (Figure 3).

Analyzing only HFpEF patients with and without PHT
at rest (Tables | and Il in the Data Supplement) or with
and without PHT at exercise (Tables lll and IV in the Data
Supplement) did not alter the results significantly.

Similarly, considering only patients between the
age of 50 and 70 years for the analysis and adjusting
for age and sex yielded comparable results (Tables V
through VIl in the Data Supplement).

DISCUSSION

The present study builds on the recent evidence of RV
contribution to the HFpEF syndrome?*%'5'¢ and is the
first to characterize RV systolic and diastolic proper-
ties using a comprehensive approach with acquisition
of invasive PV tracings. This approach allowed differ-
entiating between load-independent systolic function
{RV-Ees slope), load-independent diastolic function (RV-
stiffness constant f3), and load-dependent parameters
of RV functionality (RV-EF, RV relaxation time constant
T, and change of RV-EDPVR).

The main findings are (1) at a compensated stage
of the HFpEF syndrome, intrinsic systolic RV contrac-
tility was not impaired compared with controls; (2)
abnormalities of RV diastolic function mirror those of
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Figure 3. End-diastolic pressure-volume ratios at baseline (solid lines) and exercise (dashed lines) for heart failure
with preserved ejection fraction (HFpEF; red) and control (blue).

Black curves represent the end-diastolic pressure-volume relationships determined by caval occlusion. Crosses indicate the
mean end-diastolic volume (with horizontal error bars indicating the SEM) and pressure (vertical error bars indicating SEM)
during baseline conditions (solid lines} and during handgrip exercise (dashed lines), RV indicates right ventricular.

the LV in our HFpEF cohort and can be summarized as
follows: increased load-independent RV stiffness and
impaired RV active relaxation; (3) pathological RV dia-
stolic function was associated with inappropriate RV
filling, consequentially leading to the inability to aug-
ment biventricular stroke volumes and cardiac output
during handgrip exercise.

RV Load-Independent Systolic Function

Previously, it has been demonstrated that a significant
proportion of HFpEF patients exhibits RV systolic dys-
function at rest* and during exercise® and that its pres-
ence is accompanied by an unfavorable prognosis. In
our study, RV-EF and PAdp/dt at rest were not impaired
in HFpEF patients compared with controls. End-systolic
stiffness, as reflected by RV-ESPVR, and load-indepen-
dent contractility, as reflected by RV-Ees, were even
elevated in our HFpEF cohort.

Several reasons might account for these findings. We
exclusively included compensated outpatients in our
study with no history of hospitalization for HF decom-
pensation and of younger age than patients in previ-
ous HFpEF studies. Patients with atrial fibrillation and
RV pacemakers, who were found to have a high prev-
alence of RV systolic dysfunction in previous studies,*
were excluded from the present analysis. Moreover,

Circ Heart Fail. 2018;11:e004121. DOI: 10.1161/CIRCHEARTFAILURE.117.004121

patients were recruited on the basis of the echocar-
diographic and proBNP level-based European Society
of Cardiology consensus criteria'® rather than Fram-
ingham criteria, which largely rely on clinical findings
reflecting right heart dysfunction. In summary, our
HFpEF patients were less diseased and younger than
those of other studies.”* As such, our HF patients like-
ly represent a compensated stage of HFpEF, at which
enhanced ventricular contractility and systolic stiffen-
ing allow the ventricles to compensate for chronic
and acute afterload increases."'”

RV Intrinsic Stiffness

In contrast, HFpEF patients showed increased intrinsic,
load-independent RV stiffness, mirroring the results of
the LV. For the LV, these functional abnormalities are
known to be secondary to diffuse interstitial fibrosis
{extracellular stiffness), as well as alterations of the
cytoskeleton such as titin (intracellular stiffness).*'®

Mechanisms of increased RV stiffness in our HFpEF
patients remain speculative. So far, a single study in
PHT patients demonstrated increased extra- and intra-
cellular stiffness of the chronically pressure overloaded
RV, comparable to changes found in the LV of HFpEF
patients.” The increase in stiffness has been linked to a
high degree of chronic pressure overload.??°
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HFpEF patients in our study exhibited only a mild
degree of RV pressure overload. The finding of increased
RV stiffness in this young HFpEF cohort without overt
RV pressure overload is even more intriguing and pro-
poses the following: (1) RV stiffness represents an inde-
pendent pathological entity of the HFpEF syndrome; (2)
RV stiffening cannot solely be explained by RV pressure
overload,

Alternatively, it is plausible to reason that the same
pathways responsible for increased LV myofibril stiff-
ness, namely, exposure of the myocardium to a system-
ic proinflammatory state, limited NO bioavailability, and
decrease in protein kinase G-mediated cellular process-
es, might play a major role in RV stiffening,'® although
a considerable degree of overlap is likely.

Ventricular Relaxation and Adaptation
to Handgrip Exercise

Acute afterload challenge led to an upward, rather than
rightward, shift of the PV relation as seen in controls
and considered as physiological adaptation to dynamic
exercise.' Somewhat counterintuitively, RV filling pres-
sures rose even in the absence of enhanced RV preload.
However, similar findings have been demonstrated for
the LV in response to handgrip,'” as well as dynamic
exercise.?’

Elevated intrinsic RV stiffness, determined via the
preload reduction maneuver, cannot fully explain the
unproportional rise in RV-EDP in our HFpEF patients in
absence of increased preload, as it represents a non-
dynamic component of stiffness, which remains unaf-
fected by afterload.

Alternatively, changes in relaxation patterns are likely
to contribute to higher filling pressures with afterload
increases. As mild afterload increases reduce ventricular
relaxation time, more pronounced or late systolic after-
load increases lead to premature onset and slowing
of active relaxation.???* Here, we present data imply-
ing that these concepts can also be applied to the RV,
with impairments in RV relaxation with increased RV
afterload during handgrip exercise. This phenomenon is
further exaggerated with higher heart rates and short-
ening of diastole, which eventually leads to incomplete
relaxation and unproportional elevation of filling pres-
sures,”*#> Pathophysiologically, abnormal intracardiac
calcium handling or altered B-adrenergic downstream
signaling may relate to this heightened diastolic after-
load sensitivity in HFpEF patients.?%%

Intrathoracic pressure levels can also influence PV
measurements. However, their confounding effects
were minimized by deriving parameters at resting
expiratory level at baseline and as the mean of inspira-
tion and expiration under handarip exercise. Also, care
was taken to avoid Valsalva maneuvers under hand-

gripping.

Circ Heart Fail. 2018;11:e004121. DOI: 10.1161/CIRCHEARTFAILURE.117.004121

Furthermore, interactions of the ventricles have to
be considered given the shared myofiber anatomy and
their spatial relations relative to the common septum
and pericardial space. Indeed, parallel upward shifting
of the RV and LV PV relations has been demonstrated
with handgrip exercise. This has been thought to be
mediated in part by pericardial constraint, as deter-
mined by exclusion and experimental setups showing
RV distension under afterload challenges at constant
heart rates.?® In our study, total biventricular volume
was not increased with the exercise maneuver. Thus,
pericardial restraint must be considered a rather unlikely
explanation for the observed biventricular PV changes.
However, as total intracardiac volume was not assessed
under handgrip exercise, a contribution of pericardial-
ventricular interaction cannot fully be excluded.

Importantly, load-independent and load-dependent
RV diastolic dysfunction was associated with limited
RV filling during handgrip exercise and a lack of car-
diac output reserve in our study. Direct causality and
discrimination of different contributions to RV filling
restrictions is obviously difficult. RV filling depends not
only on RV diastolic function but also on LV forward
flow. The inextricably linked functions of both ventricles
in the structurally normal and abnormal heart prohibit
an approach of focusing on one ventricle more than on
the other. On the basis our findings, we would argue
that alterations in RV filling represent an important fac-
tor in the complex hemodynamic pathophysiology of
HFpEF patients, equally important as LV abnormalities.

RV filling is also influenced by the ability to recruit
unstressed volume during exercise.*® This might be
limited by a handagrip exercise protocol, given the pre-
dominant pressure work rather than volume work,*
the recumbent position, the shortness of the interven-
tion, and the rather small muscle mass involved in the
intervention. However, because exercise RV filling was
increased in controls, these confounding effects should
be considered as minor.

Together, our findings imply that pathological find-
ings known to affect LV function in HFpEF also apply
to the opposite ventricle, even at a compensated stage
and in absence of overt pressure overload. RV diastolic
abnormalities most likely contribute substantially to car-
diac maladaptation to exercise and thereby to the clini-
cal syndrome of HFpEF. Well-designed studies are war-
ranted to clarify the natural course of PHT in HFpEF and
the impact of elevated pulmonary vascular load on RV
myocardial remodeling in HFpEF and identify potential
treatment targets specifically addressing the enhance-
ment of RV function.

Limitations
Our study is limited by the small sample size, as a result

of the highly invasive study protocol. This renders the
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results susceptible to a type | error, which cannot be
excluded in this study. Interpretation of results and con-
clusions should, therefore, be considered as hypothesis
generating only.

Baseline characteristics of HFpEF patients and con-
trol patients differed in sex and body mass index, which
are known to have an impact on RV function,?

The control group showed an extensive cardiovas-
cular risk profile, as they were to have an indication
for invasive catheterization for exclusion of CAD and
consequently should not be referred to as healthy sub-
jects. However, comparing our HFpEF cohort with a
truly healthy population would have even aggravated
the observed differences between groups.

The study protocol included an afterload challenge
using handgrip exercise, which is known to elicit pre-
dominantly cardiac pressure rather than volume work.
Although we think that this method facilitated new
insights in RV pathology, mechanisms of intolerance
to dynamic exercise in HFpEF patients are likely to be
manifold and cannot be explained by RV dysfunction
alone.

Finally, given the low percentage of patients with
PHT compared with previous reports on RV function in
HFpEF,*#32 results might not be applicable to patients
with significant pulmonary vascular disease. Similarly,
patients with atrial fibrillation and pacemaker implants
were excluded, although it is known that this HFpEF
cohort is associated with RV dysfunction and PHT.*
Nevertheless, mean PAP was comparable to previous
HFpEF trials,”* and the evidence of RV pathology in
the absence of relevant RV pressure overload empha-
sizes an independent role of intrinsic RV changes in the
HFpEF syndrome.

Conclusions

RV intrinsic stiffening is part of HFpEF pathophysiology
already at a compensated disease stage, presumably
proceeding RV systolic dysfunction. Alterations in RV
diastolic function are associated with limitations in RV
filling and are likely to contribute to exercise intoler-
ance. RV dysfunctional diastology should be added to
the numerous entities associated with the clinical syn-
drome of HFpEF, which warrants consideration when
characterizing HFpEF patients.
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Abstract

Background Right ventricular (RV) function is prognostically relevant in heart failure with preserved ejection fraction
(HFpEF) but data on profound assessment of RV and right atrial (RA) interaction in HFpEF are lacking. The current study
characterizes RV and RA interaction using invasive pressure~volume-loop analysis and cardiac magnetic resonance imag-
ing (CMR) data.

Methods and results We performed CMR and myocardial feature-tracking in 24 HFpEF patients and 12 patients without
HFpEF. Invasive pressure-volume-loops were obtained to evaluate systolic and diastolic RV properties. RV early filling
was determined from CMR RV volume-time curves. RV systolic function was slightly increased in HFpEF (RV EF 68 + 8
vs. 60+9%, p=0.01), while no differences in RV stroke volume were found (45 +7 vs 4249 ml/m’, p=0.32). RV carly
filling was decreased in HFpEF (21 £ 11 vs. 40+ 1 1% of RV filling volume, p < 0.01) and RV early filling was the strongest
predictor for VO, even after inclusion of invasively derived RV stiffness and relaxation constant (Beta 0.63, p<0.01). RA
conduit-function was lower in HFpEF (RA conduit-strain — 11 35 vs. — 16 4%, p <0.01) while RA booster-pump-function
was increased (RA active-strain — I8+ 6 vs. — 12 +6%, p=0.01) as a compensation. RV filling was associated with RA
conduit-function (r=—0.55, p <0.01) but not with invasively derived RV relaxation constant.

Conclusion In compensated HFpEF patients RV ecarly filling was impaired and compensated by increased RA booster
pump function, while RV systolic function was preserved. Impaired RV diastology and RA-RV interaction were linked to
impaired exercise tolerance and RA-RV-coupling seems to be independent of RV relaxation, suggestive of an independent
pathophysiological contribution of RA dysfunction in HFpEF.

Clinical-Trial-Registration NCT02459626 (www.clinicaltrials.gov).

Keywords Heart failure - Preserved ejection fraction - Right heart - Magnetic resonance imaging - Feature tracking -
Pressure-volume-loops - Right atrium

Introduction

Growing evidence suggests an important functional and
prognostic role of right heart dysfunction in heart failure
with preserved ejection fraction (HFpEF) | 1-4]. Pathophysi-
ological mechanisms include exercise-induced pulmonary
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hypertension (PH), impaired right ventricular—pulmonary
arterial coupling and right ventricular dysfunction (RVD)
[1-6]. Large-size studies show prognostic importance
of RVD [2, 3] and right atrial (RA) mechanics [7], but
pathophysiological understanding of RV and RA function,
RA-RV interaction and their relation to exercise intolerance
remains low in HFpEF, Earlier research proposed RV dias-
tolic dysfunction as a consequence of impaired RV systolic
function [8]. but only recently we could demonstrate that
already in compensated stages of the HFpEF syndrome with
preserved systolic RV function, RV diastolic dysfunction
is present and associated with impaired RV filling and a
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blunted increase in cardiac output during handgrip exercise
[6].

The assessment of RH chamber interplay is hampered
given the complexity of RH geometry and cardiac mag-
netic resonance imaging (CMR) is considered the reference
standard for imaging of the RH [9]. CMR feature tracking
(CMR-FT) allows for quantification of myocardial deforma-
tion from standard steady-state free precession sequences
without the need for myocardial tagging [10].

RV systolic and diastolic functional parameters are highly
load-dependent and pressure—volume-loop (PVL) analysis
using high-fidelity conductance catheters under altered load-
ing conditions gives the opportunity to study load-independ-
ent markers of RV function [11].

The present study, therefore, investigated RA and RV
function in HFpEF patients and controls without prior heart
failure related hospital admissions using CMR, CMR-FT and
high-fidelity PVL analysis. We sought to identify systolic
and diastolic RV and RA properties, RA-RV-interaction
and clarify their influence on impaired exercise tolerance in
compensated HFpEF patients.

Methods
Study protocol

The current study is a substudy of the STIFFMAP-trial
(NCT02459626) [12] and patient selection is described
elsewhere [12, 13]. In brief, outpatients referred for coro-
nary angiogram at the University of Leipzig Heart Center for
diagnostic work up of exertional dyspnea and/or suspected
coronary artery disease were prospectively recruited. As part
of the initial screening, echocardiography was performed.
Patients were stratified as HFpEF or controls according to
the following criteria:

HFpEF: (1) signs and symptoms of heart failure (New
York Heart Association class (NYHA) > II) AND (2) echo-
cardiographic signs of diastolic dysfunction according to
the consensus paper of the European Society of Cardiology
[14] (LV-EF > 50%, and E/E'> 15 OR E/E'=8-15 and an
elevation in NT-proBNP (Cobas, Elecsys NT-proBNP 11,
Roche, Basel, Switzerland; assay-specific elevations over
220 pg/mL).

Controls: (1) be free of heart failure symptoms (2) have
an LV-EF > 50% and be free of echocardiographic signs of
severe diastolic dysfunction (E/E" <8). Exclusion criteria
from the study were relevant coronary artery disease, con-
traindication to CMR imaging. acute coronary syndrome,
more than mild valvular disease or atrial fibrillation during
CMR/cardiac catheterization.

Subsequently, eligible patients underwent the study pro-
cedures: on day 1 cardiopulmonary exercise testing and on
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day 2 CMR and invasive catheterization (CC) were per-
formed consecutively and within a 5 h time window. To
ensure comparable levels of intravascular volumes in a fast-
ing state and to improve invasive RV measurements, 500 ml
Ringer’s lactate solution were infused intravenously 1-2 h
prior to CMR and CC. The study was approved by the local
ethics committee and all patients gave written informed
consent.

Echocardiography

Transthoracic echocardiography was performed on Vivid
EY (GE Healthcare, Chalfont St. Giles, Great Britain) and
analysis was performed offline using commercially avail-
able software (Echopac PC 6.1.0, GE Healthcare). LV size
and function were quantified according to current guide-
lines [15]. Diastolic properties were assessed according to
guidelines [14] by determining transmitral early (E-wave)
and late (A-wave) flow velocities on pulsed wave Doppler
and by tissue Doppler peak diastolic velocities of the septal
and lateral mitral annulus (£"). The E/E" ratio was calculated,

Exercise testing

Spiroergometry was performed on a supine bicycle ergom-
eter (Ergoline, Germany). Work rate was started with
2040 W with stepwise increased workload of 10-20 W/
min. Patients were instructed to maintain a pedaling rate of
60 rotations/min and encouraged to exercise until exhaus-
tion. VO, and CO, production were measured on a breath-to-
breath basis and calculated using established methodology
(ZAN 600, ZAN, Steyr-Dietach, Austria). Peak VO, and
respiratory exchange ratio (RER) were measured in the last
20 s at maximal exercise defining peak VO, as the highest
VO, obtained during an adequately performed test [16].

CMR protocol

A 1.5-T scanner (Philips Intera, Phillips, Best, The Nether-
lands) was used for CMR-scans. Steady-state free precession
(SSFP) sequences were obtained in two and four chamber
views, as well as a short axes cine stack covering the left and
right ventricle (repetition time 3.8 ms, echo time 1.6 ms, flip
angle 60°, voxel size 1.25x 1.25 x8 mm?, 8-10 mm slice
thickness). Volumetric assessment was performed offline
using commercially available software (cmr42, Circle Car-
diovascular Imaging Inc., Calgary, Alberta, Canada). Right-
and left-ventricular (RV/LV) end-diastolic and end-systolic
volumes (EDV, ESV) and ejection fraction (EF) were meas-
ured from the short axis stack. All volumes were normalized
to body surface area (BSA). RA area and length were meas-
ured in the four-chamber view. RA volumes were measured
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at maximal volume, before atrial contraction and minimal
volume using the area-length method.

For assessment of RV filling properties, RV volumes
throughout the cardiac cycle were measured in RV short
axis stack. Duration of RV diastole was measured and early
diastole was defined as first 1/3 and late diastole as last 2/3
[17]. RV mass was calculated using a commercially avail-
able post-processing software (QMass®, Version 3.1.16.0.
Medis Medical Imaging Systems. Leiden, Netherlands) [18].

Feature tracking

RA and RV CMR-FT was performed using dedicated
software (TomTec Imaging Systems, 2D CPA MR, Ver-
sion 1.1.2.36. Unterschleissheim, Germany) as previously
described [19, 20]. Temporal solution was 30 frames/car-
diac cycle. RA and RV endocardial borders were manu-
ally traced in the four-chamber view at end-diastole with
subsequent application of an automated tracking algorithm
(Fig. 1). In case of insufficient automated border tracking,
manual adjustments were made to the initial contour and the
algorithm was reapplied, If the tracking quality was not suf-
ficient, e.g., due to the presence of Eustachian valve or right
atrial appendage. the corresponding segment was excluded
from the analysis. Tracking was repeated for three times and
the respective averages of these repetitions were used for fur-
ther analyses [19, 20]. RA and RV longitudinal strain curves
were generated and three aspects were analyzed: RA: total
strain, conduit strain and active strain. RV: systolic strain,
early diastolic strain and RV strain at atrial contraction. Fig-
ure 1 shows exemplary strain curves of a control patient and

explanations. Negative values mean shortening, accordingly
better RV systolic strain means higher negative values.

Cardiac catheterization protocol

Standard invasive coronary angiography was performed
via right femoral artery access to exclude significant
CAD; patients with indication for the treatment of epi-
cardial stenosis were excluded. Pulmonary artery pres-
sures (PAP) as well as pulmonary capillary wedge pres-
sures (PCWP) were determined via standard right heart
catheterization and all pressures were measured at end-
expiration and represent the mean of > 3 beats. LV-EDP
and PCWP were verified based on characteristic wave-
forms and appearance on fluoroscopy. Via right femo-
ral venous access a seven-French conductance catheter
(CC.CD Leycom, Zoetermeer, Netherlands) was advanced
into the right ventricle under fluoroscopy. Correct cath-
eter position was determined by angiographic evidence
of a centered position in the ventricle and by monitor-
ing individual segmental pressure-volume loops. Sig-
nals were analyzed on a pressure—volume (PV) signal
processor (Inca, CD Leycom). Real-time continuous RV
pressure and volume signals were recorded for 10 s at
baseline at resting expiratory level, with volume cali-
bration performed using RV volumetric data from the
preceding CMR scan. To examine load-independent
properties of the RV a family of P-V-loops was gener-
ated by preload reduction. This was realized performing
a transient occlusion of the inferior vena cava by infla-
tion of an Amplatzer sizing balloon (St. Jude Medical,
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Fig. 1 Strain curves of a control patient: a (left): RA strain curve showing RA total. conduit and active strain (“booster pump”). b (Right): RV
strain curve showing RV systolic, early diastolic and RV strain at atrial contraction
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Saint Paul, USA). Care was taken to record data under
resting expiratory level and the maneuver was repeated
in case the investigators detected abrupt and unpropor-
tional changes in pressure or volumes. To assess intrinsic
contractility the slope of the endsystolic elastance (Ees)
was determined as the linear relationship through the
endsystolic-pressure-volume-relations during preload
reduction. Hereby right-ventricular end-systolic pressure
(RVESP) and its corresponding volume were determined
using electrocardiographic triggering to ensure pressure
readings at end-systole as opposed to maximal ejection/
pressure. End-systolic volume at end-systolic pressure
of 0 (V0) and 30 mmHg (V30) were derived from the
lincar Ees curve. Intrinsic RV stiffness was assessed by
extrapolating the load-independent RV stiffness constant
(Beta) from the enddiastolic-pressure—volume relations
{EDPVR) and the formula EDP = C*eBeta*EDYV, where
EDP is RV-enddiastolic pressure (RV-EDP), C is a fitting
constant and EDV is RV-enddiastolic volume (RV-EDV),
applying the methods established for the LV [11]. End-
diastolic volume at end-diastolic pressure of 10 mmHg
was derived from the extrapolated stiffness curve. Loops
were analyzed from the last heartbeat before the onset
of volume/pressure decline for a minimum of five beats
without increase in heart rate. Curve-fitting was realized
through Microsoft Excel (version 14.0). The time constant
of active relaxation (r) was calculated after the method
of Mirsky [21], which evaluates the time needed for RV-
pressure to fall to one half of its value from peak rate of
RV pressure fall (dP/dtmin).

Statistics

Data for continuous variables are presented as
mean + standard deviation (SD), if normally distributed,
or as median and interquartile range (IQR) if non-normally
distributed. Distribution was tested using Shapiro-Wilk
test. Categorical variables are presented as frequencies
and percentages. Comparisons between groups were made
using Fisher's exact test for categorical variables. Con-
tinuous variables were compared with unpaired 1 tests or
nonparametric Mann—Whitney U test where appropriate,

Pearson's () and Spearman’s (p) test were used as
appropriate to find factors associated with VO, . and
early RV filling. Univariate linear regression analysis and
stepwise forward multivariable linear regression analysis
were performed to search and control for influencing fac-
tors of VO, ., in the whole cohort and partial correlation
was analyzed. Different models were calculated includ-
ing the factors which were strongest correlated (with
p =0.005) with VO,,,... Standardized beta coeflicients
{Beta) are reported for multivariable regression analysis.
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Results
Clinical and demographic data

A total of 46 patients were recruited and underwent CMR
and cardiac catheterization (CC). Out of them. ten patients
were excluded in the course of the study: two patients had
atrial fibrillation during CC, two had incomplete CMR
studies and in five patients significant CAD was found. One
considerably younger control subject (34 years) than the
remaining population was also excluded from the analysis,
Finally, 24 HFpEF patients and 12 control subjects were
analyzed. All patients were stable outpatients without prior
hospitalization for heart failure. Baseline characteristics are
shown in Table 1.

HFpEF patients were older, more often female, had a
higher body mass index and were more often hypertensive,
CC in control patients was indicated to exclude CAD in case
of chest pain and/or an increased cardiovascular risk profile
with high prevalence of diabetes, HLP and smoking. No
significant differences were found with regard to medication.
Elevation of NT-proBNP was present in 2/3rds of HFpEF
patients, who all reported exertional dyspnea, predominantly
in NYHA class IL.

Functional capacity and maximal oxygen uptake were
reduced in HFpEF patients (94 £33 vs. 154 +43 W,
p<0.0001: VO, 17+5 vs. 28 +8 ml/(kg*min), p=0.001).

Echocardiography and CMR

While no differences with regard to LV-size (LV-EDV
72414 vs. 71 + 15 ml/m’, p=0.74) and—function (LVEF
60+7 vs. 60+ 8%, p=0.91) were found, HFpEF patients
showed typical echocardiographic features of diastolic dys-
function with higher transmitral E-wave velocities (0.9 +0.2
vs. 0.7£0.1 m/s, p=0.001) and decreased septal and lat-
eral E'-velocities (septal 0.06 +£0.02 vs. 0.08 +0.01 m/s,
p=0.0002; lateral 0.07+0.02 vs. 0.124+0.03 m/s,
p=0.00003), resulting in higher E/E" ratios [14.5 (IQR
11.3-16.2) vs. 7.4 (IQR 6.7-7.7), p £0.00001]. No signs
of RV hypertrophy were present in HFpEF patients (RV
mass 53.6 + 10.6 g in HFpEF and 60.9 +8.9 g in controls,
p=0.,051). Results are shown in Table 2.

Invasive hemodynamic and pressure-volume loop
measurements

Results are shown in Table 2. Right ventricular pres-

sure—volume loops were of sufficient quality in 23 patients
in the HFpEF group and in nine controls. HFpEF patients
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Table 1 Baseline characteristics

HFpEF (n=24) Control (n=12) p
Age (years) 69 (IQR 63-71) 56 (IQR 54-67) 0.02
Female sex 21724 (88%) 39 (25%) <0.0001
BMI (kg/m®) 044 2743 0.02
NT-proBNP-glevation 16424 (67%) W12 (0%) <0.0001
NT-proBNP (pg/ml) 331 (IQR 187-496) 51 (IQR 28-79) <0.0001
NYHA I (024 (0%%) 1212 (1007%) <0.0001
NYHA I 19/24 (79%) 09 (0%)
NYHA Il 524 (21%) o9 (0%)
Systolic BP (mmHg) 156+ 13 153+ 16 0.54
Diastolic BP (mmHg) 8049 8049 0.95
Hypertension 23/24 (96%) 8/12(67%) 0.03
Hypercholesterolemia 21724 (88%) 1112 (92%) 1.0
Diabetes mellitus 524 (21%) 412 (33%) 0.44
Smoking 2124 (8%) 8/12 (80%) 0.001
COPD 2124 (8%) W12 (0%) (.54
Paroxysmal atrial fibrillation 624 (25%) W12 (0%) 0.08
B-blockers 10724 (42%) 212(17%) 0.26
ACE-inhibitors/ARB 17724 (T1%) 5/12(42%) 0.15
Ca’*-antagonist 9/24 (38%) 3712 (25%) 0.71
Aldosterone antagonists 024 (0%) W12 (0%) n.a.
Statins 10024 (42%) 4/12(33%) 0.73
Diuretics 9724 (38%) 112 (9%) 0.07
ECG PQ duration (ms) 177427 1704 18 041
ECG QRS duration (ms) 99425 92+22 0.39

Values are presented as mean +standard deviation, medians + interquartile range or frequencies (percent-
ages), p values below the significance level of 0.05 are highlighted in bold

BMI body mass index, BP blood pressure, nf-pro-BNP n-terminal propeptide brain-natriuretic-peptide,
NYHA New York heart association class, COPD chronic obstructive lung disease, OSA obstructive sleep
apnea, ACE angiotensin converting enzyme, ARB angiotensin receptor blocker

had higher left ventricular end-diastolic pressure (19+3
vs. 13+3 mmHg, p=0.00008) and higher PCWP (13 +4
vs. 8+ 3 mmHg, p=0.0006), while left ventricular end-
systolic pressure was similar in both groups. Systolic pul-
monary artery pressure (sPAP, 35 +8 vs. 28 +4 mmHg,
p=0.01) and mean pulmonary artery pressure (mPAP,
24 +6vs. 17+3 mmHg, p=0.001) were higher in HFpEF
patients. One-third (n =8) of HFpEF patients was found
to have postcapillary PH at rest (mPAP > 25 mmHg).
while none of the control patients showed PH (p=0.02).
RV end-systolic elastance was slightly higher in HFpEFs
[RV-Ees, 0.65 (IQR 0.56-0.85) vs. 0.51 (IQR 0.42-0.53),
p=0.009] with no difference in end-systolic volume at an
end-systolic pressure of 30 mmHg (p =0.48), No statisti-
cally significant differences were found in pulmonary arte-
rial elastance (p=0.21) or RV to PA coupling (p=10.29).
RV intrinsic stiffness constant f was significantly higher
in HFpEF (0.019 4+ 0.003 vs. 0.012 4+ 0.003, p <0.0001).
as well as relaxation constant Tau (38 +£8 vs. 30+ 8 ms,
p=0.02).

Right ventricular systolic function

While no significant differences between HFpEF and con-
trols with regard to RV stroke volume (45+7 vs 42+9 ml/
m?, p=0.32) or RV end-diastolic volume (66+ 12 vs,
70+ 13 mi/m?, p=0.41} were found, RV end-systolic vol-
ume (21 +8 vs 28 +8 ml/m*, p=0.03) was significantly
lower in HFpEF, resulting in a higher RVEF (68 +8 vs.
60+9, p=0.01). RV systolic strain was also higher in
HFpEF [-23 (IQR —=22 to —27) vs. =21 (IQR - 19 to
—23) %, p=0.04) showing preserved or slightly increased
RV function as compared to controls.

Right ventricular diastolic function

Investigating diastolic function, strain analysis revealed no
differences in RV early diastolic strain (12435 vs. 13 +3%,
p=0.56) but RV strain at atrial contraction was signifi-
cantly higher in HFpEF as compared to controls (13 +4
vs 8+ 3%, p=0.001). Filling volume at early diastole
was significantly lower in HFpEF patients (21 £11 vs.
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Table2 CMR

CMR HFpEF (n=24) Control (n=12) P

LV-EDV (ml/m?) T2:14 71415 0.74

LV-ESV (m/m” 1) 20+9 29+ 10 0.94

LV-EF (%) 60«7 60+ 0.91

LV-stroke volume (ml/m”) 4319 4249 0.69

Echocardiography

Transmitral E-V__ (m/s) 09+0.2 0.740.1 0.001

Transmitral A=V, (m/s) 08+0.2 0.7+0.1 0.16

EIA, (ratio) 1.02 (IQR 0.82-1.56) 0.91 (IQR 0.78-1.16) 0.46

E' septal (m/s) 0.0640.02 0.08+0.01 0.0002

E" lateral (m/s) 0.07+0.02 0.12+0.03 0.00003

EIE" (mean) 145 (IQR 11.3-16.2) 74 (IQR 6.7-7.7) <0.00001

Tricuspid regurgitation

Trace/mild 24424 (100%) 1212 (100%) n.a.

Moderate/severe 024 (0%) 012 (0%)

Invasive measures
Heart rate (/min) 69411 7247 0.45
LV-ESP (mmHg) 155+22 146 £ 17 0.19
LV-EDP (mmHg) 19%3 133 0.00008
PCWP (mmHg) 1344 843 0.0006
RV-ESP (mmHg) 33x9 27x2 0.01
RV-EDP (mmHg) T7+2 4+1 <0.001
Systolic PA pressure (mmHg) 3548 2844 0.01
Mean PA pressure (mmHg) 24+6 1743 0.001
Mean PA pressure > 25 mmHg 8/24 (33%) 12 (0%) 0.02

n=23 n=9

RV end-systolic pressure volume relation mmHg/m! 0.59 (IQR 0.41-0.75) 0.38 (IQR 0.30-0.44) 0.009

RV-capacity at ESP 0 mmHg (V0, ml/m?) -08+13.0 22+98 0.49

RV-capacity at ESP 30 mmHg (V30, mi/m®) 2614 2946 0.48

RV end-systolic elastance (Ees) (mmHg/ml) 0.65 (IQR 0.56-0.85) 0.51 (IQR 0.424.53) 0.009

Pulmonary arterial elastance (Ea) (mmHg/ml) 035 (IQR 0.21-0.47) 0.29 (IQR 0.23-0.32) 0.21

RV-Ea/Ees ratio 0.62 (IQR 0.44-0.62) 0.73 (IQR 0.56-0.82) 0.29

RV-Tau (ms) 3848 3048 0.02

RV end-diastolic pressure-volume-relationship fitting constant  0.75+0.47 0.93+0.53 0.39
(€

RV-capacity at EDP 10 mmHg (ml/m?) 82+26 113£25 0.008

RV-stiffness (8) 0.019+0.003 0.01240.003 <0.0001

Values are presented as mean + standard deviation or medians 4 interquartile range, p values below the significance level of (.05 are highlighted

in bold

E/E'avg E' avg is caleulated as (E'septal + Elateral)/2, LV lefi-ventricular, RV right-ventricular, PCWP pulmonary capillary wedge pressure, PA
pulmonary artery. ESP endsystolic pressure, EDP enddiastolic pressure, Tau time constant of relaxation

40+ 11% of RV filling volume, p <0.0001) and signifi-
cantly higher at filling during last 2/3 of diastole (79 + 11
vs. 60+ 11% of RV filling volume, p £0.0001), thus strain
and volumetric assessment together revealed a pattern of
impaired early ventricular filling with compensatory filling
during right atrial contraction. Results of RV volumetric
and strain analysis are shown in Fig. 2.
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Right atrial function

Volumetric assessment showed no differences with respect
to maximal RA volume (36 11 vs. 34 + 10 mli/m?, p=0.5)
and RA total EF (54«10 vs. 50+ 8%, p=0.26), but RA
passive EF—during early ventricular filling—was signifi-
cantly lower in HFpEF (17 +8 vs 24 +9%, p=0.02) while
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Fig.2 a (Left): right ventricular volumes: RVEDYV right ventricular end diastolic volume, RVESV right ventricular end systolic volume, RVEF
right ventricular ejection fraction. b (Right): right ventricular systolic strain, early diastolic strain and strain at atrial contraction

RA active EF (booster pump function) was higher (45+ 10
vs 34+ 8%, p=0.005). Strain measurements revealed similar
patterns with RA total strain being comparable between both
groups (29 +7 vs. 28 + 5%, p=0.68) in contrast to RA con-
duit strain, which was significantly lower in HFpEF (= 11 £5
vs, — 16+ 4%, p=0.002) and which was compensated by
higher RA active strain (= 18+6 vs. — 12+ 6%, p=0.01.
Fig. 3).

RA-RV interaction

RA and RV function were closely related throughout the
cardiac cycle with special emphasis on diastology: RV early
diastolic strain was inversely related to RA conduit strain
(r=-0.72, p<0.0001) and RV diastolic strain at atrial con-
traction was inversely related to RA active strain (r=—10.72,
p=<0.0001). Inverse correlation in this case describes the
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amount of atrial contraction during ventricular relaxation.
Figure 4b shows atrial and ventricular strain curves of one
representative HFpEF and control patient.

Association with maximal oxygen uptake

Features associated with maximal oxygen uptake are shown
in Table 3. Factors with strongest positive association were
carly RV filling (r=0.61, p=0.0008), RA conduit strain
(r=-—10.54, p=0.001. negative strain means contraction
and stronger atrial contraction is associated with increased
VO,,...) and RV early diastolic strain (r=0.36, p=0.03).
Negatively associated with VO, = were RV strain at atrial
contraction (r=-10.54, p=0.001), NT-proBNP-elevation
(p=-0.33, p=0.001), age (p=-0.49, p=0.003) and
female sex (p=-0.42, p=0.01). Multivariable stepwise
regression analysis including early ventricular filling,

B
p=0.68
40 — @8 HFpEF
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20+ p<0.05 p<0.05
i —
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Fig.3 a (Left): RA function according to volumetric measurements: RAEF RA ejection fraction. b (Right): RA strain measurements: 5 RA

total strain, £e RA conduit strain, ea RA active strain (“hooster pump™)
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Fig.4 a (Top lefl): RV stroke volume and RV filling as percentage
of RV filling volume in HFpEF and controls. b (Top right): repre-
sentative RA (dotted line) and RV (straight line) strain curves of one
HFpEF (red) and one control (blue) patient: RA conduit strain is

NT-proBNP-elevation and age revealed a standardized Beta
for carly ventricular filling of 0.39 (p=0.007). highlighting
the preserved importance of early RV filling in the context of
strong baseline characteristics with regard to VO,, ... When
including early ventricular filling, invasively derived RV
relaxation constant Tau and stiffness constant # into multi-
variable regression analysis, RV early filling remained the
only independent predictor of VO,, . (standardized 7 0.63,
p=0.0003). In different models including early ventricu-
lar filling and markers of vascular load (pulmonary arterial
clastance, SPAP or mPAP), carly ventricular filling remained
the only independent predictor of VO, .. Figure 4 depicts
the association of right ventricular early filling and VO,

Right ventricular early filling and diastolic function

Better RV early filling was associated with a pattern of
higher RA conduit strain (r=-0.55, p=0.0005) and
RV early diastolic strain (r=0.43, p=0.01). Markers of
higher RV systolic contraction [end-systolic elastance
(p=-0.54, p=0.003), RV EF (r=~047, p=0.004)] and
increased active RA contraction [RA active strain (r=0.535,
p=0.0005). RV strain during atrial contraction (r=—0.59,

@ Springer
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impaired and RA active strain increased in HFpEF with correspond-
ing ventricular motion. ¢ (Bottom left): correlation of early RV fill-
ing with maximal oxygen uptake. d (Bottom right): correlation of RA
conduit strain and early RV filling

p=0,0002)] were associated with impaired early ventricular
filling. No significant correlations with relaxation constant
Tau or RV stiffness constant f were found, suggesting a
mechanism of early RV filling independent of RV relaxation
and stiffness and related to RA conduit function. Results are
shown in Table 4 and Fig. 4c. d.

Discussion

The current study investigated systolic and diastolic RV and
RA properties in HFpEF using CMR, CMR-FT and invasive
PVL analysis.

The main findings can be summarized as follows:

1. At a compensated stage of HFpEF, early RV filling is
disturbed and linked to exercise intolerance. Ventricular
filling at rest is compensated by increased RA booster
pump function and correspondingly increased RV filling
in late diastole.

2. Although RV diastology is characterized by increased
RV stiffness and myocardial relaxation, functional
impairments are associated with RA conduit function,
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Table3 Univariate correlation with maximal oxygen uptake [ml/
(kg*min)]

Table 4 Univariate correlation with RV ecarly filling (% of RV stroke
volume)

Correlation p

Correlation P

coefficient coefhicient

RV early filling (% of RV stroke volume) r=061 0.00008 RV diastolic strain at atrial contraction (%) =-~059  0.0002
RA conduit strain ge (= %) r=0.54 0.001 RA conduit strain ge (= %) r=0.55 0.0005
RV diastolic strain at atrial contraction (%)  r=-0.54 0,001 RA active strain ea (— %) r=—0.55 0.001
NT-proBNP elevation p==053 0,001 RV end-systolic elastance (Ees, mmHg/ml)  p=-054  0.003
Age (years) p==049 0,003 RV EF Total (%) r=~047 0004
Sex (female) p=—042 001 Sex (female) p==047  0.004
Pulmonary arterial elastance (Ea, mmHg/ml) p=-040 0,03 NT-proBNP elevation p==043 001
BMI (kg/m?) r==038 002 RV early diastolic strain (%) r=043 0.009
RV carly diastolic strain (%) r=0.36 0.03 Pulmonary arterial elastance (Ea, mmHg/ml)  p=-0.39  0.03
RA active strain ea (— %) r==035 004 Mean PA pressure (mmHg) r=—035 0.4
RV end-systolic elastance (Ees, mmHg/ml)  p=-036 0.06 BMI (kg/m?) r=~034  0.04
RV-Stiffness (B) r=—034 007 Age (years) p=—033  0.046
RV-Tau (ms) r=-=029 011 RV-Stifiness (B) r=—0.3 0.12
RV EF Total (%) r==027 0.2 Systolic PA pressure (mmHg) r==029 009
Systolic PA pressure (mmHg) r=-025 0.14 RA total strain g5 (%) r=—0.00 0.63
RV systolic strain (= %) p==021 022 RV stroke volume (ml/m?) r=—0.09 059
RV-Ea/Ees ratio p=0.15 0.41 RV systoli¢ strain (— %) p=0.1 0.56
Paroxysmal atrial fibrillation p==0.15 037 Paroxysmal atrial fibrillation p==0.15 038
RV stroke volume (ml/m°) r=0,12 0.49 RV-Ea/Ees ratio p=0.15 0.40
RA total strain es (%) r=0.05 0.79 RV-Tau (ms) r=-004 085

p values below the significance level of 0.035 are highlighted in bold

r Pearson’s and p=Spearman’s correlation coefficient, Tau time con-
stant of relaxation

suggesting an independent disease entity of impaired RA
function and disturbed RA-RV coupling in the HFpEF
syndrome.

RV diastology in HFpEF

To the best of our knowledge. this is the first study evaluating
CMR-derived RV filling and diastolic RV strain in combina-
tion with invasive pressure—volume-loops in HFpEF. Our
study expands the understanding of RV diastolic function in
compensated HFpEF. RV diastolic dysfunction (RVDD) is
a known consequence of increased arterial load and results
in impaired relaxation [22] and increased stiffness in more
advanced stages of the disease [23]. If myocardial disease
is present, RVDD is also caused as a consequence of RV
systolic dysfunction (RVSD) [24, 25].

In a recent profound analysis of 50 patients with HFpEF,
Borlaug et al. [2] found evidence of exercise-induced RVDD
with blunted cardiac output and impaired exercise tolerance
as compared to controls. RVDD and RVSD were assessed
using lateral tricuspid tissue-Doppler velocities and no sig-
nificant baseline differences were found between HFpEF
and controls at rest. Exercise testing revealed a tremendous
increase in left- and right-sided filling pressures, suggestive

p values below the significance level of 0,03 are highlighted in bold

r Pearson’s and p Spearman’s correlation coefficient, Tau time con-
stant of relaxation

of afterload-induced RVDD and indeed. while pulmonary
resistance dropped in controls, it remained unchanged in
HFpEF patients. As compared to our cohort, resting PCWP
and mPAP were higher in the cohort investigated by Borlaug
et al. [26] and might reflect a more decompensated stage
or a distinct obese phenotype of the disease with markedly
reduced VO, . as compared to our cohort.

Our results demonstrate RVDD at a compensated stage of
the disease without significant PH. Importantly, carly ven-
tricular filling was the only independent predictor of VO, -
on multivariable regression analysis when including markers
of pulmonary vascular load. In the study conducted by Bor-
laug, RVDD significantly correlated with RVSD and HFpEF
patients already had RV dilatation, raising the question,
whether RVDD might be the consequence of RVSD, which
is found in about 20-25% of HFpEF patients [27]. Instead.,
we found slightly increased load-dependent (RVEF, RV lon-
gitudinal strain) and load-independent (RV Es slope) meas-
ures of RV contractility in our cohort of HFpEF patients
without prior HF hospitalizations and without RV dilata-
tion, again suggestive of a compensated stage or distinct
phenotype of the disease. Pulmonary artery (PA) pressure
in our cohort was rather low as compared to other HFpEF
studies with only 33% of HFpEF patients exceeding an
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mPAP of 25 mmHg at rest [28, 29]. Given the ability of the
RV to increase its contractility by factor 4-5 in response (o
increased afterload [30], mildly increased RV elastance in
our cohort seems to be an effective mechanism to preserve
RV-PA coupling.

RA function and RA-RV coupling

Atrial function improves ventricular filling by (1) storing
blood as a reservoir during ventricular systole while atrio-
ventricular (AV) valves are closed (reservoir function) (2)
serving as a conduit and passive emptying during early ven-
tricular filling (conduit function) and (3) providing addi-
tional ventricular filling with active contraction before AV
valve closure (booster pump function). Recently, the addi-
tional functional and prognostic information from functional
atrial analysis was examined, giving the opportunity 1o
reveal atrial dysfunction and disturbance in cardiac mechan-
ics before overt failure is present. In HFpEF LA dysfunc-
tion emerged as a strong and independent predictor of death,
heart failure hospitalization and exercise intolerance [13.
31, 32], and recently RA reservoir and conduit function—in
the absence of RA dilatation—were also identified as prog-
nostic parameters [7]. Impaired ventricular diastology and
chronic atrial pressure overload lead to atrial dilatation in an
advanced stage of left and right heart disease and eventu-
ally cause atrial dysfunction with inappropriate ventricular
filling [33]. In PAH without left heart disease—a model of
isolated pressure overload—RA reservoir and conduit func-
tion decline in the presence of concomitant RA dilatation.
while booster pump function is preserved to maintain ven-
tricular filling [33]. Melenovsky et al. [2] found RA dilata-
tion and impaired RA reservoir function in patients with
HFpEF with advanced RV dysfunction, moderate—severe
tricuspid regurgitation (TR), pulmonary hypertension (PH)
and high mortality rates (56% mortality at 2 years). Given
the decompensated stage of the disease and presence of vol-
ume (TR) and pressure (PH) overload. several confounders
are present when comparing RA function with our cohort.
While RA function (RA EF) was a predictor of mortality
on univariate analysis, this effect vanished on multivari-
able adjustment and only RA size remained an independent
predictor of mortality—most likely as a marker of chronic
RA pressure and/or volume overload. In our cohort, no sig-
nificant differences regarding RA size were found, but RA
conduit function was reduced and compensated by increased
booster pump function. This was not assessed in the study by
Melenovsky et al. [2] presumably due to the high prevalence
of atrial fibrillation, but the association of RA conduit func-
tion with VO,_ .. in our cohort emphasizes the functional
implication of disturbed RA mechanics in a compensated
stage of the disease without prior heart failure hospitaliza-
tion. Importantly. early RV filling—the strongest predictor

@ Springer

of VO,_.. in our cohort—was associated with RA conduit
function and not with invasively derived RV relaxation, sug-
gestive of a contribution of RA dysfunction and RA-RV
coupling to exercise intolerance in HFpEF independent of
instantaneous RV relaxation. Pathophysiological evidence
regarding this mechanism exists for the left sided heart
chambers: in an animal model of early hypertensive HFpEF
impaired left atrial (LA) conduit function was compensated
by increased booster pump function (a potential mechanism
to preserve LA-LV coupling). Despite this compensatory
mechanism overall LA-LV coupling was impaired due to
an even more severe increase in ventricular elastance and
impaired coupling was associated with lower LV stroke vol-
ume in hypertensive HFpEF dogs. On autopsy LA cardio-
myocyte cross-sectional area was greater in HFpEF, as was
titin phosphorylation and posterior LA fibrosis [34].

We recently demonstrated an impaired diastolic RV
reserve capacity with RV filling limiting cardiac output
under handgrip exercise, suggesting that impaired RV dias-
tology can occur even in the absence of RV systolic dysfunc-
tion [6]. We now extend these observations and demonstrate
the importance of the RA-RV interaction in HFpEF patho-
physiology. Disturbed filling might be aggravated during
physiologic exercise, when shortening of diastole leads to
partial fusion of passive and active ventricular filling phases
with increasing importance of passive RA restoring forces
to maintain adequate ventricular filling [35]. Assessing RA
function might play a role when planning volume-shift-
ing interventions in HFpEF patients with interatrial shunt
devices [36]. Volume shifts from the left to the right atrium
for relief of left atrial pressure might come at the cost of
further deterioration of RA function. In contrast, counter-
acting decreased RV afterload due to improved LA pressure
and consecutive PA pressure with improved RV relaxation
might compensate for RA volume overload. Results of ongo-
ing trials will help to answer this question (NCT03088033).

Limitations

Our study results are acquired during resting conditions and
some pathophysiological mechanisms in HFpEF can only be
revealed during exercise. We assessed exercise capacity and
maximal oxygen uptake and found significant associations
with markers of RA mechanics and RV filling altogether
suggesting disturbed RV diastology and RA-RV coupling
in HFpEF. Adding an exercise imaging test might have truly
revealed those disturbances under physiological conditions.
Due to invasiveness, complexity and cost of pressure-vol-
ume loop acquisition our study group consists of a limited
sample size, making the results susceptible to a type I error
and should be regarded as “hypothesis generating” only.
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The baseline characteristics differ between HFpEF and
control patients, with HFpEF patients being more often
female and older. Although this is known from previous and
contemporary HFpEF cohorts [37, 38] age and sex have a
significant influence on RA and RV function in healthy peo-
ple [39] and we cannot exclude a certain amount of selection
bias in our cohort. A large number of cardiovascular and
heart failure risk factors are present in the control group, jus-
tifying cardiac catheterization in the first place, making our
control group different from a healthy control group. How-
ever, we were able to detect disturbances in cardiac mechan-
ics associated with impaired exercise tolerance besides the
presence of risk factors in the control group obviously mark-
ing the transition from prevalent risk factors to overt disease.

Conclusion

While RV systolic function is preserved in compensated
HFpEF without prior heart failure hospitalization, early RV
filling and early RA-RV coupling are disturbed and asso-
ciated with impaired exercise tolerance. RA dysfunction
seems to be independent of invasively derived RV relaxation
and should be considered when characterizing the various
pathophysiological entities of the HFpEF syndrome.
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2.2 ENTWICKLUNG EINES THERAPEUTISCHEN KONZEPTES FUR
PATIENTEN MIT HERZINSUFFIZIENZ UND ERHALTENER
PUMPFUNKTION UND TRIKUSPIDALKLAPPENINSUFFIZIENZ

2.2.1 Biventrikulire himodynamische Effekte einer katheterbasierten

Trikuspidalklappenrekonstruktion

Zitierweise:
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ABSTRACT

OBJECTIVES This study sought to examine the impact of chronic right ventricular (RV) volume overload and
implications of tricuspid regurgitation (TR) reduction on biventricular function.

BACKGROUND Severe TR is a major determinant of adverse outcomes in advanced heart failure patients. The

understanding of TR pathophysiology and implications of correction is still limited. Transcatheter tricuspid edge-to-edge
repair (TTVR) is a new treatment option in patients at high surgical risk and provides a unique pathophysiological model
without confounding effects of cardiac surgery.

METHODS Twenty-nine patients (78 = 4 years of age) with severe isolated TR and high surgical risk underwent TTVR
using the MitraClip system, and of these 18 underwent repeated cardiac magnetic resonance. Clinical follow-up was
realized at 1 and 6 months after the intervention.

RESULTS TR fraction was reduced from 41% to 21% (p < 0.01) without increase in RV afterload (p = 0.52) and RV
end-diastolic volume (p < 0.01), and RV stroke volume decreased (p - 0.03), whereas RV effective forward flow
increased (p - 0.03). Left ventricular (LV) filling improved with an increase in LV end-diastolic volume (p -~ 0.01) and LV
stroke volume (p « 0.02), leading to an augmentation of cardiac indices (2.2 + 0.6 U/min/m? vs. 2.7 + 0.6 U/min/m?;
p < 0.01) with similar results at 6 months follow-up. After TTVR, New York Heart Association functional class signifi-
cantly improved (p < 0.01), peripheral edema decreased (p = 0.01), and 6-min walk distance increased by 20% and 22%
after 1 and 6 months, respectively (p < 0.01).

CONCLUSIONS TTVR reduces chronic RV volume overload without increase in RV afterload, improves RV performance
and LV filling, and enhances cardiac output. These changes translate into symptomatic and functional improvement.
These implications for biventricular physiology and clinical status are maintained at 6 months follow-up. (J Am Coll
Cardiol Intv 2019;12:1423-34) © 2019 by the American College of Cardiology Foundation.

evere tricuspid regurgitation (TR) is associated
with exercise intolerance and increased risk of

ventricular (RV) enlargement, which

is often

heart failure (HF) hospitalizations and cardio-
vascular mortality (1-3).

Functional TR is the most common form and

occurs mainly from annular dilation and right

secondary to left heart failure from myocardial or
valvular causes, RV volume and pressure overload,
and dilation of cardiac chambers. Importantly, TR
might develop also as a standalone vitium or late
after successful correction of left-sided valvular
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ABBREVIATIONS
AND ACRONYMS

CMR = cardiac magnetic

EROA = effective regurgitation

disease (isolated TR), and independently
predicts worse outcomes also in this group
of patients (2,3).

Therapeutic options for severe TR are
limited, as patients often present late during

orifice ares the natural history of the disease, when they
W = heart fallare are at prohibitive risk for open heart surgery.
TS S R Furthermore, surgical correction is associ-
s 1 sansbiat v ated with substantial perioperative mortality
B-type natriuretic peptide and is therefore infrequently performed
RA = right atrium/atrial (4-6).

RV = right ventricle/ventricular

SV = stroke volume

Recently, new transcatheter treatment
options for TR have emerged, among
them the most widely used being the

TAPSE = tricuspld annalar

plane systolic encarsion transcatheter tricuspid edge-to-edge repair
TR  tricuspid regurgitation (TTVR) technique (MitraClip, Abbott
L - Vascular, Abbott Park, [llinois) (7). This
edge-to-edge repair technique has been demonstrated to be

TV = tricuspid valve

feasible and to be associated with an
improvement in New York Heart Association
(NYHA) functional class and 6-min walk distance
(8.9). Further preliminary data from a mixed cohort
of patients in which two-thirds were concomitantly
treated with percutaneous edge-to-edge mitral valve
repair showed that successful TTVR was associated
with a reduction in mortality and heart failure hos-
pitalization (10).

SEE PAGE 1435

Performed on patients with isolated TR, this tech-
nique provides a unique model to study the impact of
reduction in chronic RV volume overload without the
confounding effects of cardiac surgery (e.g., cardio-
pulmonary bypass) and concomitant left-sided
interventions.

The understanding of TR pathophysiology and
implications of correction is still limited. Research in
this field has been hampered by the complex RV
anatomy and the associated difficulties of echocar-
diography to assess RV physiology in a quantitative
manner.

Cardiac magnetic resonance (CMR) has emerged as
the reference standard for biventricular dimension
and function analysis, especially overcoming echo-
cardiographic limitations in assessing the right-sided
heart chambers and allowing for direct quantifica-
tion of valvular regurgitations (11).

The aim of the present study was to investigate the
physiological effects and clinical consequences of
isolated TTVR during short-term and midterm follow-
up with the help of a multimodal imaging approach,
including CMR.

JACC: CARDIOVASCULAR INTERVENTIONS VOL. 12, NO, 15, 2019
AUGUST 12, 2015:1425-34

METHODS

PATIENTS. The study was conducted at the Heart
Center Leipzig at the University of Leipzig, Germany.
Twenty-nine consecutive patients treated success-
fully with TTVR for isolated TR between July 2016
and April 2018 were included. All patients were
referred with symptoms of right-sided HF and were in
NYHA functional classes II to IV despite guideline-
directed medical therapy. Pre-procedural assess-
ment included a comprehensive transthoracic and
transesophageal echocardiography, evaluation of
N-terminal pro-B-type natriuretic peptide
(NT-proBNP) levels (Cobas, Elecsys NT-proBNP II,
Roche, Basel, Switzerland) and a 6-min walk test.
Patients were discussed at the local heart team
meeting and considered to be at prohibitive risk for
surgery. Therefore, an interventional approach for TR
treatment on a compassionate use basis was sug-
gested. Considerations for patient selection were
previously reported (7,10). All patients gave written
informed consent, and this analysis was approved by
the local ethics committee.

ECHOCARDIOGRAPHY. All echocardiograms were
performed on a GE Vivid E9 (GE Healthcare, Chi-
cago, lllinois) according to current guidelines by
the European Association of Cardiovascular Imaging
and American Society of Echocardiography and
analyzed from stored images by an experienced
operator blinded to procedural details (12). The
detailed imaging protocol has been described pre-
viously (7). In brief, grading of TR severity was
based on the assessment of vena contracta, effec-
tive regurgitation orifice area (EROA), and esti-
mated regurgitant volume, and TR severity grades
of mild, moderate, and severe were extended by a
grade IV (massive or torrential according to previ-
ous publications (8,13). For post-procedural assess-
ment of TR EROA, the largest flow convergence
zone was used for calculation, whereas post-
procedural venae contractae is given as the sum
of all visualized venae contractae,

RV function was assessed using tricuspid annular
plane systolic excursion (TAPSE) and fractional area
change. In patients with evaluable tissue Doppler
imaging parameters at all 3 time points (n = 18),
additionally peak myocardial velocity at the lateral
tricuspid annulus, the load-independent parameter
of RV isovolumic acceleration (i.e., isovolumic peak
velocity divided by isovolumic acceleration time),
and RV ejection time were assessed as previously
described (14). Additionally, tissue Doppler-based
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myocardial velocities during ventricular inflow at the
lateral TV annulus (n = 18) and the septal and lateral
mitral valve annulus (n = 20) were assessed, Mitral
valve and TV inflow velocities were recorded using
pulsed wave Doppler imaging in the 4-chamber
view. To assess interventricular interaction, left
ventricular (LV) eccentricity index, defined as the
ratio of the LV anteroposterior to septolateral
diameters in a short-axis view, were measured at
end-systole and end-diastole, with values =1 indi-
cating leftward bowing of the interventricular
septum (14). RV to right atrial (RA) pressure gradient
was calculated from the continuous wave Doppler
profile of the TR jet, and RV systolic pressures were
assessed by adding estimated RA pressure from
imaging the inferior vena cava as recently suggested
(12). Measurements were performed on 3 consecutive
cardiac cycles, and the average of these values was
calculated.

CARDIAC MAGNETIC RESONANCE. CMR was per-
formed after a standardized protocol as described
previously (15), Patients with pacemaker or implant-
able cardioverter-defibrillator devices (n = 10) were
excluded from CMR. In brief, patients were examined
with a 1.5-T scanner (Intera, Philips Healthcare,
Eindhoven, the Netherlands). Retrospective gated
steady-state free-precession cine images were ac-
quired in the vertical long-axis view, 4-chamber view,
and short-axis views covering the entirety of both
ventricles. Aortic and pulmonary flow data were ac-
quired with a flow-sensitive gradient echo sequence
during free breathing. Assessment of LV and RV vol-
umes was performed by manually defining the
endocardial outline at end-diastole and end-systole
in each of the short-axis cine images (cmr42, Circle
Cardiovascular Imaging, Calgary, Canada). LV and RV
end-diastolic volume (EDV) and end-systolic volume
(ESV) were calculated using the slice summation
method. The stroke volume (SV) was the difference
between EDV and ESV, and ejection fraction (EF) was
SV divided by EDV expressed as a proportion. An
effective LVSV was calculated to reflect the net for-
ward blood flow into the aorta as follows: effective
LVSV = total aortic forward flow — aortic backward
flow. Effective RVSV was calculated accordingly:
effective RVSV - total pulmonary forward flow -
pulmonary backward flow. Mitral regurgitation frac-
tion was calculated as follows: (total LVSV - total
aortic forward flow / total LVSV) - 100, Tricuspid
regurgitation was calculated as: ([total RVSV — total
pulmonary forward flow]/total RVSV) - 100, The car-
diac index was calculated from effective stroke
volumes and heart rates. All volumes and flow

Rommel et ol.
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measurements were indexed for body surface area
and expressed in ml/m?.

TTVR USING THE MitraClip SYSTEM. Procedural de-
tails haven been described previously (7). TTVR was
performed under general anesthesia with interven-
tional guidance by transesophageal echocardiography
and fluoroscopy via the right femoral vein, the infe-
rior vena cava, and the RA. The clip delivery system
was aligned perpendicular to the targeted commis-
sure. Transesophageal echocardiography multiplane
imaging, including trans-gastric views, was used to
confirm correct clip and leaflet grasping. More than 1
clip was used if satisfactory reduction of TR was not
achieved after implantation of the first clip. Invasive
RA and systemic pressures were recorded before and
after the procedure while under general anesthesia.

FOLLOW-UP EXAMINATIONS. Patients were seen for
follow-up visits at our hospital at 1 and 6 months after
the procedure. On each visit, symptoms were recor-
ded and a physical examination was performed. All
patients underwent repeated 6-min walk test, trans-
thoracic echocardiography, laboratory analysis, and
CMR in absence of contraindications.

STATISTICAL ANALYSIS. Data for continuous vari-
ables are presented as mean + SD or median (inter-
quartile range [IQR]). Categorical variables are
presented as frequencies and proportions. Compari-
sons before and after TTVR were made with Friedman
2-way analysis of variance by ranks. Between-group
differences were compared with Mann-Whitney U
test for continuous variables and Fisher exact test for
categorical variables. Correlations between para-
metric variables was assessed by Spearman’s rho.
Assuming a baseline cardiac output of 2.2 I/min/m?
(10), an increase of 15% with a SD of 0.6 |/min/m? ata
power of 80% required 18 patients (2-sided Student’s
t-test). Statistical significance was inferred when
p < 0.05.

RESULTS

BASELINE CHARACTERISTICS. We studied 29 pa-
tients (55% men, mean age 78 + 4 years) with isolated
TR. Baseline data are summarized in Table 1. Patients
had multiple comorbidities and were at high surgical
risk (mean European System for Cardiac Operative
Risk Evaluation 11 10.6%). Etiology of the TV disease
was functional in 93% and mixed in 7% of cases. Eight
patients presented with HF with reduced EF and 5
patients who presented with preserved LVEF (i.e.,
>50%) had prior valve interventions as potential
cause for TR. Thirteen patients had invasively
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AT s e reduced 6-min walk test and highly elevated NT-
proBNP levels (Table 1), A significant proportion of
‘:'“'T“;'”" "‘:::':;’” cu:; :'::;"" v:“ patients had peripheral edema, pleural effusion, or
ascites, and all patients were on diuretic therapy.
bl I ) S Vi St I MO Neither baseline characteristics nor echocardio-
- A, 9 50) 4036 070 | oraphic parameters differed significantly between
B, g/ e el e patients with and without serial CMR assessment
EuroSCORE I, % 106+105 107+126 104+60 039 (Table 1).
R S e 146) 010) e Clinical assessment and imaging were realized in
SR o, 8144) 6 65) S8 median 4 (IQR: 2 to 20) days before the intervention
B 4 400) 0 0027 | 3nd 27 (IGR: 11 to 90) days and 118 (IQR: 83 to 186)
Previous PCI 8 (28) 5 (28) 220 0.99 days after the procedure.
Previous CABG 6(21) 422) 2(18) 099
Previous valve intervention 6(21) 4(22) 2018) 0.99 PROCEDURAL RESULTS. All patients underwent
Atrial fibeillation 27 (93) 16 (89) 1000) 05 successful clip deployment in the TV, and thereby a
Arterial hypertension 28 (97) 18 (100) 0{e) 038 total of 59 clips were implanted (1 clip in 14%, 2 clips
Previous/current smoking 11 (38) 5 (28) 6 (55) 024 in 69%, 3 C“pS in 17% of patients). All patients but 1
Diabetes mellitus 14 (48) a (50) 5(46) 099 were clipped between the anterior and septal leaflet.
Chronic lung disease 5 (28) 422) 4(38) 043 An additional posterior septal leaflet clipping was
RV lead present 10 (35) 0(0) 0@ <00 realized in 5 patients and 1 patient received 2 clips
HFrEF 8 (28) 307 5(46) 020 exclusively to the septal posterior commissure.
HFpEF 13 (45) 9 (50) a3 070 Acutely, mean RA pressures were reduced from 13.9 +
RV FAC <35% 1 G8) 7(39) 4(36) 060 7.7 mm Hg to 11.6 + 6.7 mm Hg (p = 0.01) with sig-
TAPSE <17 mm 19 (66) 6 (55) B2 043 nificant increases in systemic blood pressures (sys-
PAP systalic >S50 mm Hg 14 (48) 10 (56) 4(36) 045 tolic from 121.8 + 16.2 mm Hg to 127.6 = 15.2 mm Hg;
PAP mean 25 mm Hg 20 (69) 12 (67) 8 (73) 0.99 p = 0.01; diastolic from 82.8 + 12.3 mm Hg to 86.5 +
Symptoen duration, months 173+£132 1514121 2234149 029 11.0 mm Hg; p = 0.01).
HF hospitalization previous 6 manths 24 (83) 15(83) n@E2) 099 ECHOCARDIOGRAPHY. TR grade could be reduced to
NVHA functionat class 1 6 1) 4 (2) 2(18) 048 | gt least moderate in all but 1 patient. In this patient,
NYHA functional class Il 16 (55) 1 (61) 5 (46) . S H2E
NVHA Rinetianst diass IV 7 24) 107) 4036) clip deployment lead to a reduction of TR severity in
PotGhaL edess 2 06) B2 9(82) 068 terms of EROA (from 1.1 cm? to 0.6 cm®) and estimated
A @3N 422 5 (45) 024 regurgitant volume (from 56 ml to 42 ml); however,
NT-proBNP, n/l 7,480 + 12,083 B.774 = 14,946 5363 + 4,595 0.84 this fell still within the diagnostic limits of severe TR.
6-min wolk di = 26854 1311 270741327 264.4 41351 0.8] Overall, TR was reduced with a decrease in vena con-
ACE infibitor/ARB 29 (100) 18 (100) N@00) 099 tracta from 9.8 = 2.7 mm to 5.6 + 1.5 mm, EROA from
g o 2897 17 94) Nao0) 099 0.6 + 0.3 cm? to 0.2 + 0.1 cm?, and estimated regur-
Liop dhorilc Seris 2 (100) 18 (100) n@00) 099 gitant volume from 51 + 17 ml to 21 + 9 ml (Table 2).
Forobans artant dos vn NALES8 66728500 TDIL£613. 087 Estimated RV systolic pressure remained unchanged
Thiazide diuretic agent 74) 5 (28) 208 oss | 99+15mmHgVs. 51+ 12 mm Hg; p = 0.52).
s e 704 20 5 @6) 007 RV inflow velocity increased, as did the mean TV
gradient without significant stenosis in any patient.
Values are mean = S0 o n (%). Mitral inflow velocities increased as a result of
uﬁﬁ‘;ﬁ&“&m?é‘?‘”&iﬁ m’,:.i'?m”‘c’iﬁ' ?:a}ﬁn:::dﬁ;, improved LV filling (105 + 35 cm/s vs. 120 + 41 cm/s;
EuraSCORE - Ecropesn System for Carcioc Operative Risk Evalusationy FAC - fractianal ares change HF - heat p < 0.01). At the same time, diastolic LV myocardial
et i oo A N York o Aton, DA oty wtes peun | tissue velocities did not change proportionally, which
PO = perakaneous coronary intervention; RV = fight ventricular; TAPSE = ticuspid annular peak systolk led to an increase of the ratio between inflow velocity
S and myocardial velocity during ventricular inflow

(Efe’; 14.3 £ 6.2 vs. 16.7 + 6.2; p < 0.01). Biventricular
function (as assessed by LVEF, RV fractional area

diagnosed HF with preserved EF and the 3 remaining
patients showed tricuspid annular dilatation in the
context of long-standing atrial fibrillation.

Patients were highly symptomatic, predominantly
in NYHA functional classes III and IV, a markedly

change, TAPSE, RV peak systolic myocardial velocity
at the lateral tricuspid annulus, and RV isovolumic
acceleration) remained unchanged, whereas normal-
ized RV ejection time decreased (422 + 81 ms vs.
389 = 80 ms; p = 0.01). LV eccentricity index showed
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TABLE 2 Echocardiographic Results
Baseline 1 Month 6 Months P Baseline Baseline
(n - 18) (n - 18) (n . 18) Value vs. 1M vs. 6M ™ vs, 6M

Heart rate, beats/min 721+ 128 7.8 £ 101 23+18 057
LVEF, % 520 + 126 532 £10.7 524 +108 0.60 042 0.80 0.44
LV eccentricity index diastole ratio 132 2020 112 = 0,09 14 0 <0.0 <0.01 <0.00 0.68
LV eccentricity index systole ratio 1.04 = 0.07 1.05 + 0.08 1.04 = 0.05 072 054 0.82 0.45
RV FAC, % 397+ 88 387 +727 368 £ 82 0.07 0.45 0.07 0.06
TAPSE, mm 161+ 48 159+43 165+ 45 068 0.82 0.68 0.38
RA area, cm’ 404 + 9 360 92 36295 <0.01 <00 <0.00 054
RA-RV pressure gradient maximum, mm Hg 3811160 419+ 128 389 +130 017 on 0. 016
Estimated RV systolic pressure, mm Hg 498 = 47 511 =122 481+ 123 037 052 0.49 0.16
TR vena contracta, mm 98 +27 56 +15 57+19 <00 <0.0 <0.0 044
TR EROA PISA, cm? 06203 02=01 03:03 <0.01 <0.01 <0.01 020
TV regurgitant volume, mi 511165 206 493 234179 <0.01 <0.M <0 0.09
TV Pmean, mm Hg 1.0+05 19405 21408 <0.01 <0.0 <0.0 0.06
TV S*-wave velocity, cmfs 9.7 434 9.0 432 838 432 033 034 013 0.32
TV e'-wave velocity, cm/fs 103 + 34 92+ 34 93435 033 0.3 019 0.8
TV E-wave velodty, cm/s 98.7 + 354 N74 £ 316 1334+ 346 <0.01 <0.0 <0.01 0.83
RV Isovolumic acceleration, mys” 143 4 048 1394035 1424035 046 038 0.90 053
RV ejection time, normalized, ms 422 4+ 81 389 + BO 374 £ 53 0., 0.04 0.01 030
MV E-wave velocity, cm/s 1054 4 348 120.4 + 40.7 N7.0 £ 421 <0.01 «<0.01 <0.01 0.18
MV e septal velocity, cm/s 54218 50 +13 53412 040 0.25 055 036
MV e Lateral velocity, ans 94 £ 31 92428 92427 0.84 0.58 0.63 099
MV E/e” septal ratio 19.6 £+ B6 23377 219 £ B85 0.05 o.M 0.0 031
MV E/e’ Lateral ratio 1.4 £ 50 133£56 13.0+£63 0.0 0.0 0.03 069
MV E/e” mean ratio 143 £ 6.2 16.7 = 6.2 16.1 =+ 6.7 0.01 <0.01 0.03 0.46
Mitral regurgitation

Grade O 3(10) 2@ 20 0.6 0.99 0.16 0.16

Grade 1 21(72) 21(75) 19 (68)

Grade 2 507 5(18) 7(25)
TR

Grade 1 0(0) 9332 9(32) <0.0 <0.01 <0.00 049

Grade 2 0{0) 18 (64) 16 (57)

Grade 3 26 (90) 14 3

Grade 4 3(10) 0(0) 0(0)
Valises are mean = SO or n (%)

1M « 1 month; 6M ~ 6 months; &' - d iz ervy dul tissue velocity; Efe’ « ratio of inflow vetocity and d Y dal tissue velocity; EF ~ ejecton fraction; EROA
effectioe regurgrtation orifice are; LV « left ventncular, MV « mtral valve; Prosan « mean pressure gradient; PISA « proxmal isovelocity surface ares; RA ~ nght atrium; §' -
pesk systolic myocardial veloaty; TR « tricuspid regurgitation; TV « tricuspid valve; other abbreviations as in Table 1.

diastolic leftward deviation of the interventricular
septum, which was reduced after TTVR (Figure 1,
Table 2). LV systolic eccentricity index was altered
neither at baseline nor during follow-up visits.
Echocardiographic  results remained stable at
6-month follow-up (Table 2).

CARDIAC MAGNETIC RESONANCE. Ten patients
presented with RV lead and were excluded from CMR.
Additionally, 1 female patient without RV lead died
before the first follow-up visit, also precluding her
from repeated CMR. Therefore, eighteen patients
underwent serial CMR assessments at 3 time points.
Results are displayed in Table 3 and Figures 1 and 2.

Repeated CMR revealed a marked reduction in TR
fraction with sustained effect over time (41 = 9% vs,
21 4 5% vs. 21 = 7%; p < 0.01). RV end-diastolic vol-
umes (126 + 29 ml/m? vs, 112 + 32 ml/m? vs. 112 £ 34
ml/m?% p < 0.01) and RV stroke volumes (57 + 13 ml/m*
vs. 51 + 13 mli/m? vs. 49 = 13 ml/m? p = 0.02)
decreased, whereas effective forward flow in the
pulmoenary artery increased (33 = 10 ml/m? vs. 36 £ 9
mi/m? vs. 37 + 9 mlfm? p = 0.03). The change in
effective RVSV was inversely correlated with the
change in TR fraction (r = -0.72; p = 0.01) (Figure 3).
The enhanced RV forward flow was accompanied by
a volume shift to the left as LVEDV increased

427
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FIGURE 1 Changes in End-Diastolic Biventricular Volumes and Ventricular Interaction

Patient A

Patient B

Baseline 1 Month

6 Months

(Top row) Cardiac magnetic resonance steady-state free precession imaging short-axis imaging {end-diastole) demonstrating reduction in right ventricular (RV) size and
move physiological septal curvature during follow-up; the yellow line indicates RV endocardial borders, the green line indicates left ventricular (LV) epicardial borders,
and the red line indicates RV endocardial barders. (Bottom row) Transthoracic echocardiographic short-axis images of the LV below the mitral valve (end-diastole)
demonstrating a decrease in LV eccentricity during follow-up as visble by a relative increase of septolateral diameter (red) to the anteroposterior diameter (green)

(79.7 + 25.2 ml/m? vs. 85.8 + 29.5 ml/m? vs, 86.0 +
31.4 mi/m?; p = 0.01). Mitral regurgitant fraction was
unchanged (18 + 7% vs. 17 + 8% vs. 16 + 7%; p = 0.20).
RA volumes decreased numerically without reaching
statistical significance (103.0 £ 41.6 ml/m? vs. 99.1 +
43.0 ml/m* vs. 92.8 + 36.9 ml/m?; p = 0.38) and LA
volumes were unchanged (95 + 47 ml/m* vs. 96 +
45 ml/m* vs. 95 + 49 ml/m*; p = 0.89).

The changes in cardiac output were compa-
rable patients
pressures =50 mm Hg (n

between with pulmonary artery
10; 2.2 = 0.7 mm Hg vs.
2.7 + 0.7 mm Hg vs. 2.6 = 0.7 mm Hg) and those >50
mm Hg (n = 8; 2.3 + 0.5 mm Hg vs. 2.6 + 0.5 mm Hg vs.
2.6 + 0.5 mm Hg).

The increase in effective LVSV (33 + 9 ml/m? vs.
38 + 10 ml/m” vs, 37 + 9 ml/m?; p - 0.02) resulted in
an augmentation of cardiac index at short-term and at

6-month follow-up (2.2 + 0.6 I/m?*/min vs. 2.7 + 0.6 1/
m?/min vs. 2.6 = 0.6 I/m?/min; p < 0.01) at compa-
rable heart rates (70 + 16 beats/min vs. 72 + 11 beats/
min vs. 71 = 10 beats/min; p = 0.82). Biventricular EFs
remained stable (LVEF: 55 + 12% vs. 56 + 7% vs. 55 +
10%; p = 0.51; RVEF: 46 =+ 9% vs. 46 = 10% vs. 43 +
8%; p ~ 0.40).

CLINICAL FOLLOW-UP. Follow-up for clinical events
was completed for all patients. Overall, there were 10
(35%) patients experiencing a clinical event during 6
months after TTVR. Two (79) patients died. One pa-
tient experienced a malignant stroke 7 days after
successful isolated TTVR, and another patient, who
was on chronic dialysis and who showed a good
interventional result after 1 month, was admitted to
the hospital because of inflammatory signs and
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TABLE 5 CMR Results
Baseline(n - 18) 1M (n -~ 18) &M (n -18) pValue Baselinevs.IM Baseline vs. EM 1M vs. M
Heart rate, beats/min 698 + 158 720 £108 T4 +£97 0.82 0.57 on 077
LA Index, mi/m? 948 + 473 959 £ 445 953 + 49 0.89 0.61 0.77 0.84
RA index, mym’ 1030 = 416 991 :430 928:369 038 0.60 0.7 035
LV mass index, g/m? 1154 = 34 162 4£305 1160 +£348 09 0.69 0.73 0.96
RVEDV index, mi/m? 1256 + 289 124 £320 M23+£339 <00 <0.01 0.0 0.98
RVESV index, mi/m’ 685 + 246 64.2 £ 256 6554280 0.28 0.5 0.48 0.61
RVSY index, mi/m? 57.0 =134 514 £125 492 +:128 0.02 0.04 0.m 024
RVEF, % 459 = 8.7 458 +10.2 431:80 0.40 0.95 025 0.26
RVSV effective index, mi/m? 334 =99 375493 368+ 89 0.03 0.00 0.05 0.67
LVEDV index, mlfm? 79.7 + 25.2 858 =295 B6.0 +314 0.m <0.01 0.0 0.88
LVESY index, mijm? 37.0 + 201 385 +£205 405=277 0.42 0.23 0.20 032
LVSV index, mlfm’ 427 + 120 473 £ 121 455 + 101 0.05 0.00 013 024
LVEF, % 548 + 123 S64+72 5544100 051 039 0.77 043
LVSV effective index, ml/m? 334 £ 91 375+98 368 = 86 0.02 0.0 0.05 0.66
Aortic regurgitant fraction, % 41+ 47 42 +42 32:52 053 0.92 0.26 0.32
Pulmonary regurgitant fraction, % 28 +37 18 +16 1.0+ 16 0.18 0.25 .10 o0.10
Mitral regurgitant fraction, % 181+ 65 170 + 7.6 162 +7.0 0.20 0.7 0.6 0.56
Tricuspid regurgitant fraction, % 407 + 9. 201+ 52 27 +67 <0.01 <0.01 <0.01 0.73
Qp/Qs ratio 1.0+ 01 1.0+ 01 1.0 =01 0.96 0.83 0.99 0.81
Cardiac index, ml/min/m* 22+ 06 27+ 06 26 +06 <001 <0,01 <0.01 0.52
Values are mean = SO,
EDV « erd-chastolic volume; ESY - end-systolic volume, LA « left atrial; SV < stroke volumne, other sbbeevistions as in Tables 1 aed 2.

decompensation 53 days after TTVR. Fluid overload
was managed successfully and the patient was
treated for suspected endocarditis (new vegetations
on mitral and aortic valves). Although no microbio-
logical evidence of bacteremia could be achieved and
broad-spectrum antibiotic treatment was initiated in
a timely fashion, the patient died 78 days after TTVR.
Another patient experienced a nonfatal stroke 104
days after tricuspid clipping despite being on oral
anticoagulation for persisting atrial fibrillation, Eight
(28%) patients were admitted for HF decompensa-
tion, whereas, in the same time before TTVR, 24
(839%) of patients had been admitted for decom-
pensated HF.

Although 80% of patients were predominantly in
NYHA functional classes III and IV before the inter-
vention, NYHA functional class improved in all but 5
patients (who stayed in class III) with 72% of pa-
tients in functional class I and II. At 6 months, sub-
jective dyspnea further improved in 7 patients and
deteriorated in 5 patients, with overall 80% of pa-
tients being in NYHA functional classes I and II
(Central Illustration).

Six-min walk distance increased by 20% and
22% at 1 and 6 months, respectively. The number of
patients reporting peripheral edema and the finding

of ascites on physical examination decreased
accordingly (edema: from 76% to 57% to 44%;
p < 0.01; ascites: from 31% to 18% to 16%; p = 0.04).
Median NT-proBNP values declined numerically
without reaching statistical significance (Central
Illustration). This was true regardless of RV function.
In fact, the NT-proBNP reduction was more
pronounced in patients with an impaired TAPSE
(TAPSE =17 mm, n = 7: 2,150 [IQR: 1,312 to 3,466] ng/l
vs. 2,508 [IQR: 1,417 to 5,013] ng/l vs. 1,880 [IQR:
1,775 to 4,592] ng/l; p = 0.87; and TAPSE <17 mm,
n = 15: 5,951 [IQR: 3,037 to 7,507] ng/l vs. 2,229 [IQR:
951 to 8,863] ng/l vs. 2,153 [IQR: 845 to 7,082] ng/l;
p = 0.16 for baseline, 1-month, and 6-month assess-
ment, respectively).

Median loop diuretic dosage numerically declined
(furosemide equivalent dose: 60 [IQR: 33 to 100] mg
vs. 50 [IQR: 25 to 100] mg vs. 40 [IQR: 20 to 75] mg;
p = 0.09) with reduction in dosage in 9 patients at 1
month and 6 months and increases in dosages in 5
and 6 patients at 1 month and 6 months, respectively.

DISCUSSION

The present study investigated physiological adap-
tations and clinical results of the relatively novel

429
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treatment strategy of TTVR in patients with isolated
TR at high surgical risk and right heart failure.

The main findings are: 1) TTVR is effective in
reducing TR severity using a multimodal imaging
approach; 2) reduction of TR regurgitant volume re-
duces RV volume overload with a reduction in RV
diastolic dimensions and total RVSV at preserved RV
function; 3) the reduction in TR regurgitant volume
leads to an augmentation of pulmonary forward flow
with subsequent enhanced LV filling and improve-
ments in cardiac index; and 4) improved physiology is
associated with better functional status up to 6
months in a high-risk patient cohort.

CLINICAL PROBLEM OF SEVERE TR. Recently, the
cardiovascular community has shifted its focus to-
ward the TV as data are accumulating that patients
with isolated TR or residual TR following treatment of
left-sided valvular pathologies face a poor prognosis
(1-3,16). A high prevalence in combination with the
low incidence of surgery for severe TR and a stagnant,
but relevant operative mortality (4-6) has created a
large population of patients in need of percutaneous,
innovative therapies to improve clinical outcome
of TR.

HEMODYNAMIC AND CLINICAL EFFECTS OF TTVR.
The hemodynamic and to a lesser extent the
morphological impact of TR correction have been
hard to study because of the confounding effects of
cardiac surgery (e.g., cardiopulmonary bypass, left-
sided interventions) and the limitations of echocar-
diography in reliably quantifying RV dimensions and
function.

The use of TTVR in patients with isolated TR and
CMR assessment before and after the procedure in
our study permits, for the first time, investigation of
the direct effects of reduction in chronic RV volume
overload on cardiac function and clinical status.

In keeping with previous reports on patients un-
dergoing TTVR (8,10), patients in the present study
were at an advanced age, were highly symptomatic
despite optimal medical therapy, and presented with
many comorbidities and a high perioperative risk
profile. Almost one-half of the patients demonstrated
pulmonary hypertension and right heart chamber
dilatation, which can be seen as a compensatory
mechanism in the presence of volume overload to
maintain forward SV. However, and despite the fact
that over two-thirds of patients had normal LV func-
tion, cardiac index was markedly reduced.
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TTVR led to reduced RVEDV, whereas RVESV
remained unchanged. These observations can be
explained by reduced RV volume overload on the one
hand and unchanged RV afterload on the other hand
(17,18). Although total RVSV fell due to reduced
regurgitant volume, the effective forward flow
increased. With enhanced forward flow and despite
presence of pulmonary hypertension in two-thirds of
patients, RA to RV pressure gradients and estimated
RV systolic pressures did not increase significantly
and load-dependent and load-independent markers
of RV performance did not deteriorate. In this
context, it is important to note that the intervention
did not eliminate TR completely, while leaving all
patients with at least mild-to-moderate TR. The
reduction in RVSV and RV ejection duration at
maintained low pressures indicates a reduction in
external work of the RV. At the same time effective
RVSV increased, leading to a more efficient RV per-
formance, which in turn should reduce myocardial
oxygen consumption. Together, these findings imply
a shift of the RV from a decompensated state to a
more compensated limb of the Frank-Starling curve
by the decrement in TV regurgitant volume.

The benefits of the reduction of RV volume over-
load could also be noted in the LV: there was an in-
crease in LVEDV and LVSV. Consequently, cardiac
output at rest increased after 1 month with no further
improvements after 6 months. We interpret these
findings as enhancement of LV preload through
augmented pulmonary flow after TTVR in the context
of chronic “latent LV under filling” (19) and im-
provements in ventricular interaction as suggested
from less leftward deviation of the septum during
diastole (as a result of lower diastolic RV volumes and
pressures and improvements in interventricular me-
chanical delay) (20). The preload augmentation leads
to an increase in myocardial stretch and thus SV.
LVEF did not change with increased ratio of LV inflow
velocity and diastolic myocardial velocity during
ventricular inflow, as a marker of LV filling pressures,
indicating that an augmentation of cardiac index
comes at the price of elevated LV filling pressures in
this old and comorbid patient cohort. However, given
the fact that the changes in RV and LV function were
accompanied by improvements in both subjective
and objective measures of symptoms and exercise
performance, the increase in filling pressures should
be less clinically relevant than RV volume overload.

Overall, the described short-term changes are a
consequence of altered RV preload and mirror those
of surgical TR reduction (21) and those of percuta-
neous pulmonary valve implantation (17.18) as a
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FIGURE 5 Relationship between Change in Tricuspid Regurgitant Fraction
and Change in Effective Right Ventricular Stroke Volume
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Data are presented as regression Line (red) with 95% confidence interval
(black dots). Grey dots indicate data for each individual patient.

different model of short-term reduction in RV vol-
ume overload.

Although not compared with a control condition,
the observation of symptomatic and functional
improvement in our patients bares the hope that
TTVR is not only effective in reducing TR, but could
also have an effect on patients’ clinical course during
follow-up. Especially the increase in patients’
walking distance is encouraging. Exercise intolerance
is one of the clinical cornerstones of TR and is related
to low cardiac output reserve and low LV preload (15).
As demonstrated, TTVR improves both cardiac output
and LV filling, explaining the patients’ improved
functional status.

Interestingly, there is no evidence for further
structural or functional improvement during the 6-
month follow-up beyond short-term changes.
Conceptually, short-term changes should be a
consequence of altered RV preload and are likely to
occur immediately after intervention (22). This is
supported by the lack of changes in isovolumic ac-
celeration as an estimate for load-independent
contractility (14). Later changes should reflect the
potential for positive reverse remodeling, which did
not occur during the first 6 months in our cohort.
Factors that could have limited positive remodeling
at 6 months in the present study are multifactorial
and could include: 1) insufficient TR reduction to
allow for positive remodeling; 2) TTVR being

print S web AC FPO

4N

92



print & web 4C/FPO

1432

Rommel et af.
Hemodynamics After Transcatheter Tricuspid Valve Repair

JACC: CARDIOVASCULAR INTERVENTIONS VOL. 12, NO. 15, 2019
AUGUST 12, 2015:1425-34

CENTRAL ILLUSTRATION Clinical and Functional Outcomes
~ 600 10000
E ! p<0.01 ! ! p=041 !
B g 80001 p=020 | p=059
§ 400 - g
% 3
= S 4000 -
g 200 - a
£ Z 2000+
=
X
2 o . . . 0 ' . .
Baseline 1 Month 6 Months Baseline 1 Month 6 Months
C D
100% - 100%
e 3
@ 80% - § 80% -
= 60% - 5 60% -
S w
T 40%- S 40%
2 £ ,
< 20%- 20% - =
E a
2
0% - 0% -
Baseline 1 Month 6 Months Baseline 1 Month 6 Months
mNYHAIV mNYHAIII mNYHAIl mNYHAI " Edema + wm Edema-
Rommel, K.-P. et al. J Am Coll Cardiol Intv. 2019;12(15):1423-34,
Development of (A) 6-min walk distance, (B) N-terminal pro-B-type natriuretic peptide (NT-proBNP), (C) New York Heart Assoclation (NYHA) functional class, and (D)
frequency of peripheral edema from baseline to follow-up. Data are presented as mean £ SD in A, median with interguartile range in B, and frequency in C and D.

performed too late when consequences of chronic RV
volume overload might have become irreversible; and
3) patients not being followed up for long enough,
with adverse RV remodeling in these chronically ill
patients being reversible only in the long term. Either
way, the initial RV load depended improvements
were well maintained at 6 months.

STUDY LIMITATIONS. First, the sample size is clearly
limited and one-third of patients were not assessed
by CMR. Given the relatively young field of TTVR,
the applied methods and the echocardiographic and
clinical improvements in all patients, we believe that

our results are suitable to give insights into physio-
logical consequences of the procedure. Second, the
follow-up period was only 6 months, which pre-
cludes definitive conclusions on reverse remodeling
and the evaluation of hard clinical endpoints. Third,
the study lacks a control group. However, as all pa-
tients were on diuretic agents before the interven-
tion, it seems unlikely that further hemodynamic
improvements could have been achieved by conser-
vative therapy alone. TTVR produces multiple TR
jets, In this scenario, no echocardiographic quanti-
tative estimation of TR has been validated up to
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date. In the future, a head-to-head comparison of
CMR and echocardiography-based TR quantification
in a larger cohort of patients could help to establish
reliable echocardiographic TR quantification after
TTVR.

The comparable improvements in cardiac output
on CMR in patients without and with overt pulmo-
nary hypertension is encouraging for the latter
cohort. However, the limited number of patients
prohibits any conclusions and potential differing im-
plications of TTVR in patients with and without pul-
monary hypertension, which need assessment in
larger trials,

Last, metal-induced magnetic field inhomogeneity
may impede CMR evaluation. However, biventricular
endocardial borders could be delineated in all
patients.

CONCLUSIONS

TTVR, for the first time, provides a pure model with
which to study the effects of chronic RV volume
overload in patients with severe TR. A biventricular
assessment should enhance our present limited un-
derstanding of RV performance under unfavorable
loading condition, inform on how to judge procedural
success and suggest that focusing on effective SV
rather than EF permits better interpretation of the
physiology.
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ADDRESS FOR CORRESPONDENCE: Dr, Philipp Lurz,
Heart Center at University of Leipzig, Department of
Internal Medicine/Cardiology, Struempellstrasse 39,
04289 Leipzig, Germany. E-mail: philipp.lurz@gmx.de.

PERSPECTIVES

WHAT IS KNOWN? Recent evidence suggests that TTVR is safe
and feasible in patients with symptomatic TR at high surgical risk
and associated with functional improvement early after the
procedure.

WHAT IS NEW? The present analysis suggests that TTVR is
associated with favorable biventricular physiology and demon-
strates that effective stroke volumes and consequently cardiac
output can be enhanced by percutaneously treating isolated TR.
These changes explain clinical and functional improvements in
patients undergoing TTVR.

WHAT IS NEXT? The present findings will serve as a reference
on how to interpret changes in biventricular physiology and how
to measure procedural success following transcatheter TR
reduction. The ability of TTVR to reduce hard clinical outcomes in
this high-risk patient group will have to be investigated in the
light of achieved physiological improvements in larger
prospective studies.
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ABSTRACT

OBJECTIVES The goal of this study was to evaluate the effect of transcatheter edge-to-edge tricuspid valve repair
(TTVR) for severe tricuspid regurgitation (TR) on hospitalization for heart failure (HHF) and HF-related endpoints.

BACKGROUND Patients with severe TR need effective therapies beyond conservative treatment. The impact of TTVR
on HHF and HF-related endpoints is unknown.

METHODS Isolated TTVR was performed in 119 patients. Assessments were conducted of New York Heart Association
functional class, 6-min walk distance, Minnesota Living with Heart Failure Questionnaire scores, N-terminal pro-8-type
natriuretic peptide level, and medication. HHFs were analyzed in the preceding 12 months before and until the longest
available follow-up after TTVR. Results were compared with those of 114 patients who underwent combined mitral and
tricuspid valve repair,

RESULTS Procedural success with a reduction to moderate or less TR and no in-hospital death was achieved in 82% of
patients. With a median follow-up of 360 days (interquartile range: 187 to 408 days), a durable TR reduction to moderate
or less was achieved in 72% of patients (p < 0.001). TTVR reduced the annual rate of HHF by 22% (1.21 to 0.95 HHF/
patient-year; p = 0.02), with concomitant clinical improvement in New York Heart Association functional class (patients
in class Il or lower: 9% to 67%; p < 0.001), 6-min walk distance (=39 m; p = 0.001), and Minnesota Living with
Heart Failure Questionnaire score (-6 points; p = 0.02). N-terminal pro-B-type natriuretic peptide level decreased
numerically by 783 pg/ml. Diuretic dose before TTVR was increased, but HF medication did not change after TTVR.
Procedural success was associated with improved 1-year survival (79% vs. 60%,; p «~ 0.04) and event-free-survival
(death + first HHF: 67% vs. 40%; p - 0.001). Transcatheter mitral and tricuspid valve repair-treated patients had
comparable outcomes.

CONCLUSIONS TTVR for severe TR is associated with a reduction of HHF and improved clinical outcomes.
{J Am Coll Cardiol HF 2020;8:265-76) © 2020 by the American College of Cardiology Foundation.
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ABEREVIATIONS
AND ACRONYMS

SMWD = 6-min walk distance
€1 = confidence interval
HF = heart fallure

HHF » hospitalization for heart
fallure

MLHFG = Minnesota Living
with Heart Fallure
Questionnaire

MR = mitral regurgitation

NT-proliNP = N-terminal pro-
B-type natriuretic peptide

NYMA = New York Heart
Association

RV = right ventricular
TMTVR » transcatheter mitral
and tricuspid valve repair

TMVR » transcatheter mitral
valve repair

TR = tricuspid regurgitation

TTVR = transcatheter edge-to-
edge tricuspid valve repair

evere tricuspid regurgitation (TR) is an

unsolved clinical challenge in patients

at prohibitive or high surgical risk and
is associated with poor prognosis (1-4). The
mutuality of secondary TR, tricuspid valve
annular dilatation, and right wventricular
(RV) dysfunction causes right-sided heart
failure (HF) with repeat hospitalizations (5).
Beyond limited symptomatic medical ther-
apy with diuretic agents, tricuspid valve
repair or replacement is a guideline-
recommended technique in surgical candi-
dates unless operative mortality risk related
to RV dysfunction and other significant
comorbidities have become limiting factors
(6,7). Recent developments in valve therapy
have made percutaneous tricuspid valve
repair feasible in patients with prohibitive
surgical risk. The first reports of transcath-
eter edge-to-edge tricuspid valve repair
(TTVR) showed promising short- and mid-
term results, with effective TR reduction

and symptomatic improvement (2-13).
Long-term improvement in HF-related symptoms
and relevant endpoints such as hospitalization for
HF (HHF) is unknown.

SEE PAGE 277

The purpose of the current observational analysis
was to investigate the impact of isolated TTVR on
HHF, We hypothesized that HHFs would be reduced
after TTVR as a consequence of TR reduction, RV
unloading, and stabilization of fluid balance. In
addition, we sought to assess the impact of TTVR on
HF symptoms, exercise capacity, RV size and func-
tion, diuretic and HF medication, and N-terminal pro-
B-type natriuretic peptide (NT-proBNP) levels up to
12 months after the intervention. Furthermore, a
second group of patients undergoing combined
transcatheter mitral and tricuspid valve repair
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(TMTVR) was analyzed and compared versus patients
with isolated TTVR.

METHODS

STUDY POPULATION. Patients with isolated TTVR
procedures for severe TR, performed between
December 1, 2015, and December 3, 2018, were
included in this analysis. Patients were treated within
compassionate use programs in 4 academic centers:
St. Michael’'s Hospital, Toronto, Ontario, Canada;
University Hospital of Zurich, Zurich, Switzerland;
University Hospital of Ludwig-Maximilians Univer-
sity, Munich, Germany; and Heart Center Leipzig at
the University of Leipzig, Leipzig, Germany. Clinical
and anatomic inclusion and exclusion criteria were
previously described (10,14). All patients were
symptomatic with signs of right-sided HF as periph-
eral edema, ascites, pleural effusion, jugular vein
distension, congestive renal failure, or shortness of
breath as expressed by New York Heart Association
(NYHA) functional class. All patients were deemed at
prohibitive surgical risk by an interdisciplinary heart
team and provided written informed consent. The
local ethics committees at each institution approved
the data analysis of patients treated with TTVR. As a
comparison group, patients who received combined
TMTVR for mitral regurgitation (MR) and TR over the
same period were analyzed.

ECHOCARDIOGRAPHY. TR was graded as mild (1+),
moderate (2+), or severe (3+) according to current
recommendations, taking into account vena contracta
width and effective regurgitant orifice area according
to the proximal isovelocity surface area method (15).
The RV systolic function was estimated with tricuspid
annular plane systolic excursion and fractional area
change. Cardiac chamber quantification followed
current recommendations (16).

PROCEDURE. A transcatheter edge-to-edge repair

system (MitraClip [Abbott, Santa Clara, California] or
PASCAL [Edwards Lifesciences, Irvine, Californial)
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was introduced transfemorally under general anes-
thesia. Image guidance was provided by two- and
three-dimensional transesophageal echocardiogra-
phy with additional fluoroscopy. The number of
implanted devices was left to the discretion of the
treating interventionalist to accomplish a significant
reduction of TR. Technical success was defined as
placement of at least 1 device in the tricuspid valve.
Procedural success was defined as a successful im-
plantation of the device and a post-procedural grade
of =TR2+ (13).

OUTCOMES. The primary objective of this study was
to determine the effect of TTVR on the rate of HHF in
the follow-up period compared with the period 1 year
before TTVR. Unplanned hospitalizations for more
than 24 h within a time period of 12 months before
(retrospectively) and after (prospectively) the pro-
cedure were categorized as being caused by decom-
pensated HF or other causes. Decompensated HF was
defined as recurrence or worsening of peripheral
edemas or ascites, weight gain through fluid over-
load, increased dyspnea, radiographic signs of pul-
monary congestion or pleural effusion, or need for
intravenous diuretic agents. Secondary endpoints
included mortality, the combined endpoint of
freedom from death and first HHF after TTVR, and
improvements in HF-related clinical symptoms, ex-
ercise capacity, diuretic dose, and NT-proBNP levels.
The symptomatic outcome was assessed up to
12 months after TTVR compared with the pre-
procedural baseline status. If patients were not able
to visit the outpatient service, telephone interviews
were performed,

Peri-procedural safety outcomes during the hospi-
talization for the repair procedure included all-cause
mortality, new-onset atrial fibrillation, stroke,
myocardial infarction, infection, low cardiac output
syndrome (post-procedural need for intravenous
inotropic support for =24 h), pericardial effusion,
acute kidney injury (rise of serum creatinine
by =0.3 mg/dl or increase to =1.5 times within 48 h
after intervention), transfusion, and conversion to
open heart surgery. Symptomatic outcome was
assessed with NYHA functional class, quality of life
with the Minnesota Living with Heart Failure Ques-
tionnaire (MLHFQ) score, and physical capacity with
the 6-min walk distance (6MWD) test. If patients were
not able to walk due to critical condition or a neuro-
logic or orthopedic cause, 6MWD was not applicable.
Changes in HF medication and diuretic dose of furo-
semide equivalent from a pre-interventional time
point to baseline and follow-up were recorded. We
chose a conservative estimation of loop diuretic
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TABLE 1 Baseline Patient Characteristics

TIVR (n - 119) TMTVR (n - 114)  p Value
Device for tricuspid valve repair 0.007

MitraClip 11 (93) 114 (100)

PASCAL 87 0{0)

Age, yrs 75.2 £+ 10.8 770+ BA 0.2
Female 61 (51) 63 (55) 0.59
Atrial fibrillation 104 (87) 99 (87) 1.00
Transtricuspid lead 3227 49 (43) 0.013
TR severity

Mild (¥] 0

Moderate 0 7(6)

Severe 19 (100) 107 (94) 0.006
TR etiology

Primary 54) ELE)]

Secondary 105 (88) 108 (34) 0,8

Mixed/other G(8) 33
TR jet ongin

Antero-septal 20417) 110}

Antero-posterior 10 5(4)

Postero-septal 2(2) 1 {10)

Central 96 (81) 87 (76)

Central or antero-septal 16 (97) 98 (86) 0.001
MR severity

Mild or trace 85 (1) 33

Mild to moderate 26 (22) 7(6)

Moderate to severe 6(3) 74 (65)

Severe 2(2) 30 (26)

Moderate 1o severe or worse 7(6) 104 (91) <0.001
NYHA functional class

1 11 [eR(0)}

1 9(8) 2(2)

] 79 (66) 70 (61)

v 30 (25) 42 (37)

11l or higher 109 (92) 112 (98) 0.034
Ascites 35 (29) 28 (25) 0.46
Pleural effusion 27 (23) 50 (44) «<0.001
Jugular vein distension 49 (41) 38 (33) 022
Peripheral edema 95 (80) 79 (69) 0.07
Previous left-sided valve intervention

Surgical 25 (21) 9(8) 0.005

Transcatheter 18 (15) 8 0.06

Total 42 (35) 17 (15) <0.001
Renal failure, eGFR <60 ml/min 90 (76) 95 (83) 0.19
eGFR, mi/min 476 + 217 440 £ 190 024
NT-pro8NP, pa/ml 2,978 (1,298-5,304) 3,929 (2109-7,939) 0.002
6MWD, m 227 =120 205+ 1M 0.24
MLHFQ score, arbatrary units 39+ 20 39+:18 0.91
LVEF, % 533 + 129 458 + 163 <0.001
RV FAC, % 38.7+99 353 £ 8.0 0.013
Echo-SPAP, mm Hg 434 £ 142 48.7 £ 158 0.009

Values are n (%), mean + 5D, or medan (interquartile range). *1 patient underwant both surgical and trans-
catheter left-sided vaive intervention. Bold values Indicate p < 0.05.

GMWD -~ &min walk dstance; Echo-SPAP -~ ech graphic systolc
eGER - glor il rate; LVEF ~ left ventricular gjection fraction; MLHFQ ~ Minnesota Living
with Heart Falure Questonnare; MR «~ mitral regurgitation; NT-proBiP ~ N-terminal pro-8-type matriuretc
peptide; NYMA -~ New York Meart Asscoabon; RV-FAC « right ventricular fracbonal area change;
TMTVR « transcatheter edge-to-edge mitral and tricuspd wolve repain, TR« tricuspid regurgtation;
TTVR ~ transcatheter edge-to-edge ticuspid vabn repair.

y anery pressxe;
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TABLE 2 Procedural Outcomes After TTVR and TMTVR
p Value
TIVR
TIVR TMTVR vs. TMTVR
Number of tricuspid devices per patient 22+ 08 1.8+ 08 <0.001
Technical success 17 (98) 110 {96) 044
Procedural success 98 (82) 89 (78) 051
Postprocedural TR severity 039
47 (39) 54 (47)
Moderate 51(43) 38 (33)
21(18) 22(19)
Device location
No device placement 2(2) 4(4)
Only antero-septal 62 {(52) 68 (60) 0,25
Only postero-septal 10 (8) 7(6)
Only antero-pasterior 1M 0 {0
Combined antero-septal + antero-posteror 2(2) 242
Combined antero-septal + postero-septal 41 (34) 33 (29) 037
Combined antero-septal + postero-septal - 1(1) 0(0)
antero-posterior
Hospital length of stay (95% C1), days 8.6(6.6-10.7) 9.5(7.9-11.1) 0.028
ICU length of stay (95% CI), days 19 (1.1-2.6) 26 (1.7-3.6) 0.019
Values are mesn = SO or n (%), uiess otherwise mdicated. Bold values indicate p < 0,05
O« confidence interval; ICU « intersive care unit; other sbbreviations as in Table 1

equivalence, with 10 mg of oral torsemide considered
equivalent to 20 mg of oral furosemide (17). Notably,
we aimed for maintaining the baseline diuretic dose
during the first 6 months after the procedure to allow
for RV reverse remodeling (18), NT-proBNP level was
determined as an objective, standardized laboratory
parameter for HF,

STATISTICAL METHODS. Continuous variables are
expressed as mean = SD or 95% confidence interval
(CI); otherwise, the median (interquartile range [IQR])
is shown. Categorical variables are expressed as ab-
solute numbers and proportions. Statistical testing of
continuous variables was done with either the paired
Student’s t-test (normal distribution, paired), the
Wilcoxon test (non-normal distribution, paired), or
the Mann-Whitney U test (non-normal distribution,
unpaired). For categorical variables, the Fisher exact
test was applied. The estimated annual rate of HHF
was calculated by dividing the individual number of
HF admissions by the longest available follow-up or
death interval in years. The annual rate before and
after intervention was compared by using a Poisson
regression model. Kaplan-Meier estimates were
applied for death and time to first HHF after TTVR.
The log-rank (Mantel-Cox) test was used for curve
comparison. A p value <0.05 was considered statis-
tically significant. Statistical analyses were performed
by using R statistical software version 3.0.2
(R Foundation for Statistical Computing, Vienna,
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Austria) and Prism 8 software version 8.0.1 (GraphPad
Software, Inc., San Diego, California).

RESULTS

PATIENT CHARACTERISTICS. The analysis included
119 TTVR-treated patients, among them 1 patient
who had a combined TTVR and left atrial appendage
occlusion procedure (Supplemental Figure 1). Pa-
tients undergoing isolated TTVR had a mean age of
75 + 11 years, and 61 (51%) were female. All patients
had severe TR at baseline (Table 1). The majority of
patients (92%) were in NYHA functional class 11l or 1V
despite optimal medical therapy (Supplemental
Table 1). The etiology of TR was secondary in 105
(88%) patients. Etiologic background of secondary
TR in patients with TTVR was as follows: 5 (5%) were
receiving dialysis, 2 (2%) had severe MR, 50 (48%)
had pulmonary hypertension, 45 (43%) had chronic
atrial fibrillation, and 3 (3%) had an undetermined
cause (Supplemental Figure 2). A total of 116 (97%)
patients had central or antero-septal jets. RV systolic
function was reduced with a tricuspid annular plane
systolic excursion of 16 = 4 mm (Supplemental
Table 2). Overall, the left ventricular ejection frac-
tion was preserved with 53 = 13%.

TMTVR-treated patients had higher grades of MR
(91% vs. 6% moderate to severe or severe MR;
p < 0.001), a higher proportion of NYHA functional
class 111 or higher (98% vs. 92%; p = 0.03), a reduced
left ventricular ejection fraction (46% vs. 53%;
p < 0.001), more often trans-tricuspid leads (43% vs.
27%; p = 0.013), and more often pleural effusion (44%
VS. 23%; p < 0.001). In contrast, TTVR-treated pa-
tients had a higher proportion of severe TR grade
(100% vs. 94%; p - 0.006), more often central or
antero-septal jet origins (97% vs. 86%; p - 0.001), had
undergone more previous left-sided valve surgery/
interventions (35% vs. 15%; p < 0.001), and had a lower
baseline NT-proBNP level (2,978 vs. 3,929 pg/ml;
p = 0.002).

PROCEDURAL RESULTS. A total of 111 (93%) patients
were treated with the MitraClip system and 8 (7%)
with the PASCAL system. Technical success in iso-
lated TTVR was possible in 117 (98%) patients. In 2
patients, device implantation failed, and thus TR
remained severe. A total of 258 devices (mean 2.2 +
0.8 per patient) were implanted into the tricuspid
valve (Table 2). Leaflet position of the devices was
antero-septal in 62 (52%) patients, postero-septal in
10 (8%) patients, antero-posterior in 1 (1%) patient,
combined antero-septal and antero-posterior in 2
(296) patients, and combined antero-septal and
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postero-septal in 41 (34%) patients; 1 (19%) patient had
all 3 commissures. After device placement, 98 (82%)
patients had =TR2+ (Supplemental Figure 3).

All patients in the TMTVR group were treated with
MitraClip devices. Patients undergoing TMTVR had
fewer devices per patient implanted in the tricuspid
valve (1.8 + 0.8; p < 0.001). Furthermore, TMTVR-
treated patients stayed longer in the hospital (9.5
vs. 8.6 days; p = 0.028) and on the intensive care unit
(2.6 vs. 1.9 days; p 0.019) during the index
hospitalization.

PROCEDURAL SAFETY AND IN-HOSPITAL COMPLICATIONS.
Two patients died during the index hospitalization
after TTVR (Supplemental Table 3). Safety events
comprised intrahospital conversion to open heart
surgery (n = 1), infection (n = 6), low cardiac output
syndrome (n = 6), myocardial infarction (n = 1), acute
kidney injury (n = 7), and transfusions (n = 10). No
cases of stroke or pericardial effusion were observed.
There were no statistically significant differences
between the TTVR- and TMTVR-treated patients in
terms of intrahospital safety events.

MORTALITY AFTER TTVR AND TMTVR. The follow-
up rates on mortality and HHF data after TTVR were
100% and 98%, respectively, with a median follow-up
of 360 days (IQR: 187 to 408 days). Four patients with
recurrence of severe TR within 4 months after the
index procedure underwent another TTVR procedure.
One patient underwent heart transplantation.
Kaplan-Meier estimates for survival at 30 days,
6 months, and 12 months were 97%, 89%, and 76%,
respectively (Supplemental Figure 4), The follow-up
rates on mortality and HHF data after TMTVR were
99% and 99%, with a median follow-up of 368 days
(IQR: 274 to 472 days). The survival rate did not differ
between TTVR- and TMTVR-treated pa-
tients (p = 0.92).

HHF AFTER TTVR AND TMTVR. Eighty-one (69%)
patients had at least 1 HHF within 12 months before
TTVR, and 42 (36%) patients had >1 HHF before TTVR
(Table 3, Supplemental Figure 5), The mean annual
rate of HHF before TTVR was 1.21 (95% Cl: 1.00 to
1.41) HHF/patient-year (Figure 1, Central Illustration).
During follow-up, 37 (329%) patients had at least 1 HHF
after TTVR (p < 0.001). The estimated annual rate of
HHF after TTVR was significantly reduced to 0.95
(95% CI: 0.56 to 1.35) HHF/patient-year (p ~ 0.02).
This finding translates into a 22% reduction in the
annual rate of HHF,

In patients scheduled for TMTVR, 89 (78%) had at
least 1 HHF and 47 (41%) had >1 HHF before TMTVR.
The mean annual rate of HHF was 1.56 (95% Cl: 1.28
to 1.84) HHF/patient-year before TMTVR. After
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TABLE 3 Rates of HHF Before and After TTVR and TMTVR
Pre-Procedure Post-Procedure P Value*

TTVR?

Follow-up, days NA 360 (187-408)

Patients with HHF 81 (69) 3732 <0.001

Number of HHF 142 59

Sum of patient-yrs na 16

Rate of HHF/patient-yr (95% CI) 1.21 (1.00-1.41) 0.95 (0,56-1,35) 0.02
TMTVR$

Follow-up, days NA 368 (274-472)

Patients with HHF 89 (78) 36 (32) <0,001

Number of HHF 178 45

Sum of patient-yrs 14 126

Rate of HHF /patient-yr (95% CI) 1.56 (1.28-1.84) 0.53(0.34-0.72) <0001

TMTVR, data on hospetabization were not cbtanable. Bold values indicate p < 0.05.
NA = not available, other sbbrevations s in Tables ¥ and 2,

Values are n (%), n, or median (Interquartile range), uness otherwise indcated. *The Fisher exact test for
comparison of proportion of patients with hospitalization for heart fallure (+84) before and after the procedure;
Poisson regression analyss for compantson of rates of H6# before and after the procedure. 1in 1 patient before
and 2 patients after TTVR, data on haspitalization after the procedure were not obtainable. $in 1 patientt after

TMTVR, 36 (32%) patients had at least 1 HHF
(p < 0.001). The estimated annual rate of HHF after
TMTVR was 0.53 (95% CI: 0.34 to 0.72) HHF/patient-
year; thus, there was a 66% reduction in the annual

p=0.02

HHF per patient-year

FIGURE 1 Estimated Annual Rate of HHF Before and After TTVR and TMTVR

p<0.001

confidence interval

The estimated annual rate of hospitalization for heart falure (HHF) after transcatheter
edge-to-edge tricuspid valve repair (TTVR) or combined transcatheter mitral and
tricuspid valve repair (TMTVR) was calculated by dividing the number of HHF by the
longest available follow-up period in years, Values are given as mean with 95%
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CENTRAL ILLUSTRATION Transcatheter Edge-to-Edge Tricuspid Valve Repair Is a Novel Treatment Option for
Severe Tricuspid Regurgitation With the Potential to Reduce Heart Failure Hospitalization Rate and Improve Outcome
if Procedural Success Is Achieved

Isolated TTVR Reduces Hospitalization Rate for Heart Failure
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Patients with severe tricuspid regurgitation (TR) and right-sided heart failure experience frequent hospitalizations for decompensated heart failure. Transcatheter
tricuspid edge-to-edge repair is 2 novel method to reduce severe TR. The procedure is guided by fluorescopy (top left) and echocardiography (transgastric view,
bottom left) to grasp and approximate the tricuspid leaflets by the device to reduce the regurgitant orifice (red arrow depicts echocardiographic plane, solid arrows
show 2 devices in place; white dashed arrows depict tricuspid leaflets), Isolated transcatheter edge-to-edge tricuspid valve repair (TTVR) potentially leads to fewer
hospitalizations (top right). If TR reduction Is successful after isolated TTVR, patients have fewer combined endpoints of death and hospitalization for heart failure
(bottom right).

rate of HHF (p < 0.001). Comparing freedom from
first HHF after the procedure, TTVR- and TMTVR-
treated patients exhibited no difference, with
Kaplan-Meier estimates of 76% and 76% after
6 months and 67% and 71% after 12 months, respec-
tively (p = 0.68) (Supplemental Figure 6).

RELATIONSHIP OF TR REDUCTION TO MORTALITY
AND HHF. Regarding the single and combined end-
points, an association with procedural success was
observed in TTVR-treated patients. At the 1-year
follow-up, 79% of patients with procedural success
survived compared with 60% without procedural
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success (p ~ 0.04) (Figure 2A), Furthermore, 67% of
TTVR-treated patients with procedural success were
free of the combined endpoint compared with 40%
with procedural failure (p = 0.001) (Figure 3A). Pro-
cedural failure was a predictor for hospitalization af-
ter TTVR (Supplemental Table 4). At baseline,
patients with procedural failure were younger, had
more severe TR as expressed by larger vena contracta
and effective regurgitant orifice area, a higher loop
diuretic dose, less intake of angiotensin-converting
enzyme inhibitor/angiotensin II receptor blocker,
and a lower echocardiographically determined sys-
tolic pulmonary pressure (Supplemental Table 5),
Patients undergoing TMTVR also had better sur-
vival if procedural success was achieved (84% vs. 63%
alive at 1-year follow-up; p = 0.02) (Figure 2B) and a
nonsignificant trend toward freedom of the combined
endpoint if procedural success for TR was achieved
(68% vs. 55% event-free at follow-up; p = 0.16)
(Figure 3B).
CLINICAL OUTCOMES. In patients with clinical
follow-up assessment, reduction of TR persisted af-
ter 12 months, with 72% of TTVR-treated patients
and 77% of TMTVR-treated patients having moderate
or less TR (p < 0.001) (Figure 4A). We observed sig-
nificant reductions in both vena contracta and
effective regurgitant orifice area as quantitative
measurements of TR severity and decreases in RV
mid-diameter at follow-up (Supplemental Figure 7).
RV function by tricuspid annular plane systolic
excursion did not change. The proportion of patients
in NYHA functional class Il or higher could be
reduced from 92% to 33% in the TTVR group and
from 98% to 30% in the TMTVR group (p < 0.001)
(Figure 4B). The 6MWD increased significantly both
in the TTVR group (from 234 + 122 m to 273 + 130 m;
p = 0.001) and in the TMTVR group (from 212 +
111 m to 256 = 141 m; p = 0,001) (Figure 4C). As
expressed by a reduction in MLHFQ score, the
quality of life improved in TTVR-treated patients
from 40 + 20 to 34 + 19 (p = 0.02) and in TMTVR-
treated patients from 39 + 18 to 32 + 20 (p = 0.006).
In the TTVR group, the NT-proBNP Ilevel
decreased numerically from 2,900 pg/ml (IQR: 1,307 to
5,407 pg/ml) to 2,117 pg/ml (IQR: 1,222 to 4,853 pg/
ml) (p = 0.36). In the TMTVR group, the NT-proBNP
level decreased significantly from 4,833 pg/ml
(IOR: 2,250 to 6,835 pg/ml) to 3,496 pg/ml (IQR: 1,888
to 5,827 pg/ml) (p = 0.007). The furosemide-
equivalent dose was significantly increased from the
year before TTVR to baseline but remained stable
from the intervention to follow-up: 70 mg (95% CI: 54
to 87 mg) to 85 mg (95% CI: 67 to 104 mg) to 83 mg
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FIGURE 2 Relatlonship of Procedural Success to Mortality After TTVR and TMTVR

A 0d 183d 365d
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Success 98 L 7] 7 47
Failure 21 16 14 10
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1o the procedural success, Patients at risk are shown below the graph; Kaplan-Meier
estimates of freedom from death after 30 days, 183 days, and 356 days are shown at
top. Abbreviations as in Figure 1,

Freedom from death in patients undergoing TTVR (A) and TMTVR (B) stratified according

the

(95% CI: 58 to 109 mg; p = 0.03) (Supplemental
Table 1, Supplemental Figure 8A).

Twenty-nine percent of isolated TTVR-treated pa-
tients had an increase in loop diuretic dose
(mean +74 mg). In TMTVR-treated patients, the loop
diuretic dose did not change significantly over the
observation period (Supplemental Figure 8B). At
baseline, 57% of isolated TTVR-treated patients took
angiotensin-converting enzyme inhibitors/angio-
tensin Il receptor blockers, 78% took beta-blockers,
and 42% took aldosterone antagonists, with no sig-
nificant difference versus TMTVR-treated patients
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FIGURE 3 Relationship of Procedural Success to Mortality and First HHF After TTVR
and TMTVR
- 100 200 200
Patients at risk Days
Success 98 82 59 48
Failure 21 14 1 8
B 300 183d 3654
Success: 91% 2% 6%
Failure: 59% 5%
g 25+ p=0.16
o 100 200 300
Days
Patients at risk
Success o1 75 61 55
Faidure 23 16 14 10
Freedom from death or first HHF in patients undergoing TTVR (A) and TMTVR (B)
stratified according to the procedural success. Patients at risk are shown below the
graph; Kaplan-Meier estimates of freedom from death or first HHF after 30 days,
183 days, and 356 days are shown at the top. Abbreviations as in Figure 1,

(Table 4, Supplemental Table 1). There was no sig-
nificant difference in these proportions compared
with pre-interventional and follow-up time points
(Supplemental Table 1). Furthermore, relevant
changes in dosage, initiation, or discontinuation of
angiotensin-converting enzyme inhibitors/angio-
tensin I receptor blockers, beta-blockers, or aldoste-
rone antagonists did not differ before and after TTVR
(Supplemental Table 6).

DISCUSSION

This analysis is, to date, the first and largest multi-
center study to evaluate the effect of isolated TTVR
on relevant HF-related clinical endpoints and HHF in

JACC: MEART FAILURE VOL B, NO, &, 2020
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high-risk patients with severe TR at 1-year follow-up.
The most relevant finding of this study is the signif-
icant decrease in annual HHF rate after isolated
TTVR. Furthermore, patients treated with isolated
TTVR had a significant symptomatic benefit as seen
with improvements in NYHA functional class, 6MWD,
and MLHFQ score (Table 5). In contrast to rising loop
diuretic doses until the intervention, no further
escalation after TTVR was observed, which indicates
a stabilization of fluid balance in these patients with a
history of repeat decompensations. The rise in loop
diuretic dose before TTVR could have potentially
affected the clinical results, but optimal doses in pa-
tients with isolated TR and RV dysfunction are not
well defined in the published data.

This registry confirms the favorable safety profile
of TTVR with low procedure-related complication
rates. The procedural success rate was 82% and thus
higher than in previous reports, which could reflect
the growing experience with TTVR (i3). In addition,
an association of procedural success with survival
and freedom from the combined endpoint of death
and HHF was observed. Both aspects implicate that
TTVR may exert its potential benefit on outcome
directly through TR reduction.

HHF is a relevant endpoint in cardiovascular dis-
ease studies and leads to major health care costs (19).
High-risk or inoperable patients with significant
valvular heart disease are particularly affected by
repeat HHF, due also to the lack of effective treatment
options or undertreatment (20,21). In patients with
severe MR and prohibitive surgical risk, transcatheter
mitral valve repair (TMVR) is an established therapy
that showed potential benefit in terms of HHF in reg-
istries and randomized trials of high-risk patients
(22-24), In fact, the reported annual HHF rates before
TMVR of up to 0.83 HHF/patient-year with secondary
MR (25) and 0.67 HHF/patient-year with primary MR
(22) are much lower compared with the rate of 1.56
HHF/patient-year before TMTVR and 1.21 HHF/
patient-year before TTVR in the current study pa-
tients, This difference highlights the clinical relevance
of tricuspid valve disease and the frailty of patients
with significant TR alone or in conjunction with severe
MR and impaired left ventricular function,

The relatively high HHF rate in the current study
patients before intervention could be explained by a
progressive disease state of the tricuspid valve appa-
ratus and possibly the right ventricle, as shown by
impaired RV systolic function and RV dilatation.
Therefore, the question arises from our results of when
to perform TTVR. Recent studies have shown that
treatment of large coaptation gaps of =7.2 mm is
associated with procedural failure, which itself will
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FIGURE 4 Development of TR- and HF-Related Endpoints Before and After TTVR and TMTVR
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Development of tricuspid regurgitation (TR) grade (A), New York Heart Association (NYHA) functional class (B), quality of Life, 6-min walk test (BMWT), and N-terminal
pro-B-type natriuretic peptide (NT-proBNP) levels (C) before and after TTVR and TMTVR in patients with clinical follow-up data only, The p values for pawed
comparson between patients with baseline (BL) and follow-up (FU) data only. GMWT and Minnesota Living with Heart Failure Questionnaire (MLHFQ) scores are shown
as mean with standard deviation; NT-proBNP levels are shown as median with interquartde range. Abbreviations as in Figure 1.
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TTVR Reduces Hospitalizations far Heart Failure

TABLE 4 Heart Failure Medication at Baseline and Follow-Up

TIVR (n - 119) TMTVR (n - 114)
Baseline® Follow-Up® Baseline* Follow-Up*
ACE inhibitor/ARB 68(57) 54(65) 74(65 6307
Aldostercne antagonist 49 (42) 53 (50) 42(38) 31(32)
Beta-blocker 91(78) B85(89) 98(87) 80(89)
Loop diuretict 107(94) 91(94) 105(95) 83(93)

Values are n (%), “Only patents with avalable data. 1Patients on chronic dialysis
were excluded from the loop diuretic agents analysis.

ACE « angi o g ;. ARD -~
other abbreviations as in Table 1,

pror blocker;

lead to poor outcome after TTVR (13,26). These results
illustrate that a late-stage disease with an increasingly
distorted valve anatomy impairs edge-to-edge device
implantation and consequently procedural and clin-
ical long-term success. The influence of RV dilatation
and dysfunction on TTVR and vice versa is less clear,
although recent data suggest that successful TTVR is
associated with improvement in RV performance and
reverse remodeling, which itself correlates with
improved outcome after TTVR (18). The notion that TR
reduction is directly linked to improved HF endpoints
is further supported by a recent study showing that
successful TTVR elicits favorable biventricular hemo-
dynamic effects that ultimately enhance cardiac
output (27). Other challenges of this investigational
approach include refining the device design to bridge
large gaps, the combination with different tricuspid
valve repair techniques such as transcatheter annu-
loplasty, and its appropriate use in different tricuspid
pathologies and clinical settings (25).

The recent COAPT (Cardiovascular Outcomes
Assessment of the MitraClip Percutaneous Therapy
for Heart Failure Patients With Functional Mitral
Regurgitation) trial has reported the effect of trans-
catheter edge-to-edge valve repair (TMVR) on
outcome in high-risk patients with severe mitral
regurgitation and the importance of HHF as a major
endpoint in randomized transcatheter device studies

TABLE 5 Novel Findings From the Current Study

tsolated TTVR and combined TMTVR reduce HHF

Isolated TTVR and combined TMTVR smprove heart failure-related symptoms up to 12 months
(assessed by NYHA functional class, 6MWD, and heart failure-related Qol)

Isolated TTVR has the potential to stabilize diuretic doses
Isolated TTVR leads to right ventricular reverse remodeling at midtenm

GMWD ~ G-min walk o

1 HHF < hospitali for heart falure; Qob ~ quality of Ife; other abbreviations

asin Tables 1 to 3,
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(24). This landmark investigation by Stone et al.
proved that TMVR reduces HF admissions in high-risk
patients with secondary severe MR in addition to
guideline-directed medical therapy. Whether TTVR
proves to be equally effective in reducing hospitali-
zation for right-sided HF in patients with isolated
severe TR must be shown in a comparable random-
ized controlled trial.

Applying appropriate patient selection criteria,
standardized echocardiographic assessment pro-
tocols, procedures in experienced heart valve and HF
centers, and adequate clinical HF endpoints for
future clinical trials will be critical to clearly under-
stand the potential impact of new tricuspid trans-
catheter devices on morbidity and mortality (29).

STUDY LIMITATIONS. This analysis was an observa-
tional, nonrandomized, noncontrolled study.
Although we gathered clinical data after TTVR pro-
spectively, pre-intervention HHF rates were retro-
spectively assessed, We cannot rule out a regression
to the mean or selection bias, as treating physicians
selected patients for TTVR at their discretion. A cen-
trally adjudicated, predefined run-in period for
maximal uptitration of diuretic dose and HF medi-
cation with a sufficient interval between last upti-
tration and TTVR would have further strengthened
the conclusion of our findings. We cannot rule out a
contributory effect of a recently increased pre-
interventional diuretic dose. There was no pre-
specified clinical follow-up protocol in terms of
observation intervals and parameters measured
across the different centers. In addition, we cannot
provide core laboratory-controlled echocardiographic
data for the TR and cardiac chamber assessment.
Finally, due to the small sample sizes, no compari-
sons can be made between the devices used.

CONCLUSIONS

This study found that isolated TTVR results in a sig-
nificant and durable TR reduction that decreased
HHF. Accordingly, successful TR reduction might be
associated with improved survival. Based on these
results, further randomized studies comparing TTVR
with guideline-directed medical therapy will be
needed to prove the clinical and prognostic benefit of
TTVR for severe TR in patients with right-sided HF.

ADDRESS FOR CORRESPONDENCE: Prof. Dr. Med.
Jorg Hausleiter, Marchioninistrasse 15, D-81377
Miinchen, Germany. E-mail: joerg.hausleiter@med.
uni-muenchen.de.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: This in-
ternational multicenter study provides the first compre-
hensive HF-related assessment with the longest follow-
up in patients with severe TR and right-sided HF treated
with interventional edge-to-edge repair of the tricuspid
valve. In addition to durable improvements in NYHA
functional class, exercise capacity, quality of life, and RV
reverse remodeling, this novel technique is associated
with a reduction in HHF and potentially mortality that
was related to TR reduction. Interventional tricuspid
repair is safe and seems to be a reasonable treatment
option for patients with severe TR and right-sided HF to

HF.

TTVR Reduces Hospitalizations for Meart Failure

reduce the burden of hospitalization for decompensated

TRANSLATIONAL OUTLOOK: Interventional tricuspid
valve repair is a promising therapeutic option in patients
with severe TR. With growing experience and adapted
device design, long-term success could be further
improved. Randomized trials comparing interventional
tricuspid valve repair versus optimal medical therapy in
patients ineligible or at high risk for surgery should be
performed to confirm this finding.
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Aims Patients with pulmonary hypertension (PHT) are often excluded from surgical therapies for tricuspid regurgitation
(TR). Transcatheter tricuspid valve repair (TTVR) with the Mit.raClipTM technique is a novel treatment option for
these patients. We aimed to assess the role of PHT in severe TR and its implications for TTVR.

...................................................................................................................................................................................................

Methods A total of 243 patients underwent TTVR at two centres. One hundred twenty-one patients were grouped as

and results iPHT+ [invasive systolic pulmonary artery pressures (PAPs) 250 mmHg]. Patients were similarly stratified according
to echocardiographic PAPs (ePHT). The occurrence of the combined clinical endpoint (death, heart failure hospi-
talization, and reintervention) was investigated during a follow-up of 330 (interquartile range 175-402) days.
iPHT+ patients were at higher preoperative risk (P<0.01), had more severe symptoms (P=0.01), higher N-ter-
minal pro-B-type natriuretic peptide levels (P<0.01), more impaired right ventricular (RV) function (P <0.01), and
afterload corrected RV function (P <0.01). Procedural TTVR success was similar in iPHT+ and IPHT- patients (84
vs. 84%, P=0.99). The echocardiographic diagnostic accuracy to detect iPHT was only 55%. During follow-up, 35%
of patients reached the combined clinical endpoint. The discordant diagnosis of iPHT+/ePHT- carried the highest
risk for the combined clinical endpoint [HR 3.76 (Cl 2.25-6.37), P<0.01], while iPHT 4/ePHT + patients had a simi-
lar survival-free time from the combined endpoint compared to iPHT- patients (P=0.48). In patients with isolated
tricuspid procedure (n=131) a discordant iPHT+/ePHT- diagnosis and an impaired afterload corrected RV func-
tion (P<0.01 for both) were independent predictors for the occurrence of the combined endpoint.

Keywords Tricuspid regurgitation * Pulmonary hypertension * MitraClip™™" e edge-to-edge repair  Transcatheter
therapy * Right ventricle ¢ Heart failure
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Introduction

Severe tricuspid regurgitation (TR) poses a significant medical chal-
lenge in ageing societies and is associated with poor functional out-
comes and poor prognosis.' .

Functional TR is the most common form and occurs mainly in the
setting of annular dilation and right ventricular (RV) enlargement.
These morphological alterations may occur idiopathically or second-
ary to other pathologies such as heart failure (HF) from myocardial
or valvular causes. In particular, pulmonary hypertension (PHT) is
thought to contribute to the development of severe TR by inducing
RV elongation and spherical deformation with subsequent valve de-
formation.* In addition, PHT has been shown to portend adverse
outcomes in multiple HF populations® and patients undergoing tricus-
pid surgery.® In fact, current guidelines discourage surgical tricuspid
interventions in patients with significant PHT.”

Recently, new transcatheter treatment options for TR have been
developed, specifically addressing the large number of patients
deemed at prohibitive surgical risk. Transcatheter tricuspid valve
edge-to-edge repair (transcatheter tricuspid valve repair, TTVR,
MitraClip"™, Abbott Vascular, IL, USA) is currently the most widely
used approach, either off-label or in compassionate use pro-
grammes? This technique has been demonstrated to be feasible
and to be associated with improvement in functional outcomes.*'%"!
In the search for appropriate patient selection criteria, several mor-
phological TR characteristics have been proposed as predictors of
procedural success, which itself predicts favourable clinical out-
comes.'? Although debated as a potential marker for adverse out-
comes in this patient group, the specific role of PHT has not been
studied so far.

We therefore aimed to investigate the clinical characteristics, diag-
nosis, and risk stratification of PHT in patients with severe TR and its
impact on outcomes after TTVR.

Methods

Patients

The study was conducted in patients with symptomatic moderate to se-
vere TR treated by TTVR at two tertiary care centres in Germany (Heart
Center Leipzig at University of Leipzig, Leipzig, Germany, and the
University Hospital of the Ludwig-Maximilians Universitat, Munich,
Germany) between March 2016 and March 2019. Details of patient selec-
tion and assessment have been described previously'” and are detailed in
the Supplementary material online. Invasive systolic pulmonary artery
pressure (PAP) 250mmHg (IPHT) was defined as invasive systolic pul-
monary artery pressure (PAPs =50 mmHg) on standard right heart cath-
eterization (RHC)*#

Echocardiography

All echocardiograms were performed on and analysed according to cur-
rent European and American guidelines with the addition of a 4th TR
grade for torrential TR"*"* The imaging protocol has been described
previously” and is detailed in the Supplementary material online. Right
ventricular to right atrial pressure (RAP) gradient was estimated from the
continuous wave Doppler profile of the TR jet and echocardiographic
PAPs was assessed by adding estimated RAP from imaging the inferior
vena cava as recently suggested.'’ Echocardiographic PAP> 50 mmHg

(ePHT+) was defined as echocardiographic PAPs >50 mmHg.*'*'® For
prognostic evaluation, a discordant iIPHT/ePHT diagnosis was considered
when estimated PAPs differed by =10 mmkg from iPAPs. As an estimate
of RV function after correction for afterload, we calculated the tricuspid
annular plane systolic excursion (TAPSE)/iPAPs ratio as previously
described.®

Transcatheter tricuspid valve repair

Procedural details have been described previously® and are further
described in the Supplementary material online. Transcatheter tricuspid
valve repair was performed under general anaesthesia with interventional
guidance by transoescphageal echocardiography and flucroscopy via the
right femoral vein, the inferior vena cava, and the right atrium using the
MitraClip™ System. More than one clip was used if satisfactory reduction
of TR was not achieved after implantation of the first clip. Procedural suc-
cess was defined as successful clip deployment and reduction to a TR
grade of =2. Procedural failure was defined as a residual TR grade >3.

Follow-up examinations

Patients were followed-up for symptoms, N-terminal ..o o o pe v
uretic peptide (NT-proBNP), 6-min walk test (6MWT), and the occur-
rence of clinical events. The primary study endpoint was defined as a
composite of all-cause mortality, need for repeat hospitalization for HF,
and reintervention during follow-up. Secondary endpoints included the
singular components of the combined endpoint as well as changes in
New York Heart Association (NYHA) class, 6MWT distance, and NT-
pro-8NP levels.

Statistical analysis
Continuous data are presented as mean £ standard deviation and mean
difference with 95% confidence interval (Cl) or median with interquartile
range (IQR) and Hodges-Lehmann estimators with Cl. Categorical data
are presented as frequencies and percentages. Paired data were analysed
with Wilcoxon rank or paired t-tests. Between-group differences were
compared with Kruskal-Wallis tests, Student's t-test, or ° tests.
Correlations were assessed by Spearman’s rho. Logistic regression was
applied for predictor analysis, Odds ratios (ORs) and Cl are reported.
The Kaplan-Meier method was used for survival time analyses. Cox re-
gression analyses were carried out to identify predictors for the occur-
rence of the combined endpoint Hazard ratios (HRs) with CI are
reported. The underlying assumptions of the statistical tests were eval-
uated. Statistical significance was inferred when P < 0.05.,

For further details of methodology please refer to the Supplementary
material enline.

Results

Clinical characteristics

Baseline characteristics of the 243 patients enrolled within the pre-
sent analysis are presented in Table 1, Completeness of data for pa-
tient characterization is illustrated in the Supplementary material
online, Table 56. Mean age in the population was 77 = 9 years and the
sex ratio was balanced. Invasive systolic PAPs ranged from 19 to
117mmHg, with 121 patients (50%) demonstrating a PAPs
>50mmHg, further referred to as the iPHT+ group. Compared to
the 122 patients (50%) with PAPs <50mmHMg (IPHT- group), these
patients were at higher preoperative risk (EUROscore II: P<0.01;
STS predicted mortality: P = 0.01), had more often been hospitalized
for HF within the prior year (P=0.01), a longer symptom duration
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Table | Patient characteristics according to PHT groups

Baseline characteristics All patients iPHT— patients iPHT+ patients Mean P-value
PHT groups (n=1243) (n=122) (n=121) difference/Hodges-Lehmann
estimator® (Cl)
Age (years) 779 78+8 7619 -1.9(-4.1t0 023) 0.08
Female sex, n (%) 121 (50) 66 (54) 55 (46) — 0.20
BMI (kg/m?) 2745 2+5 2845 2.2 (0.6-09) <001
EUROscore Il (%) 77270 66260 89473 24 (06-41) <00
STS predicted mortality (%) 54%51 4229 66160 24(1.1-38) <00
eGFR (mL/min/1.73 m?) 48+22 5222 43122 -9(-15to0 -4) <0.01
eGFR <30 mUmin/1.73 m?, n (%) 52(21) 17 (14) 35(29) — 0.01
Chronic dialysis, » (%) 14 (6) 4(3) 10 (8) —_ 0.1
Previous PCl, n (%) 56 (23) 30 (25) 26 (22) — 0.65
Previous CABG, n (%) 30(12) 15(12) 15(12) - 099
Previous valve intervention, n (%) 31(13) 14(12) 17 (14) — 057
Atrial fibrillation, n (%) 214 (88) 104 (85) 110 (91) - 0.24
Chronic lung disease, n (%) 57 (24) 20 (16) 37 (31) — 001
Right ventricutar lead present, n (%) 67 (28) 30 (25) 37 (31) — 032
HF hospitalization prior year, n (%) 175 (76) 79 (69) 96 (84) — 0.01
Symptomduration {months) 8(417) 8(3-12) 10 (5-20) 2 (0-4)" 0.01
NYHA I, n (%) 18(7) 11(9) 7(6) — <0
NYHA I, n (%) 159 (65) 92 (75) &7 (55) —
NYHA IV, n (%) 66 (27) 19 (16) 47 (39) -
NT-pro-BNP (ng/L) 3110 (1678-6276) 2614 (1315-4407) 4634 (2099-8016) 1513 (814-2410)" =00
6-min walk distance {m) 2341119 263+ 119 202 + 101 -61(-92 10 -30) <0.01
Right heart catheter—PHT groups
PAP systolic (mmHg) 49+15 38%7 61112 23 (21-26) <00
PAP mean (mmHg) Nx10 24x6 39+8 15 (14-17) <001
PAP mean >25 mmHg, n (%) 163 (68) 65 (46) 98 (98) <001
RAP mean (mmHg) 1527 1225 1817 6(5-8) <0.01
PCWP or LAP mean (mmHg) 207 165 24+t6 8(7-10) <0.01
Pulmonary vascular resistance (WU) 34+ 2.1 25213 42+24 1.7 (12-22) <0.01
Transpulmonary gradient (mmHg) 1227 8+5 1617 B (6-9) <00
TAPSE/PAPs ratio (mm/mmHG) 0381017 049 017 027 £ 0.10 -0.21 (-0.25 to -0,18) <001
Echo variables—PHT groups
LV ejection fraction (%) 51214 52+13 49416 -3(-6to 1) 0.08
LV EDD (mm) 5129 508 5319 33(1.1-54) <00
TAPSE (mm) 175 18+5 165 17 (-29 10 -06) <0.01
RA area (cm?) 37412 3812 36412 17 (491w 14) 0.28
RV midventricular diameter (mm) 43+8 42x8 4318 1.0(-1.1t0 3.1) 0.36
TV annulus diameter (miim?) 487 488 4716 -0.65(-25t0 1.2) 0.50
Estimated PAPs (mmHg) 49+15 43+9 54417 11 (8-15) <001
TR vena contracta (mm) 103 10x3 9%3 06(-151t03) 018
TR EROA PISA (cm?) 057+032 062 +032 052+ 032 -0.13 (-0.22 10 -0.03) 0.02
TR coaptation gap (mm) 5+3 6+3 543 -08(-16tc01) 0.06
TR tenting height (mm) 2t4 9t4 93 02(-12t09) 0.73
TR tenting area (cm?) 22211 24112 2110 -02(-131009) 0.19
Mitral regurgitation
Grade 0-1 95 (39) 55 (45) 40 (33) — 0.18
Grade 2 49 (20) 25(21) 24 (20) -
Grade 3 86 (35) 38 (31) 48 (40) —
Grade 4 13 (5) 4(3) 9(7) -
Continued
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Table | Continued
Baseline characteristics All patients iPHT— patients iPHT+ patients Mean P-value
PHT groups (n=1243) (n=122) (n=121) difference/Hodges-Lehmann
estimator™ (Cl)
Tricuspid regurgitation
Grade 2 13(5) 2(2) 11(9) — 0.10
Grade 3 163 (67) 85 (70) 78 (65) —
Grade 4 67 (28) 35(28) 32 (26) —

For completeness of data please refer to Supplementary material online, Table 56,

*Symptomduration (manths) = duration of heart failure symptoms pricr to TTVR NT-pro8NP.

BML body mass index; CABG, coronary artery bypass grafting Cl, 95% confidence interval: EDD, end-diastolic dimension; EROA, effective regurgitation orifice area; HF, heart
fallure; IPHT-, invasive PAP < 50 menHg iPHT -+, invasive PAP > 50 mmHg: LAP. left atrial pressure; LV, left ventricular; NT-proBNP, N-termiral pro-B-type natriuretic peptide;
NYHA, New York Heart Assocation; PAP, pulmonary artery pressure; PAPs, systolic pulmonary artery pressure; PCL percutaneous corenary Inmervention; PCWP, pulmenary
capillary wedge pressure; PISA, proximal isovelocity surface area; RA, right atrial; RAP, RA pressure; STS, Society of Thoracic Surgeons; TAPSE, tricuspid annular plane systolic

excursion; TV, tricuspid vatve; WU, Wood units.

(P=0.01). had more severe symptoms (NYHA Class IV: 39 vs. 16%,
P<0.01), higher NT-pro-BNP levels (P < 0.01), more impaired renal
function (P<0.01), a higher rate of chronic lung diseases (P = 0.01),
and more impaired functional capacity (6MWT: P<0.01). iPHT+
patients demonstrated higher invasive mean PAP, higher pulmonary
capillary wedge pressures (PCWP) and RAPs, higher pulmonary vas-
cular resistances (PVR), and higher transpulmonary gradients (TPG)
and impaired afterload corrected RV function (P<0.01 for all,
Table 1), Similar results were observed when considering only
patients with isolated TTVR and patients with a combined mitral-
tricuspid procedure (Supplementary material online, Tables S1a and
S1b).

Overall, iPHT+ patients demonstrated more severe RV dysfunc-
tion and left ventricular (LV) dilatation as well as higher non-
invasively determined PAPs, Afterload corrected RV function
(TAPSE/iPAPs ratio) was significantly impaired in iPHT+ patients.
Mitral regurgitation (MR) and TR grades were similar between iPHT
groups, although IPHT - patients demonstrated a slightly smaller ef-
fective regurgitation orifice area (EROA; P = 0.01) but similar coapta-
tion gaps and tenting parameters (Table 1). Similar results were
obtained in isolated TTVR patients and patients undergoing a con-
comitant mitral procedure (Supplementary material online, Tables
Staand S1b).

Impact of pulmonary hypertension on
procedural outcomes

Concomitant transcatheter treatment of the mitral valve repair
(TMTVR) was performed in 46% of patients (n=111). In 96% of
these patients, the MR could be reduced to MR < 2, without any dif-
ferences between iPHT+ groups (Supplementary material online,
Table S2b).

Overall, in the tricuspid position, a median of 2 (IQR 2-2) clips
were implanted predominantly in the anteroseptal (92%) and poster-
oseptal commissure (39% of patients). Procedural success was docu-
mented in 84% of patients with no differences between iPHT- and
iPHT- group (Table 2, Figure 1). This was true also when considering
patient with isolated TTVR and patients with a concomitant mitral
procedure separately (Supplementary material online, Tables S2a and
S2b).

Correlation of invasive and
echocardiographic pressures

Median time from echocardiography to right heart catheter was 6
(IQR 2-17) days and comparable within all subgroups. Overall, we
observed a moderate correlation between invasive and echocardio-
graphic PAPs (r=047, P<0.01). However, the sensitivity for echo-
cardiography to detect iPHT 4 was only 55% with a specificity of 74%
(Figure 2). Accordingly, 45% of iPHT+ patients were not diagnosed
as having PHT by echocardiographic assessment (iPHT+/ePHT-
group, 55 patients). Invasively determined RAP correlated weakly
with echocardiographically determined RAP (r=0.28, P<0.01) and
showed higher absolute values (15+7 mmHg vs. 12+4 mmHg,
P<0.01). The underestimation was most pronounced in iPHT+/
ePHT- patients and was mainly due to the systematic underestima-
tion of invasive RAP values over 15 mmHg, Echocardiographic mean
PAP and PVR estimates correlated moderately with invasive assess-
ments (TR flow integral-derived mean PAP: r =048, P<0.01; TR vel-
ocity-derived mean PAP: r=033, P<0.01, RV outflow tract flow
acceleration time derived mean PAP: r=040, P<0.01, RV outflow
tract flow integral and TR velocity derived PVR: r=0.47, P<0.01)
and demonstrated low specificity in identifying iPHT. While invasive
mean PAP correlated significantly with invasive PAPs (r=091,
P <0.01), an invasive mean PAP >25 mmHg demonstrated low speci-
ficity (62%) in identifying iPHT.

Clinical outcomes
Patients were followed for a median of 330 (IQR 175-402) days.
Over the follow-up time, 35% of patients (n = 85) reached the com-
bined endpoint. While 45 patients (19%) died, 67 patients (28%)
were hospitalized for HF and 9 patients (4%) underwent a reinter-
vention (6 x TTVR, 2 x tricuspid surgery, 1 x heart transplantation).
The presence of iPHT was predictive of the occurrence of the
combined endpoint on univariate Cox regression [HR 2.11 (Cl 1.35-
3.29], P=0.01, Table 3). Time free of the occurrence of the combined
endpoint, of death and hospitalization for HF were longer in the
iPHT- as compared to the iPHT+ group (log rank: P<0.01, P<0.01,
and P = 0.01, respectively). The same was true when considering only
patients with isolated TTVR [HR 3.10 (Cl 1.69-5.70), P<0.01; log
rank: P<0.01 for all] but not patients with a concomitant mitral
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Table 2 Procedural details according to PHT groups

Procedural detailsPHT groups All patients (n = 243)
Concomitant mitral procedure, n (%) 111 (46)

Number of tricuspid clips (n) 2(2-2)

Anteroseptal clip placement, n (%) 224 (92)

Posteroseptal clip placement, it (%) 95 (39)
Anteroposterior clip placement, n (%) 10(4)

Procedural success, n (%) 205 (84)

iPHT - patients (n = 122) iPHT + patients (n = 121) P-value
51(42) 60 (50) 025
2(2-2) 2(2-2) 0.62
110 (90) 114 (94) 0.34
51 (42) 44 (36) 043
4(4) 6(5) 0.54
103 (84) 102 (84) 0.99

Hodges-Lehmann estimators with 95% confidence interval 0 (0-0) for number of tricuspid clips between PHT groups.

IPHT =, invasive PAPs = 50 mmHg iPHT-, invasive PAPs < 50 mmHg.

p=0.99

Procedural Success (%) >
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Figure | Distribution of procedural success rates across patient groups. (A) Patient groups according to invasive assessment is shown. (B) Patients
according to invasive and echocardiographic groups is shown, ePHT-, echocardiographic PAPs <50 mmHg ePHT+-, echocardiographic PAPs =50
mmig; iPHT-, invasive PAPs <50 mmHg: iPHT +, invasive PAPs =50 mmHg.

procedure [HR 136 (Cl 0.70-2.65), P=0.02; log rank P=0.35,
P=046 and P=0.78: Figure 3 and Supplementary material online,
Figure $1]. Times free of the occurrence of the combined endpoint
were numerically but not significantly longer in TMTVR patients (log
rank: P=0.11).

Assessment according to invasive and
echocardiographic pulmonary
hypertension

Compared to 66 patients with iPHT--/ePHT +-, the 55 iPHT +/ePHT-
patients had numerically higher preoperative risk scores, more se-
vere dyspnoea and worse 6MWT results (Table 4), A V-wave cut-off
sign, defined as an early peaking and a triangular CVW Doppler signal,
indicative of high right atrial ‘C-V" waves,'” was more common in
iPHT+/ePHT- patients (38%) compared to iPHT-+/ePHT (12%,
P<0.01, Figure 5) but was not predictive of outcomes. An echocar-
diographic false negative diagnosis of PHT (iPHT+/ePHT- group)
was associated with higher RAPs, more impaired LV function, the
lowest echocardiographically determined PAPs and a more severe
TR (EROA: P=0.01, TR grade: P < 0.01, Table 4). Similar results were
observed when considering patients with or without concomitant

8
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Figure 2 Correlation between invasively and echocardiographi-
cally determined systolic pulmonary artery pressures. ePHT-, echo-
cardiographic PAPs <50 mmHg; ePHT+-, echocardiographic PAPs
250 mmHg IPHT-, invasive PAPs <50 mmHg; IPHT+, invasive
PAPs =50 mmHg.
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Table3 Cox regression analysis for combined endpoint
Univariate Multivariable stepwise
HR (CI) P-value HR (CI) P-value
Qverall cohort

Symptomduration >12 months 1.72(1.12-2.65) 0.02 — —

6 MWD (per 20 m decrease) 1.07 (1.02-1.11) <0.01 - —
TAPSE/iPAPs <0.29 mm/mmHG 2.27 (147-3.50) <001 — —
Procedural failure (binary) 218 (1.23-3.84) 0.01 — —

TPG >12 mmHMg (binary) 1.86 (1.18-2.95) 0.01 - —
iPHT+-/ePHT- (binary) 3.35(217-5.19) <001 3.76 (225-6.27) <001
iPHT+ (binary) 207 (1.33-3.23) <0.01

ePHT4 (binary) 0.54 (0.34-0.87) 0.01

Isolated TTVR

6 MWD (per 20 m decrease) 1.05 (1.00-1.11) 0.05 — —
TAPSE/PAPs <0.29 mm/mmHG 352 (1.97-6.30) <0.01 257 (1.20-5.51) 0.02
Procedural failure (binary) 229 (1.19-4.40) 0.01 — —

TPG >12 mmHg (binary) 1.91 (1.05-3.50) 0.04 - -

iPHT 4-/ePHT- (binary) 397 (2.25-6.98) <0.01 366 (1.71-7.83) <0.01
iPHT - (binary) 298 (1.62-5.48) <0.01

Cl, 95% confidence intervak ePHT +, echocardiographic PAPs > 50 mmHg; HR, hazard ratio; iIPAPs, Invasive systolic pulmonary pressure: IPHT+, invasive PAPs > 50 mmHg.

TAPSE, tricuspid annular plane systolic,

mitral procedure separately (Supplementary material online, Tables
S3a and S3b).

The iPHT-+/ePHT- group demonstrated the least favourable pro-
cedural TTVR success rates in all patient groups, reaching statistical
significance in the overall cohort (Figure 1).

The worst clinical outcomes with the shortest event-free time for
the combined endpoint was found in the iPHT+/ePHT- group
(P<001, Figure 3). Event-free survival time between iPHT- and
iPHT+/ePHT+ did not significantly differ (log rank: P=0.48). The
same was true for isolated TTVR procedures and those combined
with mitral interventions (Supplementary material online, Figure S1).

On univanate Cox regression analysis, a poorer functional cap-
acity, longer symptom duration, a low afterioad corrected RV func-
tion, an unsuccessful TTVR-procedure, and an elevated TGP (but not
an elevated PVR) were predictive of the occurrence of the combined
endpoint. In a model with iPHT/ePHT information, the assignment to
the iPHT+/ePHT- group emerged as independent predictor for the
combined clinical endpoint (Table 3), In patients with isolated TTVR,
a worse TAPSE/PAPs ratio and an iPHT+/ePHT- diagnosis were in-
dependent predictors in a multivariable model (Table 3). Neither
concomitant mitral clipping [HR 0.70 (CI 0.45-1.10), P=0.10], nor
procedural mitral clipping success [96% of patients, HR 0.63 (Cl
0.15-2.63), P=0,53] were predictors for the combined endpoint.
The independent predictive value of a discordant PHT diagnosis
remained significant even after adjustment for baseline heterogene-
ities between subgroups.

Echocardiographic predictors of a discordant diagnosis were LV
ejection fraction (EF) <50% [OR 2.2 (CI 1.2-4.0), P=0.01], TAPSE
<17 mm [OR 28 (1.5-5.5), P<0.01], V-wave cut-off sign [OCR 2.8
(1.5-5.4), P<001), and TR-grade>3 [OR 2.9 (1.5-5.4), P<001].

The presence of neither of these parameters or the presence of all
parameters excluded or verified a discordant PHT diagnosis with
high diagnostic certainty (24% of patients).

Clinical and echocardiographic
implications of transcatheter tricuspid

valve repair

Clinically, 75% of patients demonstrated improvement in NYHA class
during follow-up comparably in all groups (P=0.81 for between-
group comparisons, Figure 4). Overall, 6-min walk distance increased
[+49 (Cl 35-62) m, P<0.01] and NT-pro-BNP levels were reduced
[-455 (CI -733 to -219) ng/ll. P<0.01], with a non-significant
improvements in the iPHT +/ePHT- group (Figure 4).

Echocardiographically, tricuspid valve EROA [-027 (Cl -0.32 to
-0.22) ecm?, P<0.01), and vena contracta [-4.1 (Cl 4.6 to -3.6) mm,
P <0.01] were similarly reduced in all groups (Figure 4). Tricuspid an-
nular plane systolic excursion did not change significantly after TTVR
(<05 (CI -1.3 to 0.35) mm, P=027]. Overall, echocardiographically
determined PAPs declined after TTVR [-3.6 (C1 -5.5 to -1.7) mmHg,
P<0.01]. While echo PAPs was unchanged in iPHT- (P=0.13) and
decreased in iPHT+/ePHT+ (P<0.01) patients, it increased in
iPHT+/ePHT- patients (P<0.01; Figure 5). Similar results were
obtained when considering isolated TTVR or combined TMTVR pa-
tient separately.

Inisolated TTVR. NYHA class improved in 66% of patients as com-
pared to 86% in patients with combined TMTVR (P < 0.01), without
differences between iPHT/ePHT groups within both patient cohorts.
Six-min walk distance, NT-pro-BNP, and echocardiographic changes
in these two subgroups mirrored those of the overall cohort (data
not shown),
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Figure 3 Event free survival between iPHT/ePHT groups.ePHT-, echocardiographic PAPs <50 mmMg: ePHT ., echocardiographic PAPs >50

mmHg; iPHT-, invasive PAPs <50 mmHg; iPHT +, invasive PAPs =50 mmHg.

The use of 60 mmHg as cut-off to define iPHT and ePHT yielded
similar overall results to the analyses using a cut-off of 50mmHg
(Supplementary material online, Figure 52, Tobles S4 and 55).

Discussion

This is the first study comprehensively assessing the role of PHT in
patients with severe TR at high surgical risk undergoing TTVR. The
main findings can be summarized as follows:

(1) PHT frequently coexists with severe TR and is associated with
more severe right and LV HF and a higher preoperative risk.

(2) Echocardiographic assessment of PAPs is of limited diagnostic value
for the presence of PHT. In fact, sensitivity and specificity to accur-
ately detect invasively confirmed PHT in patients with severe TR
was only 55% and 74%, respectively.

(3) Patients with both iPHT and ePHT had similar outcomes as patients
without iPHT in terms of hard clinical endpoints, whereas iPHT and
a false negative echocardiographic PHT diagnosis had the worst
outcomes.

(4) RV-PA coupling is independently associated with event-free survival
in patients undergoing isolated TTVR.

Pulmonary hypertension often coexists with TR and TV dysfunc-
tion by RV pressure overload and subsequent remodelling.‘ The
combined presence of TR and PHT indicates a poor prognosis and
high operative risk*'® in a population traditionally underserved by
surgical therapies.'” Current guidelines exclude patients with PHT
from surgical interventions” and the potential implications of PHT for
TR treatment are yet unknown. For the first time, TTVR represents a
potential treatment option for TR in patients with PHT, and serves as
an opportunity to enhance our understanding of PHT in TR.

Qur patient cohort is 10-20 years older and at higher estimated
preoperative risk than cohorts reported to have undergone tricuspid
surgery.mn Data on the frequency of PHT in patients considered to
undergo treatment are rare. Kundi et al. reported that only 17% of
Medicare beneficiaries undergoing either TV repair or replacement
were diagnosed with PHT. We found that a much higher percentage
of patients with TR (50%) exhibit PHT at this later presentation age
and accompanying risk, and that PHT is associated with more severe
RV systolic dysfunction.””

Although echocardiography is the non-invasive reference standard
to assess TR severity and PHT by estimation of PAPs, it has been rec-
ognized that the determination of PAPs might be limited in severe TR
patients.'*??

Uniquely, our study included both invasive and echocardiographic
approaches to diagnose PHT. Although a positive linear correlation
was evident between invasive and echocardiographic PAPs, the sensi-
tivity to adequately identify patients with PHT by echo was only 55%,
Doppler echocardiography can underestimate PAP in severe TR'
due to: (i) rapid pressure equalization between RA and RV with an ef-
fective loss of a RV-RA pressure gradient and (ii) the underestima-
tion of RAP in the setting of severe TR. Indeed, patients with a false
negative echocardiographic PHT diagnosis showed the most severe
TR grades. Furthermore, echocardicgraphy significantly underesti-
mated invasively assessed RAP,

During follow-up, event rates were substantially elevated at an
overall mortality rate of 19% at roughly 11months of follow-up.
However, considering the high-risk cohort in this study, these num-
bers seem to compare favourably to tricuspid surgery series and
studies investigating the natural history of TR.'?" Pulmonary hyper-
tension has been shown to be associated with unfavourable out-
comes after a number of surgical and percutaneous valvular
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Table 4 Patient characteristics according to iPHT/ePHT groups
Baseline iPHT/ePHT groups iPHT+/ePHT— iPHT+/ePHT+ Mean difference/Hodges- P-value
(n=55) (n=66) Lehmann estimator” (CI)
Age (years) 75+ 10 76+8 1(-5t02) 0.38
Female sex, n (%) 27 (49) 28 (42) — 047
BMI (kg/m*) 8+5 2745 0(-1t02) 0.65
EUROscore Il (%) 105+92 76+ 48 29(04105.5) 0.03
STS predicted mortality (%) 76+ 81 57+59 1.9 (-06 10 4.4) 014
eGFR (mL/min/1.73 m%) 44 1 26 42+ 17 2 (-6t 10) 0.60
eGFR <30 mUmin/1.73 m?, n (%) 17 (31) 18 (27) — 0.69
Chronic dialysis, » (%) 7{(13) 3(5) —_ 0.10
Previous PCl, n (%) 14 (26) 12(18) - 0.38
Previous CABG, n (%) 10 (18) 5(8) S 0.10
Previous valve intervention, n (%) 10 (18) 7(11) —_ 0.30
Atrial fibrillation, n (%) 46 (84) 64 (97) — 0.02
Chronic lung disease, n (%) 15 (27) 22 (33) - 0.55
Right ventricular lead present, n (%) 17 (31) 20 (30) — 094
HF hospitalization prior year, n (%) 43 (84) 53(83) — 083
Symptomduration (months) 9 (4-25) 12(6-17) 0(-3t0 3)" 0.99
NYHA I, n (%) 0(0) 7011 — 0.01
NYHA Il n (%) 28 (51) 39 (59)
NYHA IV, n (%) 27 (49) 20 (30)
NT-pro-BNP (ng/L) 5 084 (2438-8201) 3757 (1857-6805) -548 (<1938 to 665)" 0.33
&-min walk distance (m) 175+ 93 221120 -46 (-89 to -3) 0.04
Right heart catheter—PHT groups
PAP systolic (mmHg) 01N 62+13 -2(-6t03) 0.46
PAP mean (mmHg) 407 398 0(-2tw0 3) 0.74
PAP mean >25 mmHg, n (%) 53 (98) 64 (99) - 0390
RAP mean (mmHg) 207 166 4(1-6) <00
PCWP or LAP mean (mmHg) 2415 24+7 0{-2t03) 076
Pulmonary vascular resistance (WU 38421 46+26 08(-1.7t00.1) 0.09
Transpulmonary gradient (mmkg) 1616 16+8 0{-3t03) 092
TAPSE/PAPs ratio (mavmmHG) 0.27 £ 0.09 0.28 £ 0.09 -0.01 {-0.04 10 0.03) 0.63
Echo variables—PHT groups
LV ejection fraction (%) 46+ 15 52+15 S(-1Mto0) 0.05
LV EDD {mm) 529 539 -1(41w03) 0.62
TAPSE (mm) 155 16+4 1(-2t01) 0.34
RA area (cm?) 36+ 13 37410 1(-5t03) 0.64
RV midventricutar diameter (mm) 4318 44+8 “1(4102) 0.56
TV annulus diameter (mU/m’) 616 486 -2 (410 0) 007
Estimated PAPs (mmkg) 42410 65+ 15 -23(-28to0 -19) <0.01
TR vena contracta (mm) 1013 9+3 1{0-2) 015
TR EROA PISA (cm’) 0.60 + 0.41 0.45+0.20 0.16 (0.04-0.27) 0.01
TR coaptation gap (mm) 6+3 542 1(0-2) 0.07
TR tenting height (mm) 9+4 9%3 0{-2w 1) 076
TR tenting area (cm}) 20+10 22+09 02(-06t002) 031
Mitral regurgitation
Grade 0-1 20 (36) 20 (30) = 0.68
Grade 2 12(23) 12 (18)
Grade 3 19 (34) 29 (44)
Grade 4 4(8) 5(8)
Continued
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Table 4 Continued

Baseline iPHT/ePHT groups iPHT +/ePHT— iPHT+/ePHT+ Mean difference/Hodges~ P-value
(n=55) (n=66) Lehmann estimator® (Cl)
Tricuspid regurgitation
Grade 2 3(6) 8(12) — <0.01
Grade 3 27 (49) 51(77)
Grade 4 25 (46) 7(11)

For completeness of data please refer to Supplementary material online. Table 56,

*Symptomduration (months) = duration of heart failure symptoms priar to TTVR NT.pro8NP.

BMI body mass indexc CABG, coronary artery bypass grafting: Cl, 95% confidence interval; EDD, end-diastolic dimension; ePHT-, echocardiographic PAP < 50 mmHg; ePHT+,
echocardiographic PAP = 50 mmHg EROA, effective regurgitation orifice area; HF, heart failures IPHT-, invasive PAP < 50 mmHg IPHT +, invasive PAP > 50 mmHg: LAP, left
atrial pressure: LV, left ventricular NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; PAP, pulmonary artery pressure; PAPs, systol-
ic puimonary artery pressure; PCl percutaneous corcnary intervention; PCWP, pulmonary capdfary wedge pressure; PISA, proximal isovelocity surface area; RA, right atriat
RAP, right atrial pressure; STS, Society of Thoracic Surgeons; TAPSE, tricuspid lar plane systolic excursicn; TV, tricuspid valve: WU, Wood units.
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Figure 4 Clinical and echocardiographic changes according to iPHT/ePHT groups. Development of (A) New York Heart Association functional
class, (B) 6-min walk distance, (C) N-terminal pro-B-type natriuretic peptide, and (D) tricuspid valve effective regurgitation orifice area from baseline
(left plot for each group) to last follow-up (right plot for each group). Data are presented as frequencies bars (A) and box plots (25th centile, median,
and 75th centile) and whisker (5th and 95th centiles) (B-D). ePHT-, echocardiographic PAPs<50 mmMg: ePHT 4, echocardiographic PAPs>50

mmHg; iPHT-, invasive PAPs<50 mmHg; iPHT -+, invasive PAPs >50 mmHg.

suggesting that the presence of PHT is rather protective. Although
the authors do not comment on their technique to assess PHT or
further interpret this finding in their manuscript, our data might con-
tribute to reconcile these conflicting data,

interventions including aortic valve replacement,” percutaneous mi-
tral valve edge-to-edge repair,”® and mitral- and/or tricuspid sur-
gery.”*** However, conflicting data exist in tricuspid surgery, while
Di Mauro et al*® clearly demonstrate that the presence of PHT is

associated with mortality, Kundi et al.>" report an HR of 0.82 for sec-
ondary PHT to predict 1-year mortality after tricuspid surgery,

Although echocardiography underestimates pulmonary pressures
in a significant number of patients with TR, this diagnostic limitation
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Figure 5 Evolution of echocardiographic systolic pulmonary artery pressure after transcatheter tricuspld valve repair according to IPHT/ePHT
groups. Data are presented as box plots (25th centile, median, and 75th centile) and whisker (5th and 95th centiles), Note the V-wave cut-off sign at
baseline in iPHT+/ePHT- group. ePHT-, echocardiographic PAPs <50 mmHg: ePHT+-, echocardiographic PAPs =50 mmHg: iPHT-, invasive PAPs
<50 mmHg; IPHT +, invasive PAPs =50 mmHg, iPHT- (n = 110); iPHT-+/ePHT- (n = 44); iPH+/ePHT+ (n = 65).

conveys additional prognostic information. The combination of echo-
cardiographic and invasive assessment of pulmecnary pressures
reveals two distinct patient cohorts: patients with a concordant PHT
diagnosis (IPHT+/ePHT ) with a similar outcome as patients with-
out PHT: and patients with a discordant diagnosis (iIPHT 4 /ePHT-
patients), who have the worst outcome. The inferior outcome of a
discordant diagnosis might be explained by more severe baseline
symptoms, a lower LV-EF and more severe TR. In addition, proced-
ural success was less frequent in patients with a discordant diagnosis,
which itself is a predictor of cutcome'” and is probably explained by
the presence of more severe TR. Interestingly, there were no signifi-
cant differences in TASPE between the two cohorts. However,
TAPSE in patients with a discordant diagnosis and more severe TR
might be overestimated and not reflecting true RV contractility. The
finding of a discordant PHT diagnosis as an independent predictor for
outcome suggests that this feature is not explained by conventional
risk factors but represents a novel and easily applicable marker for
outcome predictionin TTVR.

Echocardiographically estimated PAPs decreased during follow-up
in the overall cohort as well as in the iPHT+/ePHT+ group. This is

most likely explained by concomitant treatment of MR, In fact,
iPHT+ was not predictive of the occurrence of the combined end-
point on Cox regression analysis in the combined TMTVR group,
suggesting that MR treatment also ameliorates PHT. In addition, re-
duction in RV volume overload improves septal interaction and
thereby facilitates LV filling following TTVR with consequently lower
LV filling pressures, which could explain the PAPs decrease in the iso-
lated TTVR concordant PHT group.””*® Conversely, estimated PAPs
increased in iPHT+/ePHT- patients. We argue that TTVR restores
the RA-RV gradient and thereby the validity of echocardiographic
PAP estimation, rather than representing a true rise in PA pressures.
However, given the missing invasive follow-up data, it cannot be
excluded that a true rise in PAPs might have occurred in iPHT+/
ePHT- patients. These findings illustrate the complexity of PAP esti-
mation before and after TR treatment. If potential induction of RV
afterload by TTVR is found to be detrimental, this certainly will have
to be assessed invasively in future trials.

Our data imply that echocardiography as a singular technique is
not sufficient to screen for or follow-up on the development of PHT
in the majority of patients undergoing TTVR. However, a combined
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Take home figure Flow for risk assessment of patients with tricuspid regurgitation (TR) undergoing transcatheter tricuspid valve repair
(TTVR) according to pulmonary hypertension (PHT) using echocardiography (Echo, e) and right heart catheter (RHC, invasive, i).

diagnostic approach with invasive assessment and echocardiography
offers incremental value for prognostication of TR patients. In fact,
patients with a concordant iPHT and ePHT diagnosis had a similar
outcome to patients without PHT, suggesting TTVR as a useful thera-
peutic approach also in selected PHT patients. Importantly, previous
and ongoing trials in the field of TTVR exclude patients with esti-
mated PAP>60 mmHg 2" clinicaltrials.gov NCT02981953). The
results of this study do not support the exclusion of patients with
ePHT in clinical trials and further highlight the importance of incorpo-
rating invasive PHT assessment in the work-up of patients with se-
vere TR and TTVR trial protocols to allow for optimal
haemodynamic and prognostic stratification, As such, a discordant in-
vasive and echocardiographic PHT diagnosis might serve a better ex-
clusion criterion than the presence of ePHT in future TTVR trials.

A number of limitations have to be considered when interpreting
the findings. Although the present cohort of patients undergoing
TTVR with comprehensive assessment of PHT is the largest pub-
lished thus far, the number of patients is still limited. Given the avail-
ability of echocardiographic and invasive PAPs in all patients with TR
and the good comparability of invasive and non-invasive assessments,
we used PAPs >50 mmHg as criterion to define PHT in our study.
However, guideline recommended PHT definitions are based on
PAPm > 25 mmMg. Future studies are needed to establish the opti-
mal echocardiographic parameters for the assessment of PHT prob-
ability in TR patients given the apparent shortcomings in standard
imaging. Echocardiographic and hemodynamic data were analysed by
experienced institutional cardiologists, but there were no echocar-
diographic or hemodynamic core lab analyses performed. Although
comparable to previous studies investigating the role of echo and in-
vasive PAP assessment, the time interval between echocardiographic
and invasive assessment might have introduced some confounding.
A significant proportion of patients underwent concomitant treat-
ment for MR. This was well-balanced between iIPHT +/ePHT + and
iPHT+/ePHT- patients, thereby unlikely to explain the major divide
in clinical outcomes of these two cohorts. Nevertheless, some con-
founding is likety and needs consideration. Finally, TTVR produces

multiple TR jets. In this scenario, no echocardiographic quantitative
estimation of TR has been validated up to date. In the future, a head
to head comparison of cardio magnetic resonance imaging and echo
based TR quantification could help to establish reliable echo TR
quantification after TTVR.

In conclusion, PHT is a frequent finding in patients scheduled for
TTVR and associated with more severe HF and a predisposition to
worse hard clinical outcomes, although clinical improvement can be
achieved by TTVR irrespective of PHT status. Combining invasive
and echocardiographic assessment of PHT is essential for risk stratifi-
cation and patient selection. TTVR poses a promising therapeutic op-
tion also in patients with TR and PHT, especially if invasive and
echocardiographic PHT diagnosis is concordant.

Supplementary material

Supplementary material is available at European Heart journal online,
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2.2.4 Klinische Effektivitit einer katheterbasierten Trikuspidalklappenrekonstruktion

bei Patienten mit Herzinsuffizienz und erhaltener Pumpfunktion
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Aims Severe tricuspid regurgitation (TR) impairs prognosis in patients with left-sided heart failure (HF) with preserved
(=50%, HFpEF) and reduced ejection fraction (<50%, HFrEF). Transcatheter tricuspid valve edge-to-edge repair
(TTVR) potentially improves prognosis among patients with severe TR. We sought to assess the impact of left-sided

HF types on outcomes of TTVR.
Methods In this retrospective study, 71 HFpEF and 40 HFrEF patients, defined according to the European Society of Cardiology
and results criteria, with isolated TR treated by TTVR in two tertiary care centres between 2016 and 2019 were analysed. The

primary outcome was a composite outcome of all-cause mortality and HF hospitalization at 12 months [median
follow-up 238 (interquartile range 175~365) days]. Additionally, a propensity score matching with a conservatively
wreated cohort of 914 patients with severe TR was performed. Procedural success did not differ between HFpEF
(mean age 75.9 + 9.3 years) or HFrEF (mean age 74.7 + 9.1 years) patients (86% vs. 78%, P = 0.299). The primary
endpoint occurred more frequently in patients with HFrEF as compared to HFpEF (50% vs. 30%, P = 0.016).
Procedural success was associated with a reduced occurrence of the primary endpoint among patients with HFpEF
(P<0.001) but not HFrEF (P = 0.813), while both groups showed improvement in New York Heart Association
functional class (both P < 0.001). After matching for age, EuroSCORE ||, presence of a right ventricular lead and systolic
pulmonary artery pressure, successful TTVR was associated with lower mortality as compared to conservative
therapy in HFpEF patients (P = 0.020), but not in HFrEF patients (P = 0.274).

Conclusion Transcatheter tricuspid valve edge-to-edge repair might be a treatment option in patients with severe TR and HFpEF
compared to conservative therapy.

Keywords Tricuspid regurgitation e Heart failure o Heart failure with preserved ejection fraction e Heart
failure with reduced ejection fraction e Heart valve disease ® Transcatheter heart valve therapies
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Introduction

The natural history of patients with left-sided heart failure (HF)
is frequently characterized by the development of significant tri-
cuspid regurgitation (TR)."~* Severe TR is associated with a dis-
mal prognosis in HF patients irrespective of left ventricular (LV)
function>* However, while severe TR has been shown to be
associated with impaired outcomes in patients with left-sided HF
and preserved ejection fraction (HFpEF).%’ its role in patients
with HF and mid-range/reduced ejection fraction (HFmrEF/HFrEF)
is more controversial.*® Distinguishing the type of left-sided HF
might be crucial in patients with severe TR as, on the one
hand, the development and progression of TR has been pro-
posed as a key mechanism and prognostic factor in the hetero-
geneous syndrome of HFpEF?®? On the other hand, the prog-
nostic significance of severe TR in HFrEF patients has been
discussed controversially as the condition itself might serve as
competing risk.>1?

Isolated severe TR is often undertreated surgically, given the late
presentation of patients at high perioperative risks and a substan-
tial perioperative mortality.''~'? Recently, new transcatheter treat-
ment options, on a compassionate use basis, have emerged,’? '
amongst them the most widely performed leaflet edge-to-edge
repair technique with the MitraClip, providing a treatment option
also for patients at high or prohibitive surgical risk.' Successful
transcatheter tricuspid valve edge-to-edge repair (TTVR) has been
suggested to reduce symptom burden'®~'® and even to reduce
mortality and HF hospitalizations when compared to a conserva-
tively treated propensity-matched cohort of patients.'” However,
it remains unclear whether this holds true for patients with dif-
ferent types of concomitant left-sided HF. Additionally, most pre-
vious analyses also included patients undergoing combined inter-
ventional treatment for severe mitral regurgitation, which ham-
pers conclusions on the benefit of interventional TR treatment in
left-sided HF.

We therefore sought to assess the clinical effects and outcomes
of successful TTVR in patients with isolated TR and left-sided HF
stratified according to the guideline-based definitions of HF with
reduced and preserved ejection fraction. Furthermore, we aimed
to investigate the prognostic role and effect size of TTVR in HFpEF
and HFrEF patients as compared to a conservatively treated cohort
of patients with relevant TR.

Methods

Study population

For this analysis, 147 consecutive patients undergoing isolated TTVR
using the MitraClip device for symptomatic, at least moderate to
severe TR in two high-volume tertiary care centres between July
2016 and April 2019 were included. All patients had symptoms of
HF and were in New York Heart Association (NYHA) functional
class Il to IV despite guideline-directed medical therapy (GDMT).
Pre-procedural assessment included a comprehensive transthoracic
(TTE) and transoesophageal echocardiography (TOE), evaluation
of N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels
(Cobas, Elecsys NT-proBNP Il, Roche, Basel, Switzerland) and a 6-min

walk test. Echocardiographic assessment was performed as described
before.'”'82 |n brief, grading of TR severity was based on the assess-
ment of vena contracea, effective regurgitant orifice area, and estimated
regurgitant volume, and TR severity grades of mild, moderate, and
severe were extended by a grade |V (massive or torrential according to
previous publications).2' 22 LV ejection fraction (LVEF) was assessed on
baseline TTE and in cases of uncertainties additional three-dimensional
TTE was performed. Patients were discussed at the local heart team
meeting and considered to be at high or prohibitive risk for surgery.
Therefore, an interventional approach for treatment of TR on a
compassionate use basis was suggested. Patients with poor echocar-
diographic visualization of the tricuspid valve on screening TOE, with
pacemaker lead induced TR, with any degree of tricuspid valve steno-
sis, with severe aortic stenosis and with tricuspid anatomy deemed
unsuitable for edge-to-edge repair were excluded from TTVR, HFpEF
was defined according to current European Society of Cardiology HF
guidelines,” as LVEF >50%, NT-proBNP elevation, HF symptoms and
evidence of elevated filling pressures on echocardiography. HFrEF was
defined by a LVEF <49% and elevated NT-proBNP, as well as signs or
symptoms of HF (HFmrEF the subgroup of HFrEF patients with an
LVEF 40-49%).2

Patients with evidence of pre-capillary pulmonary hypertension
[medical history or invasive evidence defined as pulmonary capillary
wedge pressure (PCWP) <15mmHg and invasive mean pulmonary
artery pressure (mPAP) 225 mmHg] and patients with missing data
precluding stratification in left- or right-sided HF were excluded from
the current study.

Follow-up examinations

Patients underwent TTE assessment at discharge, and at 1-6- and
12-month follow-up visits. On each visit, symptoms and quality of
life were recorded, a physical examination and a é-min walk test
were performed. Patients were regularly contacted by telephone if no
further outpatient appointments were scheduled.

OQutcomes

Procedural success of TTVR was defined as successful clip placement
and reduction of TR of at least one grade assessed on TTE at discharge,
as described before, 51722

The primary outcome was a combined endpoint of all-cause mortal-
ity and rehospitalization for HF within 1 year after the index procedure.

Secondary outcomes included changes in NYHA functional class,
quality of life as assessed by the Minnesota Living with Heart Failure
Questionnaire (MLHFQ), NT-proBNP level and é-min walk test at last
available follow-up.

Matched control cohort

Consecutive patients evaluated at Charité Medical University, Campus
Charité Mitte and Benjamin Franklin formed the control cohort of
patients with at least moderate to severe functional TR between 2010
and 2017. Patients were retrospectively identified on the basis of the
presence of at least moderate to severe TR with functional aetiology.
A local institutional review board for the collection of retrospective
data approved the inclusion of patients in this study, All patients
were medically treated according to GDMT. All patients underwent
comprehensive TTE with grading of TR severity, as well as stratification
into type of left-sided HF as described above. Follow-up was obrained
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by contacting the local registration offices. The primary outcome
of this cohort was all-cause mortality. Both study cohorts and the
investigation conform with the principles outlined in the Declaration
of Helsinki.**

Statistical analysis and matching

In case of normal distribution (Kolmogorov—Smirnov test), data are
given as the mean and corresponding standard deviation (%), if
data did not follow normal distribution they are given as median
and corresponding interquartile range (IQR). The number of miss-
ing data is given in the corresponding tables. Continuous variables
were compared with Student’s t-test and Mann—Whitney U test where
appropriate. Categorical variables were compared using the Fisher's
exact test.

Kaplan—Meier analyses were used to compare the survival in differ-
ent subgroups; the log-rank test was used to test for differences. Cox
regression analyses were performed to test the prognostic relevance
of dichotomous/dichotomized and continuous variables with regard to
the primary outcome; results are presented as hazard ratios (HR) with
corresponding 95% confidence interval (Cl).

Patients in the TTVR cohort were matched with the control cohort
using propensity score matching with the R-package 'PSMATCH-
ING3.04". Propensity scores were calculated using age, EuroSCORE
Il, presence of a right ventricular (RV) lead and echocardiographi-
cally estimated pulmonary artery systolic pressure (Echo-sPAP) for
HFpEF patients, and using age, EuroSCORE |l, presence of an RV
lead, Echo-sPAP as well as LVEF for HFrEF patients. For each case,
one control patient was randomly selected from the potential pool
of candidates defined by the parameters using the nearest neighbour
rule of £0.20 standard deviation. A two-sided significance level of a
0.05 was defined appropriate to indicate statistical significance. Sta-
tistical analyses were performed using the SPSS software (IBM Corp.
released 2017; IBM SPSS Statistics for Windows, version 25.0, Armonk,
NY, USA) and matching was performed using R version 3.3.0 (R
Core Team 2016;, R Foundation for Statistical Computing, Vienna,
Austria).

Results

Study cohort and baseline characteristics

Overall, 147 patients underwent isolated TTVR between 2016
and 2019 at our two tertiary care centres. Eight patients were
excluded due to either history or invasive evidence of pre-capillary
pulmonary hypertension and 28 patients were excluded due to
missing data precluding clear stratification into left- or right-sided
HFE. The final analysis comprised 71 patients with HFpEF and 40
patients with HFrEF (19/40 with mid-range ejection fraction). Of
note, all of the HFpEF patients who had invasive filling pressures
measured (n = 61), had elevated PCWP or LV end-diastolic
pressure (LVEDP) >15 mmHg.

Baseline characteristics are shown in Tabie 1. There was no
difference in age, sex or body mass index between patients with
HFpEF and HFrEF. The perioperative risk was elevated in both
groups, with a higher EuroSCORE Il in HFrEF patients. NT-proBNP
levels were higher in HFrEF patients. HF medication was not
different between HFpEF and HFrEF patients.
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Echocardiographic and haemodynamic
characteristics

All patients demonstrated at least moderate to severe TR with sole
functional aetiology in all, but in five cases were a mixed morpho-
logical and functional aetiology was present. Echocardiographically
patients presented with both RV and atrial dilatation. LV dilatation,
as indicated by an increased LV end-diastolic diameter (53 +9 vs.
49 + 7 mm:; P = 0,004) and impaired RV function (RV fractional area
change 36+ 11% vs. 43 + 9%; P = 0.001) were more pronounced
in HFrEF patients. There were no differences in qualitative or quan-
titative parameters of TR grading (online supplementary Table $7).

On invasive haemodynamic assessment, there were no differ-
ences in PCWP/LVEDP (21.2+4.8/62 vs. 21.6+8.1/31 mmHg,
P = 0.737) and mPAP (32 .+ 9/66 vs. 34 + 13 mmHg, P = 0.854)
berween HFpEF and HFrEF patients.

Procedural results

Procedural success did not differ between HFpEF and HFrEF (86%
vs. 78%, P = 0.299). The median number of clips deployed did
not differ between groups [median 2 (IQR 2-3) clips per patient,
P = 0.442)], with the predominant position being anteroseptal
(online supplementary Table S2).

At last available follow-up, both vena contracta [HFpEFA median
—4 (IQR —6 to —2) mm; HFrEFA —4 (IQR -5 to —2) mm:; both
P<0.001] and effective regurgitant orifice area [HFpEFA median
—0.28 (IQR —0.40 to —0.11) cm?; HFrEFA —0.24 (-0.31 to —0.07)
cm?; P<0.001 and 0.004, respectively] improved significantly, irre-
spective of the type of left-sided HF (Figure 7).

Outcomes after transcatheter tricuspid
valve repair

At last available follow-up, both HFpEF and HFrEF patients showed
symptomatic benefit after TTVR in terms of NYHA functional
class (Figure 7C), with 71% of HFpEF patients improving at least
one NYHA class vs. 57% of HFrEF patients (P = 0.168 for
between-group difference). The 6-min walk distance improved sig-
nificantly in HFpEF patients but did only show borderline signif-
icance in HFrEF patients (P<0.001 and P = 0.059, respectively;
Figure 1D). There was no change in NT-proBNP at last available
follow-up in either HFpEF [-29 (—437 to 332); P = 0.665] or
HFrEF patients [~118 (~1949 to 1501); P = 0.970]. The MLHFQ
was reduced in HFpEF patients, indicating favourable quality of life
[median A <7 (IQR =19 to 1), n = 28; P = 0.008] but not HFrEF
patients [A -2 (~15to 18), n = 17; P = 0.758].

During a median follow-up of 238 (IQR 175-367) days (HFpEF
median 287, IQR 183-371 vs. HFrEF 201, IQR 153-327 days;
P = 0.012), the composite endpoint occurred in 21 (30%) HFpEF
patients and 20 (50%) HFrEF patients (P = 0.016) (online sup-
plementary Figure S7A). The lower incidence of the composite
outcome in HFpEF patients was mainly driven by a lower num-
ber of hospitalizations for HF (23% vs. 45%; log-rank P = 0.019),
while there were no differences in mortality (online supplementary
Figure $17). Accordingly, an increase of LVEF per 10% was associated
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Table 1 Baseline characteristics
Variable HFpEF (n = 71) HFrEF (n = 40) P-value
Age, years 759493 747 +91 0.500
Female sex, n (%) 38 (54) 19 (48) 0.691
BMI, kg/m? 269+53 268+4.7 (n = 39) 0.982
EuroSCORE II, % 69+52 108:124 0.020
STS score, % 51442 54452 0.767
Symptoms
NYHA functional class, n (%) 0.520
] 9(13) 5(13)
m 45 (63) 22 (54)
v 17 (24) 13 (33)
6MWD, m 2524132 (n = 64) 255+122 (n = 36) 0910
MLHFQ 4017 (n = 38) 45+£21 (n=21) 0.303
Past medical history, n (%)
Previous PCI 15 (21) 9(23) 0814
Previous CABG 13 (18) 9(23) 0.621
Previous valvular intervention 14 (20) 8 (20) 1.000
Lung disease 18 (25) 9(23) 1.000
Current dialysis 3(4) 4(10) 0.242
Atrial fibrillation 64 (90) 32 (80) 0.244
RV lead 16 (23) 18 (45) 0.017
Medication
Beta-blocker, n (%) 64 (89) 36 (90) 0.744
ACE/ARB, n (%) 51 (71) 29 (73) 0.825
Diuretics, n (%) 66 (93) 38 (95) 0.420
Loop diuretic furcsemide dose, mg/day 45 (21-100) (n = 70) 60 (40-150) 0.165
Lab chart
NT-proBNP, pg/mL 2150 (1205-4108) (n = 68) 4947 (2726-7507) 0.001
oGFR, mUmin/1.73m? 47 (32-65) 43 (28-58) 0.198
Bilirubin, mg/dL 0.9 (0.61.3) (n = 69) 1.0 (0.6-1.5) (n = 38) 0.359
AST, U/L 29 (24-38) 30 (24-38) (n = 38) 0.970
ALT, UiL 20 (15-26) 23 (14-30) (n = 36) 0.229
Albumin, g/L 44 (40-45) (n = 39) 45 (1 -47) (n = 17) 0.260

MWD, &-min walk di

plands 2 v

ACEi, angl I rting hibitor; ALT, alani

aminotransferase; ARB, angiotensin recepeor blocker; AST, aspartate aminotrans-

ferase; BMI. body mass index; CABG, coronary artery bypass grafe eGFR, estimated glomerular filtration ratec HF, heart failure; HFpEF heart failure with preserved ejection
fraction; HFrEF, heart fadure with reduced ejection fraction; MLHFQ, Minnesota Living with Heart Falure questionnaire; NT-peoBNP. N-terminal pro-8-type natriuretic
poptide; NYHA, New York Heart Assoclation; PCI, percutaneous corenary intervention; RV, right ventricular; STS, Soclety of Thoracic Surgeons,

with a decreased HR for the occurrence of the composite endpoint
(HR 0.77; 95% C1 0.63-0.94).

Outcome according to procedural
success

Successful TTVR was associated with a significant longer composite
event-free survival in HFpEF (P <0.001) but not in HFrEF patients
(P = 0.813) (Figure 2), HFpEF patients with procedural success
had less HF hospitalizations (log-rank P<0.001) and all-cause
mortality (log-rank P = 0.001) with no differences in HFrEF patients
(online supplementary Figure $2). Procedural success predicted a
beneficial 12-month composite outcome in HFpEF patients, also
after adjustment for factors that were more frequent in HFrEF
patients (i.e. EuroSCORE Il, NT-proBNP. or presence of an RV lead,
respectively; online supplementary Table $3).

Propensity-matched cohort

Of the 914 patients in the conservative cohort, 307 patients were
classified as having HFpEF (34%), and 360 (39%) as HFrEF. Further-
more, 247 could not be clearly classified as left- or right-sided HF
due to missing data (27%).

After matching with the TTVR cohort, 61 pairs of HFpEF
patients and 33 pairs of HFrEF patients were identified. Stan-
dardized mean differences are displayed in online supplementary
Figure $3. Baseline characteristics before and after matching are dis-
played in online supplementary Table 54 and Table 2, respectively. At
baseline, TTVR HFpEF patients more frequently exhibited NYHA
functional class Il or IV at admission (P = 0.011) and had higher
RV midventricular diameter (P = 0.038). In HFrEF patients, there
were no differences in baseline characteristics except for a slightly
lower body mass index in the conservative group,

© 2020 European Society of Cardiology
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Figure 1 Changes in (A) vena contracta, (B) effective tricuspid regurgitant orifice area, (C) New York Heart Association (NYHA) functional
class, and (D) 6-min walk test at last available follow-up. HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced
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Figure 2 Survival free from the composite endpoint (all-cause mortality and heart failure hospitalization) according to successful transcatheter
tricuspid valve edge-to-edge repair (TTVR) in (A) heart failure with preserved ejection fraction (HFpEF) patients and (8) heart failure with

reduced ejection fraction (HFrEF) patients,

Survival of heart failure with preserved
or reduced ejection fraction patients:
transcatheter tricuspid valve repair vs.
matched cohort

Within the HFpEF population, 18 matched control patients
(30%) and 6 of the successfully treated TTVR patients (9.8%)

® 2020 European Society of Cardiology

died within 12months. Patients with successful TTVR had a
lower all-cause mortality at 12 months when compared to only
conservatively treated patients (HR 0.35, 95% Cl 0.14-0.89;
P = 0.027) (Figure 3A). However, when patients with procedural
failure were included in the analysis TTVR was only border-
line significantly associated with improved survival (log-rank
P = 0.056).
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Table 2 Comparison of baseline characteristics in the matched heart failure with preserved and reduced ejection

fraction cohorts
HFpEF HFrEF
TTVR (n= 61) Conservative P-value TTVR (n = 33) Conservative P-value
(n - 61) (n = 33)
Age, years 77.3 (73.6-81.0) 78.0 (73.0-82. S) 0.674 77.0 (72.6-81) 77.0 (67.5~ 87.5) 0.878
Female sex, n (%) 32 (53) 39 (64) 0.271 16 (49) 15 (46) 1.000
BMI, kg/m? 25.2 (23.0-303) 25.1 (22.0-27.8) 0.502 260(23.5-299) 258(22-8-262) 0.128
{n=139) {n=30)
EuroSCORE II, % 44 (27-64) 41{(22-67) 0.376 6.0 (3.8-8.6) 56(3.3-104) 0.748
Comorbidities, n (%)
Coronary artery disease 14 (23) 8(13) 0.239 12 (36) 12 (36) 1.000
Previous CABG 8(13) 5(8) 0.395 6(18) 6(18) 1.000
Acrial fibrillation 55 (92) 48 (79) 0.072 27 (82) 23 (70) 0.389
Chronic lung disease 14 (23) 18 (30) 0.537 7(21) 12 (36) 0.277
RV lead 11(18) 14 (23) 0.654 14 (42) 11(33) 0.612
Dialysis 2(3) 6(10) 0272 4(12) 3(9) 1.000
NYHA class IV at admission 52 (85) 38 (64) 0.011 28 (85) 28 (85) 1.000
Lab chart
NT-proBNF, pg/mL 3336 5126 4754 +- 4429 0.155 8888 + 13966 875113924 0972
(n=58) (n=41) (n=21)
Creatinine, mg/dL 12(1.0-1.5) 1.3(09-17) 0.859 1.5(12-2.1) 14(1.1-19) 0.335
eGFR, mUmin/1.73 m? 50 (35-68) 50 (32-69) 0916 40 (27-58) 46 (31-61) 0.493
<45 mUmin/1.73 m? 20 (33) 25 (41) 0.453 18 (55) 16 (49) 0.806
Echocardiography
LVEF, % 6047 60+8 0.879 37+9 36+9 0.787
<40%, n (%) 0 0 18 (55) 19 (58) 1.000
TAPSE, mm 1715 18+5 0325 15+5 16+4 0.968
<17 mm, n (%) 27 (46) 23 (38) 0.459 22 (69) 21 (64) 0.794
Echo-sPAP, mmHg 48417 50+18 0.559 46+ 15 43+12 0.361
TAPSE/Echo-sPAP, mm/mmHg 040019 0411019 0.734 0.38+017 0.39+0.15 0.850
RV midventricular diameter, mm 4347 (n = 54) 39+9(n=59) 0.038 45+8 41+10 0.104
TR grade, n (%) 0.105 0.184
= 4(7) 47 0 1(3)
] 41 (67) 50 (82) 29 (88) 31 (94)
v 16 (26) 7(12) 4(12) 1(3)
TR vena contracta, mm 95+£32(n=54) 97128 0814 99+27(n=31) 90+24(n=32) 0120
TR EROA, cm? 0.59+0.30 0.56 +0.20 0531 0.58+ 043 0594017 0.922
(n=58) (n=28)
Medication
ACEVARB, n (%) 44 (72) 35/44 (77) 0.493 26 (81) 19/22 (86) 0.723
Bera-blockers, n (%) 54 (89) 36/44 (82) 0401 29 (91) 21722 (96) 0.638
MRA, n (%) 15 (25) 11/44 (25) 1.000 18 (56) 8122 (36) 0176
Diuretics, n (%) 56 (93) 37/44 (84) 0.196 97 (31) 21/22 (96) 1.000
Furosemide equivalent dose”, mglday 45 (26-95) 25 (18-43) 0.004 60 (40-100) 25 (25-50) 0.140
(n = 44) (hn=22)
Thiazide diuretics, n (%) 20 (34) 9144 (21) 0.189 5(16) 2122 (9) 0.686
MRA dose, mg/day 25 (25-50) 50 (25-50) 0.144 25 (25-50) 25 (22-50) 0.539
(n=44) (n=122)

ACEi, angiotensin-converting enzyme inhibitor; ARB, angi in r

TAPSE. tricuspid annular plane sy

* Assumption that 1 mg torasemide equals 2 mg furosemide.

blocker; BMI, body mass index;: CABG. coronary artery bypass graft; eGFR, estimated glomerular
filtration rate; EROA, effective regurgitant office area: HFpEF, heart hlun with preserved ejection fraction: HFrEF, heart falure with reduced ejection fraction: LVEF, left
ventricular ejection fraction; MRA, mineralocarticoid receptor antagonist; NYHA, Naw York Heart Association: RV, right ventricular; sPAP, systolic pulmonary artery pressures

lic excursion; TR, tricuspid regurgitation; TTVR, transcatheter tricuspid valve edge-to-edge repair.
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Figure 3 Kaplan-Meier estimates comparing transcatheter tri-
cuspid valve edge-to-edge repair (TTVR) to a matched control
cohort according to 12-month survival stracified by (A) heart fail-
ure with preserved ejection fraction (HFpEF) and (B) heart failure
with reduced ejection fraction (HFrEF).

In the HFrEF population, 11 matched control patients (33%)
and four of the successfully weated TTVR patients (12%) died
within 12 months. Successful TTVR was not associated with lower
mortality at 12 months compared to the conservative cohort (HR
0.53, 95% CI 0.17-1.69) (Figure 38).

Discussion

This is the first study analysing the impact of TTVR in patients
stratified according to left-sided HF types. The main findings are as
follows: (i) TTVR was associated with a symptomatic improvement
irrespective of left-sided HF type; (il) the composite outcome of
all-cause mortality and hospitalization for HF occurred more fre-
quently in HFrEF patients than in HFpEF patients 12 months after
TTVR: (ili) successful TTVR was associated with a reduction of
the composite outcome, as well as all-cause mortality and hospi-
talization for MF in HFpEF patients but not in HFrEF patients at
12months; (iv) when propensity score matched to a conserva-
tively treated cohort of patients with significant TR, HFpEF patients
treated successfully by TTVR showed a higher survival at 1-year
follow-up.

Clinically significant TR is a heterogeneous condition com-
prising a variety of different clinical scenarios such as primary
valve pathologies, pulmonary hypertension, atrial fibrillation and
other comorbidities, but most often it is secondary to left-sided

® 2020 European Society of Cardiology

HFE'3-582 | eft-sided HF causes increased LV filling pressures
and therefore reduction in pulmonary arterial compliance,**® and
sequentially a pressure overload in the right ventricle. This leads
to the development of right heart and tricuspid annulus dilata-
tion and the development of TR. Furthermore, atrial fibrillation,
which is common among patients with HFpEF and might be induced
by increased filling pressures, might by itself cause further dilata-
tion of the tricuspid annulus confined to its portion along the RY
free wall.”” As soon as TR worsens due to RV dilatation, volume
overload adds to the pre-existing pressure overload, thereby pro-
moting a vicious circle of RV failure in patients with relevant TR
and left-sided HF?

Transcatheter tricuspid valve repair has been shown to improve
symptoms,'”'® induces RV reverse remodelling,'® reduces hospital-
ization for HF, and potentially even prolongs survival in a hetero-
geneous cohort of patients with TR.'*?% However, overall event
rates remain high following TTVR,"“2® which highlights the dis-
ease severity and the need to refine patient selection for tricuspid
valve interventions. The aim of this study was to assess the impli-
cations of TTVR by stratifying patients according to left-sided HF
type, thereby potentially informing on patient selection and trial
design in the future.

Qur data confirm that in patients with isolated relevant TR the
symptomatic burden in HFpEF and HFrEF patients is similar at
presentation and might be reduced by successful TTVR. However,
prognostic effects of TTVR seem to be confined to HFpEF patients,
as TTVR success was associated with better outcomes in HFpEF
than in HFrEF patients. These observations made within our
TTVR cohort were corroborated within propensity score-matched
cohorts of conservatively treated TR patients. Successful TTVR
was associated with a reduction in mortality at 12 months in HFpEF
but not in HFrEF patients as compared to controls.

While there is clear evidence that significant TR is a contrib-
utor to mortality and morbidity in HFpEF patients, this relation-
ship is less clear in HFrEF548252* Competing risks other than
TR in HFrEF might have precluded prognostic effects of TTVR in
these patients. In our cohort, HFrEF patients were characterized
by higher EuroSCORE II, higher rate of previous HF hospitaliza-
tions, more progressive LV dilatation and higher NT-proBNP levels.
Notwithstanding, the current study cannot fully assess the role of
TTVR in patients with HFrEF due to the limited sample size. In
addition, TTVR might not reduce mortality but rates of rehospi-
talization for HF in HFrEF, which was not available in the control
group of the propensity matched comparison and therefore could
not have been detected in this analysis.

However, the prognostic effect of successful TTVR in HFpEF
patients remained significant even after adjusting for differences
in baseline characteristics between HFpEF and HFrEF patients. In
fact, in patients with HFpEF, a favourable outcome was uniform and
consistent when either comparing successful TTVR to failure or
conservatively treated patients. As the highest effect was observed
for hospitalization for HF within the TTVR cohort, the treatment
effect observed in the propensity-matched analysis might even have
been underestimated, with only mortality being assessed.

The clinical impact of successful TTVR might reflect an altered
specific pathophysiology of TR in HFpEF. At rest and even more
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so during exercise, TR causes RV volume overload with LV com-
pression and thereby restrictions in LV filling due to pericardial
constraints.”® This pathological ventricular interaction exagger-
ates diastolic dysfunction in HFpEF patients with a further rise in
LV filling pressures.” ™" We recently showed that successful TTVR
reduces RV end-diastolic volume, improves RY forward stroke vol-
ume and increases LV end-diastolic volumes.'® The reduction in RY
volume overload by TTVR should result in more favourable ven-
tricular interaction with decompression of the left ventricle and
improved LV filling secondary to more pulmonary artery forward
flow and hence more pulmonary venous return at maintained or
even reduced LV filling pressure due to less pericardial constraints.’
These haemodynamic effects of TTVR might explain the effect on
both symptoms and survival in HFpEF patients. In HFrEF patients,
these mechanisms might not have a similar impact on a pathologic
remodelled left ventricle with impaired systolic function.

The findings of better survival in HFpEF patients undergoing
TTVR support the concept of TR as a causal driver of disease
progression in HFpEF (rather than a mere surrogate for more
advanced disease) and promotes TTVR as a promising interven-
tional therapy to improve survival in this group of patients with
limited treatment options.

Within the growing evidence of beneficial effect of TTVR,"
this analysis is the first focusing on different HF types, suggesting
that the distinction between left-sided HF with either preserved
or reduced ejection fraction should be included in the future
endeavour to refine patient selection for TTVR,

Limitations

Despite comparable patient numbers to recently published stud-
ies in the field of TTVR, the overall sample size remains limited.
This is in particular the case for HFrEF as opposed to HFpEF
patients. Although a propensity score matching generated compa-
rable cohorts, our data are hypothesis generating only and need to
be verified in a prospective, randomized controlled setting. Follow-
ing the propensity score matching differences in diuretic dose, RV
midventricular diameter and proportion of patients in NYHA class
III/IV at baseline remained in disadvantage to the treatment group
in patients with HFpEF. The matched analysis considered mortality
only, and results might have differed for rate of HF hospitalization,
Given the lack of longitudinal data prior to TTVR in our study,
it Is not possible to fully ascertain that HFpEF was the cause of
severe TR, rather than TR being the cause of elevated filling pres-
sures. Finally, TTVR failure seemed to have a worse outcome than
conservatively treated patients; a selection bias towards a more
progressed disease stage in patients referred for TTVR cannot be
excluded. Another possible explanation is that failed TTVR might
be harmful to patients impairing prognosis even further.

Conclusion

In highly selected patients with severe TR, successful TTVR was
associated with improved outcomes in patients with HFpEF but not
HFrEF. A propensity score matched analysis indicated a clinically

relevant survival impact in HFpEF patients. Successful TTVR might
therefore pose an effective therapy in haemodynamically proven
HFpEF with severe TR.

Supplementary Information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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2.3 ENTWICKLUNG EINES THERAPEUTISCHEN KONZEPTES FUR
PATIENTEN MIT HERZINSUFFIZIENZ UND ERHALTENER
PUMPFUNKTION UND RESISTENTER ARTERIELLER HYPERTONIE

2.3.1 Ubersicht iiber physiologische Effekte einer katheterbasierten Modulation des

renalen Sympathikotonus
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Abstract
Many forms of human hypertension are associated with

3..;.4_,. WIC | www.wignet.com

an increased systemic sympathetic activity. Especially
the renal sympathetic nervous system has been found to
play a prominent role in this context. Therefore, catheter-
interventional renal sympathetic denervation (RDN) has
been established as a treatment for patients suffering
from therapy resistant hypertension in the past decade.
The initial enthusiasm for this treatment was markedly
dampened by the results of the Symplicity-HTN-3 trial,
although the transferability of the results into clinical
practice to date appears to be questionable. In contrast to
the extensive use of RDN in treating hypertensive patients
within or without clinical trial settings over the past years,
its effects on the complex pathophysiological mechanisms
underlying therapy resistant hypertension are only partly
understood and are part of ongoing research, Effects of
RDN have been described on many levels in human trials:
From altered systemic sympathetic activity across cardiac
and metabolic alterations down to changes in renal
function. Most of these changes could sustainably change
long-term morbidity and mortality of the treated patients,
even if blood pressure remains unchanged. Furthermore,
a number of promising predictors for a successful treat-
ment with RDN have been identified recently and further
trials are ongoing. This will certainly help to improve the
preselection of potential candidates for RDN and thereby
optimize treatment outcomes. This review summarizes
important pathophysiologic effects of renal denervation
and illustrates the currently known predictors for therapy
SUCCess,

Key words: Renal sympathetic denervation; Sympathetic
nervous system; Predictors; Hypertension; Renal hyper-
tension

© The Author(s) 2016. Published by Baishideng Publishing
Group Inc, All rights reserved.

Core tip: The initial enthusiasm for renal sympathetic
denervation (RDN) has disappeared. However, the de-
tailed effects of RDN on the complex pathophysiological
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mechanisms underlying therapy resistant hypertension are
only partly understood and are part of ongoing research.
Moreover, a number of promising predictors for successful
RDN treatment have been identified recently which
could help to improve future trial design. This review
summarizes important pathophysiologic effects of renal
denervation and illustrates the currently known predictors
for therapy success.

Fengler K, Rommel KP, Okon T, Schuler G, Lurz P, Renal
sympathetic denervation in therapy resistant hypertension -
pathophysiological aspects and predictors for treatment success.
World J Cardiol 2016; 8(8): 436-446 Available from: URL:
http:/f'www.wjgnet.com/1949-8462/full/v&/i8/436.htm DOI:
http://dx.doi.org/10.4330/wjc.v&.i8.436

BACKGROUND

Many forms of human hypertension are associated with
an increased systemic sympathetic activity'”. Especially
the sympathetic nervous system of the kidney plays a
key role in the pathogenesis and perpetuation of hyper-
tension. An activation of efferent renal nerve fibers
leads to salt and water retention via stimulation of cus-
adrenoceptors, activation of the renin-angiotensin-
aldosterone system via pi-adrenoceptors causing th-
ereby an increased systemic blood pressure (BP)™?,
The release of vasoactive peptides present in renal
nerve fibers is also controlled by efferent sympathetic
fibers™*, Via afferent fibers, the kidney itself affects
systemic sympathetic activity'’,

One option to reduce the systemic sympathetic
activity is renal sympathetic denervation (RDN). Once
introduced as a surgical treatment for hypertension in
the past century™®, this interesting therapeutic approach
lost clinical relevance since medical antihypertensive
treatment was introduced to practice. As the burden of
cardiovascular diseases associated with hypertension
increased over the last decades, RDN experienced a
renaissance, now as a catheter-based interventional
treatment option'”’. After the first promising trial results,
the initial enthusiasm for this therapy strategy was
markedly dampened, when the results of the sham-
controlled randomized Symplicity-HTN-3 trial did not
show any significant effect on BP of RDN-treated vs
sham-treated patients™®. The results of this particular
trial are part of an ongoing debate and further trials to
allow definite conclusion on the effect of RDN on BP are
on the way”. In contrast to the extensive use of RDN in
treating hypertensive patients within or without clinical
trial settings over the past years, the detailed effects of
RDN on the complex pathophysiological mechanisms
underlying therapy resistant hypertension are only partly
understood.

In the following review we present a short overview
of the manifold effects described for RDN so far (Table 1),

Fainhdeys  WIC | www.wignet.com

EFFECTS OF RDN

BP

The main indication for RDN in the past decade and in the
past century has been therapy resistant hypertension.
Therefore, BP as an end point has been included in nearly
every single trial regarding RDN. In almost any trial,
controlied, uncontrolled or sham-controlled, a significant
BP reduction was found after RDN"'“* (Table 2).
However, the largest randomized sham-controlled trial
to date, the Symplicity-HTN-3 trial, failed to show any
superiority of RDN over sham-control, mostly through an
unexpected drop in BP in the sham-treated arm of the
trial®,

Another sham-controlled randomized approach, excl-
uding most of the confounding factors which might have
blurred the results of Symplicty-HTN-3 by careful patient
selection, the ongoing SPYRAL-HTN trial (NCT02439775),
will hopefully give a definite answer to this issue soon.

It is of particular interest, that many of the effects
attributed to RDN result in a reduced BP: A diminished
systemic vascular tone leading to a reduced afterload,
sympathetic mediated alterations in cardiac output,
altered sodium- and volume-state or (via the renin-
angiotensin-aldosterone axis) humoral-mediated
changes. Which and how much these effects contribute
to a RDN-induced BP drop and how they are counter-
regulated remains an unresolved issue that needs to be
clarified in future RDN-trials.

Besides other confounders, a constant observation
in dlinical trials is that a proportion of patients does not
respond to RDN, which might in part contribute to the
negative resuits in Symplicity-HTN3. Interestingly, the
problem of non-responsiveness to renal denervation
seems to be as old as the procedure itself: Even for
surgical sympathectomy a high proportion of non-
responders (ranging between 55% and 68%) has
been described”®!, Despite that, a strong positive effect
on long-term mortality was found in a large series of
1200 patients”, This leads to the question which other
beneficial effects besides BP reduction RDN might have
in humans, which might explain this discrepancy.

Renal function and sodium excretion

A potential deterioration of renal function - either by
renal artery stenosis or by changes in intrarenal hemo-
dynamics - is an often raised concem regarding RDN.
On the contrary, as renal blood flow and salt/water
retention is influenced by sympathetic activity, RDN
might have nephroprotective effects.

Two larger non-randomized analyses found glomerular
filtration rates (GFR) to be unchanged after RDN/™®),
Interestingly, one trial could even show a decrease
in albuminuria, consistent with an improvement of
hypertension-induced end-organ damage'*®. In another
study, examining the effects of RDN in patients with
impaired renal function, the authors were able to show
that the hypertension-related deterioration of renal
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Table 1| Effects of renal sympathetic denervation

Ref. Year n (RDN/control)  Effector Effect Control
Ottet ™ 2013 19/- Renal blood None None
flow

Puss et al'" 2015 137/ Renal sodium  Increased sodium excretion, less pronounced in responders None

excretion
Mahfoud ¢! af™ 2014 55717 Left Reduced left ventricular mass after RDN Medical therapy
Doltra et ™ 2014 5/23 ventricular Medical therapy
McLellan et o™ 2015 14/- mass None
Lu ¢t o™ 2016 139/- Meta-analysis
McLellan er @™ 2015 14/- Atrial Improved atrial conduction after RDN None

conduction
Qiuetal™ 2016 /- Persistent Reduced heart rate after RON None

atrial

fibrillation
Armaganijan et o' 2015 10/- Ventricular Reduced frequency of ventricular arrhythmia episodes

arrhythmia
Ot et o™ 2013 19/- Central bemo- Reduced central BP and augmentation index after RDN None
Brandt et af™ 212 110/10 dynamics Reduced aortic pulse pressure, pulse wave velocity and Medical
Mortensen ef al™ 2012 2/ augmentation index None
Hering et ™! 2013 40/10 Reduced augmentation index Medical
Okon e af'™! 2016 23/ Unchanged invasive pulse wave velocity after RON None
Donazzan ef al™" 2015 1/- Sympathetic Reduced cardiac sympathetic activity after RON None
van Brussel et o™ 2016 21/- activity Unchanged cardiac sympathetic activity after RON None
Tsioufis ef ai™ 2014 14/- Rexiuced heart rate and arrhythmia burden and improved heart None
Vink et af™ 2014 13/- rate variability after RDN None
Brinkmann ef al™ 2012 12/- Unchanged muscle sympathetic nervous activity after RON None
Hering et al'™! 2013 10/25 Reduced muscle sympathetic nervous activity after RDN Medical
Dirr et al™*™ 2015 150/~ Reduced Neuropeptide Y and transiently reduced brain derived None

205 100/~ neutrophic factor after RON
Disre et al™! 2015 60/~ Inflammation Reduced systemic inflammation after RON None
Mahfoud et af™ 2011 37/13 Insulin Improved insulin sensitivity after RON Medical
Verloop et al"™! 2015 29/« sensitivity Unchanged insulin sensitivity None
Ewen et o’ 2014 50/10 Exercise Reduced Exercise BP after RDN Medical
Ukena ef al* 2011 37/9 testing Medical
Fengler et a!™ 2016 2/26 Sham
Lenski ¢ af™ 213 36 Orthostatic None None
reaction

BP: Blood pressure; RDN: Renal sympathetic denervation

function could be halted with RDN over a follow up of three
years"”’, This suggests overall beneficial effects of RDN
on renal function, especially in these patients who already
suffer from hypertension-induced end-organ damage,
which will dearly improve long-term mortality.

Despite the known vasoconstrictive effects of sy-
stemic sympathetic activity on the arterial vasculature™
and significant alterations in an animal study'™, RDN
does neither seem to improve nor deteriorate renal blood
flow in humans"*!, Presumably, this can be explained
by the auto-regulative capacities of the renal vessels
outweighing any RDN-induced changes.

The putative effect of RDN on renal sodium excretion
is a promising therapeutic goal. The only human trial
investigating this hard-to-assess endpoint however
showed mixed results, as patients with stronger BP
response after RDN showed a diminished effect on sodium
excretion compared to those with less BP changes''. To
some extent this might be explained by a compensatory
dietary sodium intake which was not assessed in the
study. Therefore, this interesting aspect of RDN needs
to be investigated thoroughly by additional rigorous

Raiehdmgs  WIC | www.wignet.com

assessment of dietary sodium intake. An additional MRI-
based quantification of tissue sodium and water might be
helpful here as elevated concentrations are observed in
patients with essential hypertension. Sodium and water
tissue content might therefore represent an interesting
diagnostic and therapeutic goal®**.

Cardiac and hemodynamic changes
Left-ventricular-mass and fibrosis: An elevated left-
ventricular mass is a frequent finding in hypertensive
subjects”?, Its presence and its regression through
therapeutic interventions significantly affects patients’
outcomes****, Therefore, it is a worthwhile therapeutic
target in the treatment of human hypertension.

Several smaller studies and one recent meta-analysis
describe a reduction of left-ventricular mass after
RDN™#I_ In one of them an additional improvement
in left-ventricular strain and ejection fraction was ob-
served in patients with reduced values at baseline”™",
Besides reversal of myocyte hypertrophy left-ventricular
fibrosis might be altered by renal denervation, as the
absolute extracellular volume was found to be reduced

438 August 26, 2016 | Volume 8 | Issue 8 |



Fengler K et a/. Pathophysiology of and predictors for renal denervation

Table 2 Blood pressure effects of renal sympathetic denervation

Ref, Year Control n (RDN/control) Systolic office P-value Systolic ambulatory Pvalue
BP (mmHg) BP (mmHg)

Krumetal” 2009 None 50 -2 <0.001° NA NA

Esleretal™ 2010 RDN 2s myedical 106 (52/54) S2us1 < 0.00001" 117 s -3/ NA

Bhattetal™ 2014 RDN o5 sham 535 (364/171) des-12 026" 68 s 4.8 0.98°

Deschetal™ 2015 RDN v sham 71 (35/36, intention to treat) NA NA B508 4.7 0.06"
63 (29/34, per protocol) NA NA B30s-35 0.04°

Rosaeta™ 2015 RDN o= intensified medical 106 (52/54) 208014 <0001 /060" £.6 s 8.1 <(.001*/0.87"

treatment
Azizieta™ 2005 Stepped-care 106 (33/53) A50-9 015" 1580 -99 003"
antihypertensive treatment
with vs without RDN
Bdhm et ¥ 2015 None 998 12 <0,00001* sy < 0.00001°

*Povalue for within group change; "P-value for between group change. BP: Blood pressure; RDN: Renal sympathetic denervation; NA: Not available.

after RDN'**, This finding might be supported by a
reduced cellular matrix turnover assessed by collagen
pro-peptides in patients after renal denervation in an
upcoming laboratory study ™,

Atrial fibrillation: Associated with BP reduction,
RDN has been shown to improve atrial conduction'®.,
This might allow a look-out on renal denervation as an
alternative or additional option for the treatment of
symptomatic atrial fibrillation. This concept is supported
by two recent animal studies in dogs, where RDN could
impede the induction of atrial fibrillation'™*, Also, for
persistent atrial fibrillation, RDN was found to reduce
the heart rate in a small case-series of symptomatic
patients™™". Beyond this, several in-human trials reg-
arding this issue are currently ongoing which will
certainly help to improve our understanding of the intra-
cardiac effects of RDN (NCT01635998, NCT01990911,
NCT02064764).

Ventricular arrhythmia: As ventricular arrhythmias
are more likely to occur under an elevated sympathetic
activity, using RDN as a treatment for refractory ven-
tricular arrhythmia seems a reasonable endeavor'™,
Animal studies show promising effects for RDN in
ischemia-induced arrhythmias when compared to a
sham procedure™ ", while inducibility of ventricular
arrhythmias cannot be prevented by RDN in healthy
animals™, Also a first in-man cohort of 10 patients
with mainly non-ischemic cardiomyopathies reveals
a dramatic drop in arrhythmia burden after RDN™",
Nonetheless, further prospective, randomized trials are
needed to confirm this scope of application for RDN.

Hemodynamics and volume changes: Since
the effects of RDN on renal water/sodium excretion
and systemic vasculature are likely to be associated
with changes in systemic volume status, it would be
interesting to assess changes in intra-cardiac pressure
and pressure-volume relations. Also, changes in central
and peripheral hemodynamics in patients undergoing

<
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RDN are of particular interest, as they determine the
incidence of heart failure and potentially the course of
cardiovascular remodeling”™”.

Several trials investigated central hemodynamics
using non-invasive methods'****", Herein, alterations
of cardiac afterload, namely a significant reduction in
central pulse pressure and aortic augmentation index
after RDN could be demonstrated. Also, a reduction of
non-invasively assessed pulse-wave velocity, indicating
decreased arterial stiffness after RDN, was observed,
even if this is conflicting with the results of a smaller
cohort with unchanged invasively acquired pulse-wave-
velocity 6 mo after RDN“, As arterial stiffness is - to
some extent - a BP-dependent parameter, any changes
observed after RDN have to be interpreted with caution.

An explict effect of RDN on cardiac hemodynamics,
including changes in preload, filling and contractility,
has - to the present date - not been described. Ass-
essment of hemodynamic changes can be achieved
via echocardiography, which was part of virtually all
protocols of bigger studies examining treatment effects
of RDN. The paucity of published data regarding
echocardiographically assessed hemodynamic changes in
patients treated with RDN might imply negative findings
(assuming a publication bias), might be a consequence
of the limited sensitivity of echocardiography in detecting
cardiac filling pressures or might just have been neglected
so far. Therefore - besides invasive measurements -
other non-invasive methods like MRI-based analyses
(e.g., the left atrial transit time) could provide additional
information here' ™,

Furthermore, given the described impact of RDN
on the LV musculature and the arterial system, an
improvement of ventricular-atrial coupling could be
assumed after treatment.

However, as cardiac loading underlies marked intra-
individual changes, reliable assessment of changes in
central hemodynamics depend on testing of patients
instantaneously under different physiologic conditions
(such as rest and exercise) or under longitudinal obser-
vational trial settings.
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Central and peripheral nervous changes

As illustrated above, mediated through afferent central
nervous fibers RDN also affects the central nervous
system. Interestingly, overall successful treatment of
essential hypertension is associated with improved
neuropsychological performance and to some extent
with alterations in regional cerebral blood flow response
to working memory tasks at short-term follow up**,
To date, this has not been assessed for patients under-
going RDN but might be a promising task for future
trials, especially since uncontrolled hypertension is a
well-known risk factor for cerebrovascular diseases and
might contribute to cognitive decline'*"’.

The link between central-nervous and peripheral
sympathetic-nervous alterations in hypertensive pati-
ents could further be investigated in assessing to which
extent central nervous changes are mediated indirectly
by BP alterations or by increased sympathetic overdrive
and afferent signaling itself.

The role of a potential sympathetic re-innervation
after RON“*** wamrants further investigation as it might
partly explain non-responsiveness and lead to negative
trial results. However, BP reductions in response to
effective RDN seems to be long-lasting in the data pub-
lished so far"™**,

Systemic sympathetic activity

Direct measurement of the systemic sympathetic activity
is difficult to perform and is therefore underrepresented
in clinical trials of RDON™, Indirect assessment, however,
is feasible with different techniques and has been used in
various trials.

Cardiac scintigraphy: Two small trials (including only
23 and 11 patients) examined alterations in the cardiac
sympathetic nervous system activity after RDN using
scintigraphy™"*, Their results were conflicting, as in one
trial with only a non-significant BP drop in ambulatory
BP-measurements in the RDN patients, no significant
alterations in cardiac sympathetic activity were found.
The other trial found a remarkable impact of RDN on
ambulatory measured BP and also found a strong redu-
ction in cardiac sympathetic activity. Since the results
are inconclusive at present, further evaluation in larger,
adequately powered cohorts is necessary.

Heart rate variability: Another way to measure
systemic sympathetic activity is assessing heart rate
vanability (HRV). In a small case series, Tsioufis and
coworkers were able to show RDN achieved a significant
reduction in patient’s HRV and arrhythmia burden,
suggesting a reduced systemic sympathetic activity in
the treated patients'™”,

Muscle sympathetic nerve activity: Muscle sym-
pathetic nerve activity is known to be elevated in
hypertensive subjects'®”, indicating a direct link to
systemic sympathetic activity. Hence, direct intraneural
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recordings could be considered as a good marker for
treatment success after RDN. So far this hypothesis has
been investigated in two smaller case series which failed
to show any alterations through RDN™*_ In contrast,
a prospective controlled trial in 35 patients found
significant alterations in single- and multi-unit muscle
sympathetic nerve activity”””". Despite the latter results,
overall the role of muscle sympathetic activity as an
outcome marker in RDN trials is not fully determined
and warrants further research.

Laboratory markers: Dorr et af*” investigated the
role of Neuropeptide Y, a neurotransmitter that is co-
released with norepinephrine and up-regulated du-
ring sympathetic activity. They were able to show a
significant drop of Neuropeptide Y after RDN which can
be interpreted as an expression of a reduced systemic
sympathetic activity.

Successful RDN also leads to a transient down-
regulation of serum brain-derived neurotrophic factor
immediately after denervation™”. Since brain-derived
neurotrophic factor is a neuronal growth factor, this
adds further evidence for true downregulation of the
sympathetic nervous system on a neuronal base through
RDN.

Overall, despite the lack of data for a direct ass-
essment of systemic sympathetic activity in RDN-trials,
indirect markers strongly indicate that RDN results in
significant changes of systemic sympathetic activity.

Inflammation

Arterial hypertension is associated with chronic vascular
inflammation and remodeling®®!, In a prospective
analysis of 60 patients undergoing RDN, a significant
reduction of pro-inflammatory cytokine interleukine-6
and high-sensitive C-reactive protein was achieved'®,
This is in particular encouraging, as it might be related
to beneficial long-term effects of RDN. It has however to
be debated, if the observed changes are rather related
to the BP lowering effects of RDN, which might attenuate
the pathologic immune response, rather than to RDN
itself.

Metabolic effects

Insulin sensitivity: An elevated sympathetic ac-
tivity seems to be associated with an altered insulin
sensitivity'™". Therefore, RDN might help to improve the
glucose metabolism in patients with a high sympathetic
overdrive. The first trial to investigate this relation, a
pilot-study in 50 patients, found a significant change in
glucose metabolism and insulin sensitivity®”. Notably,
only 40% of these patients were diagnosed with
diabetes mellitus and only 36% had an impaired glucose
tolerance at baseline. In contrast, a smaller, uncontrolled
prospective trial did not find any changes in insulin
sensitivity after a follow up of 12 mo in 29 patients with
metabolic syndrome'®, Therefore, the role of RDN for
improvement of insulin sensitivity remains equivocal.

August 26, 2016 | Volume 8 | Issue8 |

137



Fengler K et a/. Pathophysiology of and predictors for renal denervation

However, if an effect of RDN on this very relevant end
point could be proven, it could tremendously affect

patients’ long-term prognosis.

Exercise testing: Exercise BP, an important risk factor
for future cardiovascular events'®”®!, was found to be
reduced after RDN in two non-randomized studies and
one sham-controlled trial® ™", Also beneficial effects for
exercise capacity and duration are described for RDN
without affecting chronotropic competence in treated
patients'® ™,

Orthostatic effects: Safety concemns regarding potential
unfavorable orthostatic effects of RDN can largely be
ruled out due to the lack of the occurrence of orthostatic
side effects in the large RDN treatment trials and a
smaller trial which did not find any pathologic alterations
in tilt table testing for RDN-treated patients ',

Conclusion

Beyond the still debated effects of RDN on BP in hyper-
tensive patients, a wide range of promising effects has
been shown. Most of these changes could importantly
change long-term morbidity and mortality of the treated
subjects, even if their BP remained unchanged. To
determine the value of non-BP effects of RDN for clinical
practice, further long-term data with multiple cardio-
vascular endpoints is needed.

Until then, it seems prudent to optimize BP outcome
in RDN trials through the identification of predictors for
treatment success. In the following we will give a brief
overview of such predictors that have been identified so
far.

PREDICTORS FOR SUCCESSFUL RDN

Baseline BP

High BP prior to renal denervation has most frequently
been described as the strongest predictor of BP red-
uction after RDN"*"!, However, whether this is related
to a higher sympathetic activity in patients with higher
baseline BP or a manifestation of the regression to
mean phenomenon remains controversial and is an
unresolved issue to date'™. Thus, other predictors for
treatment success in RDN are needed.

Anatomy and technological aspects

Anatomy: The anatomy of the renal arteries seems
to have considerable influence on the BP response to
RDN. Importantly, the anatomy of human renal vessels
shows a high variability”®. Accessory renal arteries or
an early bifurcation occurs in approximately one of three
patients'™, This is important, as the presence of accessory
or early bifurcated vessels seems to influence outcome
negatively™. In principle it seems prudent to exclude
these patients from renal denervation. Nevertheless, in the
ongoing SPYRAL-HTN trial (NCT02439775) denervation
of accessories with a diameter above or equal 3 mm is
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planned. This will hopefully clarify the role of accessory
arteries and early bifurcations soon.

As the sympathetic nerve fibers are closer to the
lumen in the distal part of the renal vessel””, ablation
of the distal main artery or even the side branches are
also thought to improve outcome'™",

Technological aspects: One of the major shortcoming
of RDN is the lack of a direct feedback mechanism during
intervention'*”’. Despite many promising approaches,
including direct intravascular and (sub-)cutaneous
measurements of renal sympathetic activity, the
challenging task of a direct in-vivo feedback for renal
denervation success is still far away from dinical practice.
Nevertheless, once a direct assessment method for renal
sympathetic activity is established this will be a milestone
in improving renal denervation success'™".

Another technological aspect for future trial designs
is that denervation success seems to be dependent of
the number of ablation points as well as the experience
of the interventional physician™', Therefore, RON should
only be performed by trained interventionalists and
as many ablations as possible should be delivered to
optimize BP outcome.

Most clinical trials regarding RDN were carried out
using radiofrequency based catheters. The role of
other devices, like ultrasound-based""** or chemical
approaches™ ! remain uncertain, as head-to-head
comparisons of different techniques are lacking. Ne-
vertheless, ultrasound treatment appears to be a
promising treatment option, as recent work from our
group suggests: Treatment of 24 non-responders to
radiofrequency based RDN with an ultrasound de-
nervation system significantly improved BF*®*.

Obesity

Obesity seems to be associated with an elevated
sympathetic activity, even in normotensive subjects™,
Therefore, it might be a good predictor for BP respo-
nsiveness to RDN. In contrast, according to one singular
study'"”’ obesity seems to be a predictor for non-
responsiveness to RDN. The results of this trial are
however somewhat questionable, as this constellation
was neither found in any other trial®™ nor in the even
large multicenter Global Simplicity Registry'''. Moreover,
in two smaller trials a higher body mass index was found
to be a predictor for responsiveness to RON“*, To date,
obesity should not be considered to have any predictive
value for RDN success until reevaluation in larger,
adequately powered cohorts has been performed.

Gender

So far the effect of RDN seems to be independent of
gender. Nevertheless, due to the higher incidence of
hypertension and therapy resistant hypertension in men,
women are strongly underrepresented in any clinical
trial regarding RDN. The percentage of women induded
in trials of renal denervation ranges between 23 and
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Table 3 Predictors for blood pressure change after renal sympathetic denervation

Ref, Year Patients Predictor

Bishm et af 2015 598 Higher baseline BP predicts better BP response to RDN

Kandzan et ai™ 2015

1d et al™ 2013 74 Less BP response to RDN if accessories are present

Ewen ef o™ 2Mm5 126 Better BP response in patients with combined vs isolated systolic hypertension
Okon et af! 2016 58 Lower pulse wave velocity predicts BP response

Zuern et af™ 2013 Better BP response in patients with impaired baroreflex sensitivity

BP: Blood pressure; RDN: Renal sympathetic denervation

41184034947 pealizing a meta-analysis of prospective
trials could clarify the role of gender for RDN success.

Age

The age of the treated patients itself was not found to
have a good predictive value for the success of RDN™,
In contrast, considerable evidence was found for va-
scular aging and stiffening as a predictor for renal
denervation over the last years™*,

Vascular aging and stiffness

Arterial stiffening is associated with a high cardiovascular
mortality in hypertensive patients'™*"!, It also can be
regarded as a cause for essential hypertension'***"),
Ewen et af*™ found, that the presence of isolated sys-
tolic hypertension - characterized by increased aortic
stiffness - is associated with a diminished response to
RDN. In line with these data, our group also found an
increased aortic stiffness, assessed by invasive pulse
wave velocity, to be an independent predictor for poor
BP response to renal denervation'*’!, This is a promising
finding, as isolated systolic hypertension and pulse wave
velocity, among other markers of vascular aging and
aortic stiffness, can easily be assessed non-invasively
and thereby could help improving the preselection of
patients available for renal denervation. To some extent,
this might also explain why a trial by Vink et af*" found
the presence of cardiovascular diseases (a composite
of stroke, transient ischemic attack and coronary artery
disease), which are associated with increased vascular
stiffness, to be a predictor for BP response to RDN.

Baroreflex

An impaired cardiac baroreflex occurs frequently in
hypertensive subjects”™. This might be explained by
sympathetic overactivity"®”, Therefore, the presence of
an impaired cardiac baroreflex as an indicator for high
sympathetic overdrive could be a good predictor for
renal denervation success. This hypothesis was already
confirmed by a trial in 50 patients'™’, but has not been
applied in other prospective trials to date.

Renal function

Patients with renal diseases have often been excluded
from dlinical trials for safety reasons. Despite these
considerations, patients with impaired renal function

<
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show an elevated sympathetic activity'***”, and therefore
might be good candidates for RDN. Consequently, Vink
et af*" found an inverse relation between the estimated
GFR and the change in BP after RDN in a hypertensive
population off antihypertensive medication. However,
when analyzing patients on antihypertensive medication,
no significant predictive value for estimated GFR was
observed. These interesting findings warrant further
investigation, as - besides enlightening the predictive role
of renal function - they might partly explain why and how
antihypertensive drugs interact with the effectiveness
of RDN. Several trials investigating the effect of renal
denervation in chronic kidney disease are currently
recruiting patients (e.g., NCT02002585, NCT01442883).

Conclusion

Despite the disappointing results of the SYMPLICITY-
HTN3 trial, the canon of published data identifies RDN
as a promising therapeutic option for hypertensive
patients. Besides direct BP-lowering effects RDN has
been shown to affect a broad range of pathophysiological
mechanisms and might even be a viable treatment
option for patients with other conditions such as heart
failure or arrhythmias,

Although various predictors for the success of RDN
have been identified (Table 3), an optimization for
the prediction of RDN response is highly desired and
several trials are ongoing which hopefully will improve
treatment success and future RDN-trial design.

Verification of specific treatment effects of RDN
in carefully and well-designed trials bare the hope to
secure the role for RDN in treating arterial hypertension
and ideally in reducing cardiovascular morbidity and
mortality in the future.
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Changes in Stroke Volume After Renal Denervation
Insight From Cardiac Magnetic Resonance Imaging

Philip Lurz, Karl-Patrik Kresoja, Karl-Philipp Rommel, Maximilian von Roeder,
Christian Besler, Christian Liicke, Matthias Gutberlet, Roland E. Schmieder, Felix Mahfoud,
Holger Thiele, Steffen Desch,* Karl Fengler*

Abstract—Recent trial results support catheter-based renal denervation (RDN) for treatment of hypertension, while the
exact mechanisms causing blood pressure to fall remain incompletely understood. Cardiac magnetic resonance imaging
was used to assess the effects of RDN on cardiac function in patients with hypertension undergoing RDN and compared
with sham treatment. Cardiac magnetic resonance imaging was used to assess stroke volume index, cardiac index,
heart rate, systemic vascular resistance index, and stroke work index from aortic flow measurements. Patients with
resistant hypertension from a randomized, sham-controlled RDN trial underwent cardiac magnetic resonance imaging
before RDN and at follow-up (randomized cohort). Results were then validated in a cohort of patients with resistant
hypertension undergoing RDN and cardiac magnetic resonance imaging (validation cohort). In total, 162 patients were
included 52 patients in the randomized trial (27 shams) and 110 patients in the validation cohort. In the randomized
cohort, stroke volume index was reduced by 4.7£9.8 mL/m’ in the RDN cohort and remained unchanged in the sham
cohort (P=0.008 for between-group comparison), while cardiac index and stroke work index tended to be reduced in
RDN patients but not in sham patients (—0.10£5.9 versus 0.17+0.51 L/min per m® and —7.1£12.5 versus —1.4=10.4 g/m’,
P=0.08 for both). In contrast, systemic vascular resistance index and heart rate remained unchanged after RDN. In the
validation cohort, reduction of stroke volume index was confirmed, and cardiac index and stroke work index were also
reduced significantly, whereas systemic vascular resistance index and heart rate remained unchanged at follow-up. In this
study of patients with resistant hypertension, RDN resulted in a reduction of stroke volume when compared with sham.
(Hypertension. 2020;75:707-713. DOIL: 10.1161/HYPERTENSIONAHA.119.14310.)

Key Words: blood pressure ® hemodynamics ® magnetic resonance imaging ® stroke volume ® renal denervation

R|cnul denervation (RDN) represents a nonpharmaceutical vascular resistance without changes in HR™ and other studies

interventional therapy for patients with uncontrolled blood
pressure (BP). Recent trial results demonstrated a significant re-
duction in BP following RDN when compared to a sham pro-
cedure."* Importantly, these findings were consistent in both
patients with and without antihypertensive medication and using
2 different technologies for RDN, that is, radiofrequency and ul-
trasound. With this proof of concept, the field of RDN is currently
shifting more towards outcome trials, refinements in measures
of procedural success, identification of responders. and explo-
ration of indications beyond hypertension. One prerequisite,
among several other, is a sound understanding of the systemic,
physiological, and hemodynamic effects caused by RDN. At
present, effectors causing BP to fall remain incompletely under-
stood, Although some previous studies report a reduction in heart
rate (HR) after RDN.** others describe an effect on peripheral

found a reduction in left ventricular end-systolic volume and
mass, as well as an increase in ¢jection fraction™"” To further
assess the effects of RDN on cardiac function, we aimed at inves-
tigating these effects using cardiac magnetic resonance imaging
(CMR) and comparing them to sham-treated patients.

Methods

The data, analytic methods, and study matenals will be made avail-
able to other researchers for purposes of reproducing the results
or replicating the procedure upon reasonable request to the corre-
sponding author.

Design and Patient Cohort

The effects of RDN on cardiac function and mechanisms of BP reduction
assessed by CMR imaging were analyzed in 2 cohorts (Figure 1), The
prospective randomized controlled trial cohort consisted of patients with
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moderate therapy-resistant hypertension undergoing RDN or a sham
procedure (prospective randomized cohort),'' Results were validated in
a validation cohort consisting of patients with resistant hypertension ci-
ther undergoing RDN in the recently published Three-Arm Randomized
Tnal of Different Renal Denervation Devices and Techniques in Patients
With Resistant Hypertension trial™ or within a registry corresponding
to the randomized controlled trial (validation cohort). CMR assessment
was intended all patients in these trials if no contraindication existed (ie,
in patients with claustrophobia. implanted pacemakers, or defibeillators).
Finally, all RDN patients were pooled and compared with the sham-
treated cohort (pooled study cohort). To assess the influence of different
CMR parameters on BP reduction for the pooled cohort, RDN-treated
patients were divided into 3 groups according to their BP change at fol-
low-up when they underwent CMR as either nonresponders (<5 mmHg
daytime BP reduction™), responders (5-19 mmHg daytime BP reduc-
tion), or profound responders (220 mmHg BP reduction') and com-
pared with sham-treated patients. The studies were approved by local
cthics committee and were performed in accordance with the Declaration
of Helsinki. All participants provided writtén informed consent. The tn-
als were registered at URL: hup://www.clinicaltrials.gov, Unique identi-
fiers: NCTO1656096 and NCT02920034. Only patients with adequate
CMR imaging and data from ambulatory blood pressure measurement
(ABPM) at baseline and follow-up were included (Figure 1). Follow-up
assessment was performed 3 months after RDN in the RADIOSOUND-
HTN trial and at 6 months post-RDN in the remaining patients.

Study Participants

The exact in and exclusion eritenia for the trials have been published
previously.'""* In brief, patients with resistant hypertension were
included in both trials and the registry. Resistant hypertension was
defined as an elevated systolic or diastolic BP as documented by
ABPM while on 23 different classes of antihypertensive drugs, in-
cluding a diuretic. unless intolerant to diuretics. Medication had to

be at maximum tolerable dosage and under a stable drug regimen >4
weeks, Medication was intended to remain unchanged for the entire
follow-up period. Patients with moderate resistant hypertension (de-
fined as daytime systolic BP between 135 and 149 and diastolic BP
between 90 and 94 mm Hg on ABPM) were included in the prospec-
tive randomized, sham-controlled trial (1:1 randomization ratio) as
published previously." In a registry and the RADIOSOUND-HTN
trial, patients with resistant hypertension (defined as daytime systolic
BP =135 mmHg on ABPM), were included.

BP Measurement

ABPM was acquired with a cuff-based oscillometric  device
(Spacelabs model 90207, Spacelabs Healthcare GmbH, Feucht,
Germany) at baseline and follow-up. BP recordings were taken every
15 minutes at daytime (7:00 am=10:00 pnm) and every 30 minutes dur-
ing nighttime (10:00 pxe=T7:00 am).

Renal Denervation

RDN was performed according to standardized protocols as described
previously.!" "' In brief, repeated ablation runs were delivered to
eiach renal artery. The ablation regions were placed circumferen-
tially to the renal artery wall from distal to proximal. All patients
received intravenous remifentanil to control visceral pain. Seventy
patients underwent radiofrequency ablation with a Symplicity Flex
catheter and 41 with the multielectrode radiofrequency Spyral cath-
cters {Medtronic, Minnesota, MN). Twenty-four patients underwent
ablation with a balloon-based ultrasound renal denervation system

(Paradise, ReCor Medical, Palo Alto, CA)."”

Sham Procedure
For patients in the sham group, the room setup was prepared as in
regular RDN procedures. Patients received saline infusion instead of

RCT Cohort

Validation Cohort

Sham Controlied Randomized Trial Prospective
n=71 R”‘;‘;’
; n=
(35 RDN : 36 Sham) (all RON)

RADIOSOUND-

HTN
n=120
(all RDN)

Figure 1. Study cohort. ABPM indicates
ambulatory blood pressure measurement,;

CMR, cardiac magnetic resonance imaging;
HTN, hypertension; and RDN, renal
denarvation.

4 excluded

RCT Cohort
n=>52
(25 RDN : 27 Sham)

Validation Cohort
n=10
(all RDN)

Pooled Cohort n = 162 (135 RON : 27 Sham)

=1 ABPM
missing
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intravenous pain medication and underwent invasive angiography of
the renal arteries,

A simulated RDN procedure with 4 to 6 sham runs for each renal
artery was performed, guided by 2-minute acoustic signals. Patients
and study personnel (except for the interventionalists) remained
blinded for 6 months.

Cardiac Magnetic Resonance Imaging

All patients underwent CMR before and at follow-up after
RDN. Scans were performed on Philips (Philips Intera. Philips
Healthcare, Amsterdam, the Netherlands) or Simens scanners
(Verio, Siemens Healthineers, Erlangen, Germany), CMR analy-
ses were performed by investigators blinded to patient's baseline
characteristics.

Aortic flow measurements were acquired from phase-contrast
imaging and left ventricular SV determined by integrating the a-
ortic forward flow."” Flow measurements were indexed for body
surface area and expressed in mL/m® (stroke volume index [SVI]).
Cardiac index (CI) was calcufated from SVI and HR during mea-
surements. Images were acquired in free breathing with prospective
ECG-gating. Simultaneous noninvasive BP measurements during
flow measurements (conventional automated arm-cuft based meas-
urement, average from 3 single recordings) were used to determine
systemic vascular resistance index (SVRI) by dividing mean arterial
pressure times 80 by cardiac output and body surface area. Stroke
work index (SWI) was estimated by the formula; SVIxmean arterial
pressurex(.0136.

In a subgroup of patients, short-axis stacks for right and left ven-
tricular volumetric assessment were acquired during breath hold and
indexed for body surface area.

Copeptin A, Hematocrit, and Body Weight

Copeptin A is coreleased with arginine vasopressin in humans and is
a marker of body water regulation.” To assess its changes after RDN,
copeptin A was quantified retrospectively from blood samples drawn
before RDN and at the timepoint of CMR follow-up. Laboratory
testing was performed by the same laboratory (University Hospital
Erangen, Friedrich-Alexander-University, Erlangen, Germany)
using a dedicated, commercially available assay. Hematocrit was
acquired by blood count from blood samples drawn at the time of
CMR. Body weight was assessed at baseline and follow-up from self-
reported weight by the patients.

Statistical Analysis

Continuous variables are presented as mean and SD, dichotomous
variables as number and percentage unless indicated otherwise,
Normal distribution was tested using the Kolmogorov-Smimov
test. Paired r tests were used for within-group comparisons.
Homogeneity of variance was tested using the Levene test,
ANOVA or Kruskal-Wallis test was used to compare continuous
variables, Pearson %° test was used to compare categorial vari-
ables. ANCOVA was used for adjusted analyses. Any P value
<0.05 was considered significant. All statistics were calculated
using SPSS 25 (IBM, NY). Any £ value <0.05 was considered as
statistically significant.

Results

The prospective randomized cohort comprised 52 patients
(25 patients who had undergone RDN and 27 sham
patients). The validation cohort included 110 RDN patients.
The pooled cohort included 162 patients (135 RDN and 27
sham patients). BP measurements during the flow sequence
were missing for one patient in the randomized cohort and
for 15 patients in the validation cohort. Volumetric data
were available for 26 sham-treated patients and for 25 RDN
patients in the randomized cohort and for 46 patients in the
validation cohort.

Hemodynamic Effects of Renal Denervation 709

Prospective Randomized Cohort

Baseline Characteristics and BP Change

Clinical baseline characteristics and baseline BP were
well balanced between the groups, except for younger
age, and a lower frequency of dyslipidemia in the sham-
treated cohort than in the RDN group (Table 1). After 6
months, systolic daytime and 24-hour mean ambulatory
BP were reduced by 8.8+8.0 and 10.4£8.8 mm Hg in the
RDN group and by —3.1%7.8 and —3.3+8.4 mm Hg in the
sham-treated cohort (P=0.013 and 0.005 for between-
group comparison), respectively. In contrast, corre-
sponding diastolic ambulatory BP change did not differ
between the 2 groups (=3.924.3 and -4.5+4.8 mm Hg in
RDN patients versus =2.1+5.0 and ~1.9£5.3 mmHg in
sham-treated patients, P=0.16 and 0.08, respectively, for
between-group comparison).

Aortic Flow-Based Hemodynamic

Baseline HR during CMR, CI, SVI, SVRI, and SWI did not
differ between sham-treated and RDN-treated patients. At fol-
low-up after 6 months, SVI and SWI were reduced by 4.7+9.6
mL/m* and by 7.1£12.5 g/m’ in RDN patients (P=0,025 and
0.010, respectively, for within-group comparison), while

Table 1. Clinical Baseline Characteristics (Randomized Cohort)

Sham (=27 RDN [

RN Eer) i ‘.

Age, y 555:02 @ 644:79  <0.001

Weight, kg 9124148 | 91.9=145 092 |

Creatining, pmol/L 80.7+17.0 = 90.2+209 008 |

Smoker, n (%) 17(63) 16 (64) 094 |

Diabetes melitus, n (%) 9(33) 14 (54) 010 |

PAD,n (%) 2m | 2@ | 0

CAD, n (%) 11(41) 16 (64) 0.09

Previous stroke, n (%) 3(11) 104) 034 |

Previous MI, 1 {%) 2( 5 {20) 018 |
_ A i, 0 %) 2m | 1@ | oe

Dyslipidemia, n (%) 15 (56) 21(84) 0,03

No.of antinypertensive drug | 4.3=12 | 4112 050

classes

24-h systolic blood pressure, | 1406252 | 1415242 052

mmHg

24-h diastolic blood 81.2:61 | 78778 0.21

pressure, mmHg

Daytime systolic blood 1431244 14482438 0.17

pressure, mmHg

Daytime diastolic blood 83.3:63 = 81.0:84 027

pressure, mmHg

Nighttime systolic blood 1329+11.1 | 130.4+8.0 035

pressure, mmHg

Nighttime déastolic blood 737479 | 704480 014

pressurg, mmig

" CAD indicates coronary artery uaease: Mi. myocardial WPAIS
peripheral arterial disease; and RDN, renal denervation.
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HR, CI, and SVRI did not change significantly (Table 2). In
contrast, SVI and SWI remained unchanged following sham
treatment. While the delta between SVI was significantly dif-
ferent between the groups (£=0.008), the difference in change
of SVRI and SWI was not (P=0.06 and 0.08, respectively,
for between-group comparison, Table 2), The difference in
change of SVI between sham and RDN persisted after adjust-
ment for baseline SVI values and age (P=0.043).

Volumetric Assessment

Patients in the sham cohort presented with higher right and
left ventricular end-diastolic as well as left ventricular end-
systolic volumes at baseline. Left ventricular ejection frac-
tion was significantly lower in sham-treated patients. Left
ventricular end-diastolic volume index was reduced signifi-
cantly after RDN without reaching statistical significance in
between-group comparison (Table 2).

Body Weight, Hematocrit, and Copeptin A

Body weight, hematocrit, and copeptin A levels were bal-
anced between the groups at baseline and were unchanged at
follow-up.

Validation Cohort

Baseline Characteristics and BP Change

Baseline characteristics of the validation cohort are shown in
Table 3. At follow-up, 24-hour systolic and diastolic BP were
reduced by 7.7x13.1 and 4.7+6.8 mm Hg (P<(0.001).

Aortic Flow-Based Hemodynamic

Overall results for flow-based volumes in the validation
cohort were comparable to the randomized RDN cohort:
HR and SVRI remained unchanged, while SVI was signif-
icantly reduced at follow-up. Other than in the random-
ized cohort, CI and SWI were reduced significantly after
RDN (Table 4).

A

Table 2. Cardiac Magnetic Resonance Imaging Results at Baseline and Change at Follow-Up (Randomized Cohort)

Subgroup Volumetric Assessment

Different to the randomized cohort. left ventricular ejection
fraction was reduced, and end-systolic volumes were increased
numerically without reaching statistical significance. Also,
right ventricular ejection fraction was reduced, and end-sys-
tolic volumes were increased significantly (Table 4).

Body Weight, Hematocrit, and Copeptin A

Similar to the prospective randomized cohort, body weight
and copeptin A levels were balanced at baseline and remained
unchanged at follow-up. Hematocrit was reduced from
0.4240.04 to (1.4120.04 after RDN (P<0.001).

Pooled Study Cohort

Similar to the prospective randomized cohort, HR, CL. SVL
SVRI, and SWI did not differ between sham-treated and
RDN-treated patients at baseline. At follow-up, SVI, CI, and
SWI1 were reduced significantly by 3.2+8.5 mL/m*, 0.14+0.53
L/min/m?, and =7.3%13.7 g/m* in RDN patients, which was
found to be significant when compared to the sham group
(P=0.007, <0.001. and 0.04 for between-group comparison).
HR and SVRI did not change significantly after RDN (P=0.14
and 0.31, respectively). When stratified by BP response, a
consistent relation between daytime systolic ambulatory BP
change and change in SVI, CI, and SWI was found (Figure 2).
For the pooled cohort, change in hematocrit did not reach
statistical significance between RDN and sham (-0.01+0.02
versus —0.01+0.02, P=0.92). No relation was found between
the extent of BP response and reduction in hematocrit, body
weight, or copeptin A.

Discussion
Our study is the first to describe CMR based hemodynamic
effects of RDN in direct comparison 1o a sham-treated cohort,
Three major conclusions can be drawn: First. RDN was asso-
ciated with significant changes in SVI at follow-up. Second,

HR, min- 27 | 625¢113 | 18s112 | 042 | 25 | 504111 | 47:83 | 001 0.28 029
01, Limin per m? 27 | 262:051 | 017:051 | 009 | 25 | 2512041 -010s050 | 042 0.7 0.08
sV, mUm? 27 | 428:89 16266 022 | 25 | 435:101 | -47:96 | 0025 081 0.008
SVR, 27 | 707642050  -718+1435 002 | 24 | 671.4=2336 10.1+1943| 063 058 006
dynesxsxcm *xm?

SWI, g/m? 27 | 558+136 | -14:104 | 049 | 24 | 5142126 | -7.1s125 | 001 024 0.08
EDVI, mL/m? 26 | 7424172 | 02483 091 | 25 | 623+143 | -47108 | 0035 | 0009 | 010
ESVL, mUm? % | 302:143 | -07453 095 | 25 | 2152103 | -11s63 | 084 0002 | 057
EF, % % | 607:94 04247 037 | 25 | 668:88 | -19:63 | 016 0.02 0.15
RVEDVI, mUm? 2 | 74B:130 | 05:87 | 076 | 25 | 652:109 | -30:96 | 014 0.006 0.18
RVESW,mUm® | 26 | 306277 02:52 | 082 | 25 | 268277 | -02:58 | 088 0.09 079
RVEF, % % | 593459 0.145.0 091 | 25 | 59369 | -15:59 | 023 098 031

Cl indicates cardiac index; EDVI, end-diastolic volume index; EF, ejection fraction; ESVI, end-systobic volume index; HR, heart rate; RDN, renal denervation; RVEDVI,
right ventricular end-diastolic volume index; RVESVI, right ventricular end-systolic volume index; SVI, stroke volume index; SVRI, systemic vascutar resistance index;

and SWI, stroke work index.
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Table 3. Clinical Baseline Characteristics (Validation Cohort)

Hemodynamic Effects of Renal Denervation 711

Table 4. Cardiac Magnetic Resonance Imaging Results at Baseline and Change
at Follow-Up (Validation Cohart)

CAD indicates coronary artery disease; MI, myocardial infarction; PAD,
peripheral arterial disease; and RDN, renal denervation.

previously described changes in vascular resistance may not
be the only effector of RDN-induced BP reduction. Third, the
reduction of SVI and BP seems to result in a reduced stroke
work after RDN. These results were found in the randomized
cohort and confirmed in a larger validation cohort.

RDN may affect BP by several pathways, including but
not limited to reduced preload, reduced afterload, and reduced
cardiac output, which all have been reported in various RDN
studies previously,***1%* Complementary to this, our results
suggest that RDN affects systemic BP by altering stroke
volume and, as HR remained unchanged herein, also cardiac
output. In general, a reduction in stroke volume can be caused
by 2 different mechanisms, preload reduction or reduced
inotropy. Theoretically. RDN might affect both, as transient
changes in blood volume via an increased sodium excretion or
an improved splanchnic pooling by reduced systemic sympa-
thetic activity could reduce preload, and lower cardiac systemic
sympathetic activity could alter cardiac inotropy. Interestingly,
volumetric data were not suggestive of blood volume or pre-
load reduction. In addition, body weight and copeptin A lev-
els as a surrogate for total body water content and hematocrit
remained unchanged, which makes changes in plasma volume
less likely. Nevertheless, an improved splanchnic pooling as
described previously™ would still be possible as an additional
mechanism of BP reduction in RDN-treated patients as our
analysis investigated a resting state only. Altematively, the
effect on stroke volume CI and thereby also BP could be sec-
ondary to a reduction in sympathetic-mediated cardiac inot-
ropy. An effect on inotropy supports the concept of a reduced
systemic sympathetic activity as the main effector of RDN,

Age, y 62.4<9.7
Weight. kg 91.1+146

_Crealinine, pmolA. 85.0:23.3 HR, min- 110 6332104 = 03+87 0.14
Smoker, n (%) 47043 o1, Uimin per m? 110 | 240:058  -0.15:052 | 0002
Disbetes molitis, n (%) b0 SV, mL/n? 110 | 3902113  -28:82 | <0001
PAD, n (%) 76 SVRI, 95 | 8030:2295 2872093 031
CAD, n (%) 35(32) dynesxsxcm->xm-*
Previous stroke, n (%) 6(5) SWI, g/m? 95 | 5371904 | -7.3+140 | <0.001
Previous MI, n (%) 15(14) EDVI, mL/m 46 | 709:149 | 11=104 | 047
Atrial fibrillation, n (%) 17 (15) ESVI, mL/m? 46 | 253+106 | 14456 0.09
Dysfipidemia, n (%) 77 (70) EF, % 46 | 656280 | -1.3+45 0.06
No of antihypertensive drug classes 5.0+14 RVEDWI, mL/m? 46 7152138 22493 0.11
24-h systolic blood pressure, mmHg 152,6212.4 RVESVI, mL/m? 46 | 274286 27256 0.002
24-h diastolic biood pressure, mmHg 83.9+115 RVEF, % | 46 | 625:69 | -28+67 0.006
Daytime systolic blood pressure, mm Hg 155.7=135 Cl indicates cardiac Index; EDVI, end-diastolic volume index; EF, ejection

=EmTeT > - fraction; ESVI, end-systoic volume index; HR, heart rate; RDN, renal denervation;
Daytime diastolic blood pressure, mm Hg 86.8+12.8 RVEDVI, right ventricular end-Giastosic volume index; RVESWI, right ventricutar
Nighttime systolic blood pressure, mm Hg 143.4-163 end-systolic volume index; SVI, stroke volume index; SVRI, systemic vascutar
o resistance index; and SWI, stroke work index.

Nighttime diastolic blood pressure, mm Hg 7594118

which has been repeatedly documented by microneurography
and cardiac scintigraphy.”' ™ As we present a smaller explora-
tory study herein, this remains speculative unless proven in fu-
ture prospective randomized controlled and mechanistic trials.

Contrary 10 a recently published substudy of the Catheter-
based renal denervation in patients with uncontrolled hy-
pertension in the absence of antihypertensive medications
(SPYRAL HTN-OFF MED): a randomised, shamcontrolled,
proof-of-concept trial cohort,* we did not find a reduction in
HR herein, This might be explained by the frequent use of
fi-blockers in the investigated cohort. HR reductions have also
been described for patients on this medication,” but only in 2
uncontrolled trials, and other studies, including patients with
[i-blockers. did not report a reduced HR following RDN.™*
Thus, more results from future controlled trials in patients also
treated with [3-blockers are needed.

Changes in total peripheral resistance were not docu-
mented herein, This is surprising, as a reduced systemic as
well as reduced renal sympathetic activity both are thought
to affect peripheral resistance: either via a reduced renal in-
duced activation in the medulla oblongata®™ or by reduced
angiotensin activity.” Two previous studies described effects
on peripheral resistance after RDN. The discrepancy might
be explained by the methodological differences: one used a
volume clamp method at a resting state to estimate periph-
eral resistance,” the other used a mathematical algorithm and
a 3-element Windkessel model to calculate resistance from
ambulatory BP readings.” Both studies used indirect measure-
ments with its inherent limitations. Notably, systemic vascular
resistance is not an exact marker of cardiac afterload and di-
vergent results on resistance and left ventricular wall stress
have been reported previously.” thus the clinical significance
of resistance measurements is overall limited.
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Figure 2. Change in cardiac magnetic resonance imageng (CMR) acquired hemodynamic parameters in the pooled study cohort, stratified by blood pressure
response. A, Stroke volume index; {B) cardiac index; and {C} stroke work index. Error bars indicate 95% CI.

A reduction in SWI found after RDN has not been
described previously. A reduced resting SWI in stable patients
could be interpreted as a sign of beneficial remodeling, as it
can also be the result of reduced wall stress, which has been
reported for RDN previously.*" Both, reduced wall stress and
stroke work are associated with a reduced myocardial oxygen
consumption.”® Thus, RDN might have beneficial effects in
patients with heart failure despite the reduction of resting stroke
volume. Similar results have been found for fi-blocking drugs in
patients with heart failure, where this effect ultimately resulted
in a reduced mortality.**** Recently, the presence of a supranor-
mal ejection fraction has been linked to increased mortality.™ If
such a hyperdynamic cardiac phenotype, eventually leading to
heart failure with preserved ejection fraction, is sympathetically
mediated, reduction in SV might actually represent a return to
a more physiological state and could even serve as a potential
therapeutic approach in this specific patient cohort.

It will be a task for future trials to assess if the hemody-
namic effects of RDN observed herein have an impact on clin-
ically meaningful end points, like heart failure hospitalization
or even mortality. This would open a whole new field for RDN
beyond hypertension treatment. If such a relation can be docu-
mented, CMR based hemodynamic parameters might serve as
an additional measure of response to RDN beyond BP reduc-
tion in future trials.

Limitations

Several limitations have to be mentioned. First, volumetric
data were available for part of the cohort only. Thus, results
might be different for the entire cohort, Second, BP readings

from brachial measurements and results might be different,
when using invasive methods. Also, central venous pressure
was not considered for calculation of resistance measure-
ments. Third, as only part of this study was a randomized
cohort, our sham-treated cohort is small and baseline criteria
were not balanced between groups. Also, the sham-controlled
trial failed its primary end point for the full cohort. However,
BP changes were significantly different between sham and
RDN in the CMR substudy presented here. Moreover, changes
in SVI were consistent after age adjustment which strengthens
our findings. Forth, our CMR protocol investigated patients in
resting state only. Future trials should focus on investigating
CMR acquired parameters under exercise conditions (o better
understand the underlying physiological mechanisms.

Conclusions

In this pooled cohort of patients undergoing RDN, our find-
ings suggest that alterations in cardiac sympathetic activity are
involved in BP reduction and affect stroke volume and car-
diac output (graphical abstract), Future investigations on RDN
should focus on mode of action as it might help to optimize
concomitant medical treatment as well as the procedure itself,

Perspectives

Our findings suggest that alterations in cardiac sympathetic
activity following RDN are involved in BP reduction and
affect stroke volume and cardiac output. Lower stroke volume
results in a reduced stroke work, which might be beneficial in
hypertensive heart failure patients, especially in heart failure
with preserved ejection fraction.
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Novelty and Significance

What Is New?

* Renal denervation lowers blood pressure by stroke volume reduction,
Other than previously described, systemic resistance is not changed in
our study.

What Is Relevant?

¢ This might also change future indications for renal denervation, as re-
duced stroke volume results in reduced stroke work and wall stress.

* This could be beneficial in hypertensive heart failure patients, especially
in heart failure with preserved ejection fraction,

Summary

Renal denervation lowers blood pressure by stroke volume reduc-
tion. By reduced wall stress, this might be beneficial in heart failure
patients.
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Renal Sympathetic Denervation in Patients With
Heart Failure With Preserved Ejection Fraction

Karl-Patrik Kresoja®, MD"; Karl-Philipp Rommel®, MD*; Karl Fengler, MD; Maximilian von Roeder®, MD;
Chnistian Besler®, MD; Christian Liicke, MD; Matthias Gutberlet, MD; Steffen Desch, MD; Holger Thiele®, MD;
Michael Bohm®, MD; Philipp Lurz®, MD, PhD

BACKGROUND: Arterial hypertension is the most common comorbidity in patients with heart failure with preserved ejection
fraction (HFpEF) and mediates adverse hemodynamics through related aortic stiffness and increased pulsatile load, We
aimed to investigate the clinical and hemodynamic implications of renal sympathetic denervation (RDN) in patients with
HFpEF and uncontrolled arterial hypertension,

METHODS: Patients undergoing RDN between 2011 and 2018 in a single-center were retrospectively analyzed and classified
as HFpEF (n=99) or no HF (n=65). Stroke volume index and aortic distensibility were measured through cardiac magnetic
resonance imaging, and left ventricular (LV) systolic and diastolic properties were assessed echocardiographically.

RESULTS: At baseline, patients with HFpEF had higher stroke volume index (median 40 [interquartile range, 33-48] versus
33 [26-40] mL/m?, P=0.002), pulse pressure (69 [63-77] versus 61 [55—67] mm Hg, A<0.001), but lower LV-VPES, ,
(18 [10-28] versus 24 [15-40] mL, P=0.007) and aortic distensibility (1.6 [1.1-2.6] versus 2.7 [1.1-35] 10 mm Hg"“'g.
P=0.013) as compared to no-HF patients. Systolic blood pressure decreased comparable in patients with HFpEF and no-
HF patients following RDN (=9 [-16 to —2], A<0.001). After RDN stroke volume index (=3 [-9 to +3] mL/m? P=0.011)
decreased and aortic distensibility (0.2 [-0.1 to +1.1] 10~ mmHg~', A~=0.007) and systolic stiffness (A<0.001) increased
in HFpEF patients. LV diastolic stiffness and LV filling pressures as well as NT-proBNP (N-terminal pro-B-type natriuretic
peptide) decreased after RDN in patients with HFpEF (P=0.032, P=0.043, and P<0.001, respectively).

CONCLUSIONS: Patients with HFpEF undergoing RDN showed increased stroke volume index, vascular, and LV stiffness as
compared to no-HF patients. Following RDN those hemodynamic alterations and reduced systolic and diastolic LV stiffness
were partly normalized, implying RDN might be a potential therapeutic strategy for arterial hypertension and HFpEF.

Key Words: blood pressure ® denervation ® heart failure ® hemodynamics ® hypertension

See Article by Author

as mortality of heart failure with preserved ejection
fraction (HFpEF), remain a major clinical challenge.1
To find a causal therapy for the heterogeneous syndrome
of HFpEF, it is of importance to understand its patho-
physiological pathways and to optimize individual treat-
ment strategies. The most common characteristics of

The high prevalence and associated morbidity, as well

HFpEF are increased ventricular filling pressures, as well
as ventricular and arterial stiffening as frequently caused
by aging, diabetes, and arterial hypertension (aHT), the
latter one preceding the development of overt clinical HF
in 90% of cases.”*

Accumulating evidence shows a strong asso-
ciation between aHT and vascular stiffness as well as
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WHAT IS NEW?

* Heart failure with preserved ejection fraction might
be frequent among patients with uncontrolled hyper-
tension undergoing renal sympathetic denervation.

+ These patients are marked by a distinct hemody-
namic profile of impaired aortic buffering capability,
a higher incidence of isolated systolic hypertension,
high blood pressure variability, increased end-sys-
tolic elastance, and possibly impaired ventriculo-
artenal coupling.

* Those unfavorable hemodynamic alterations
were partly debilitated after renal sympathetic
denervation.

WHAT ARE THE CLINICAL IMPLICATIONS?

* The diagnosis of heart failure with preserved ejec-
tion should be considered in patients with uncon-
trolled arterial hypertension undergoing renal
sympathetic denervation as it might contribute to
patients morbidity.

* Renal sympathetic denervation might pose a treat-
ment option for patients with a specific hypertensive
phenotype of heart failure with preserved ejection
which warrants further investigations.

Nonstandard Abbreviations and Acronyms

ABPM ambulatory blood pressure
monitoring

aHT arterial hypertension

BP blood pressure

BPV blood pressure variability

CMR cardiac magnetic resonance
imaging

CPOI cardiac power output index

HFpEF heart failure with preserved ejection
fraction

IQR interquartile range

v left ventricle/ventricular

LVEF left ventricular ejection fraction

LV-VPedM,,. end-diastolic volume for a given
end-diastolic pressure of 20 mmHg

LV-VPes, . .., €nd-systolic volume for a given end-
systolic pressure of 100 mmHg

NT-proBNP  N-terminal pro-B-type natriuretic
peptide

RDN renal sympathetic denervation

SNA sympathetic nervous activity

SviI stroke volume index

sympathetic nervous activity (SNA) overdrive, which
again might contribute to the conundrum of HFpEE*" An
increased afterload, as well as a compensatory increased
left ventricular (LV) contractility, to uphold a favorable

Circ Heart Fail, 2021:14:e007421, DOI: 10.1161/CIRCHEARTFAILURE. 120.007421

ventriculo-arterial coupling, might lead to a detrimental
energetic state aggravating malevolent cardiac effects
in patients with HFpEF?# In fact, it has recently been
shown that LV ejection fraction (LVEF) has an u-shaped
relationship on mortality, where very-high states of LVEF
(265%) are associated with impaired survival.”

Renal sympathetic denervation (RDN) has been
shown to positively affect blood pressure (BP),'*'? aortic
stiffness,'*'* as well as SNA.”® Furthermore, RDN was
able to improve diastolic function, as well as LV mass in
patients with therapy aHT."®

We now aimed to investigate the clinical and hemody-
namic effects of RDN in patients with therapy aHT and
HFpEF as compared to patients without HF,

METHODS

This article adheres to the Transparency and Openness
Promotion Guidelines, The data that support the findings of this
study are available from the corresponding author upon rea-
sonable reguest.

Design and Patient Cohort

For the present retrospective observational study, we
pooled data from patients 218 years who underwent RDN
at a single high-volume center between 2011 and 2018,
Echocardiographic and cardiac magnetic resonance imaging
{CMR) assessment was intended in all patients if no contrain-
dication existed (ie, in patients with claustrophobia, implanted
pacemakers, or defibrillators). All patients were post hoc
stratified as HFpEF or no HF according to the guidelines of
the European Society of Cardiology, whereas HFpEF was
defined as the presence of NT-proBNP (N-terminal pro-B-
type natriuretic peptide) elevation >125 pg/mL, evidence of
structural heart disease (left atrial volume index >34 mL/m?
or LV mass index 2115 g/m? for males and 295 g/m?) or dia-
stolic dysfunction on echocardiography (mean E/e’ 213 and
a mean e’ septal and lateral wall <9 cm/s), LVEF =250% and
symptoms or signs of HF or loop diuretic treatment in their
absence.'” Only patients with uncontrolled aHT (as defined
previously'®'?) were considered for this analysis, no redo RDN
procedures were included. Medication had to be stable for
>4 weeks before and was intended to remain unchanged
after RDN. Patients with a LVEF <50% and missing baseline
NT-proBNP values were excluded from the current analysis.
In all patients, pulse wave velocity was assessed invasively
before RDN."" In addition, echocardiography, ambulatory BP
monitoring (ABPM) readings, NT-proBNP levels and in a
subgroup of patients CMR was acquired before and within 6
months post-RDN.

All study pracedures were performed in accordance with
the Declaration of Helsinki and were approved by a local ethics
committee, All participants provided written informed consent.

BP Measurement and Variability

ABPM was acquired with a cuff-based oscillometric device
(Spacelabs model 80207, Spacelabs Healthcare GmbH, Feucht,
Germany) at baseline and follow-up. BP recordings were taken
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every 15 minutes at daytime (7:00 am=10;00 py) and every 30
minutes during nighttime (10:00 pa=7:00 am).

BP variability (BPV) was assessed by SD of systolic BP
values, coefficient of variation of SBP assessed by dividing
SD of systolic BP value by mean, and average real variability
calculated.

Renal Denervation

RDN was performed according to standardized protocols as
described previously.'"'"'® In brief, repeated ablation runs
were delivered to each renal artery. The ablation regions were
placed circumferentially to the renal artery wall from distal
to proximal. All patients received intravenous remifentanil to
control visceral pain. Of the included patients, 115 patients
underwent radiofrequency ablation (Medtronic, Minnesota,
MN), and 49 patients underwent ultrasound RDN (Paradise,
ReCor Medical, Palo Alto, CA). Patients with a BP reduction
of 256 mmHg at daytime ABPM after 3 months were defined
as responders. Isolated systolic hypertension was defined as
BP>135 mmHg systolic and <85 mm Hg diastolic on daytime
ABPM. Before RDN, invasive pulse wave velocity was mea-
sured as previously described.'®

Echocardiographic Assessment and Single-

Beat Estimations

Standard transthoracic echocardiographic assessment was
performed before and after RDN with simultaneous noninva-
sive arm cuff BP measurements and central BP calculation
in a subgroup (n=87) using the Complior device (Complior
Analyse, 2011, ALAM Medical, Saint Quentin Fallavier,
France). Pressure-volume estimations were calculated non-
invasively using a single-beat estimation method, whereas
the end-systolic pressure-volume relationship was calculated
as proposed by Chen et al*” and the end-diastolic pressure-
volume relationship as proposed by Klotz et al’' and out-
lined in the Methods in the Data Supplement in more detail.
To improve comparability of systolic and diastolic estimates
the volume for a given end-systolic pressure of 100 mmHg
(LV-VPes ...} and for a given end-diastolic pressure of 20
mmHg (LV-VPed,, ) was calculated,

Cardiac Magnetic Resonance Imaging

Scans were performed on Philips (Philips Intera, Philips
Healthcare, Amsterdam, the Netherlands) or Siemens scan-
ners (Verio, Siemens Healthineers, Erlangen, Germany).
CMR analyses were performed by investigators blinded to
patients characteristics and outcomes® Aortic flow mea-
surements were acquired from phase-contrast imaging and
LV-SV determined by integrating the aortic forward flow.
Flow measurements were indexed for body surface area and
expressed in mL/m? (stroke volume index [SVI}). Cardiac
index was calculated from SVI and HR during measurements.
Images were acquired in free breathing with prospective
ECG-gating. Simultaneous noninvasive BP measurements
during flow measurements (conventional automated arm
cuff-based measurement, average from 3 single recordings)
were used to determine systemic vascular resistance index
by dividing mean arterial pressure times 80 by SVI. Aortic
distensibility (10* mmHg™') was calculated as (A__~A )/

Circ Heart Fail, 2021;14:¢007421, DOI: 10.1161/CIRCHEARTFAILURE. 120007421

A Xpulse pressure, where A and A represent the maxi-
mal and minimal cross-sectional area of the ascending aocrta
on cine CMR images measured 1 to 2 centimeters above
the sinotubular junction. Cardiac power output index (CPOI)
was estimated by the formula cardiac indexxmean arterial
pressure/451,%

Statistical Analysis

Paired ttests or Wilcoxon signed-rank test was used for within-
group comparisons. Homogeneity of variance was tested using
the Levene test ANOVA. Mann-Whitney U, or Kruskal-Wallis
test was used to compare continuous variables. In case of
normal distribution (Kolmogorov-Smirnov test), data are given
as the mean and corresponding SD (), if data did not follow
normal distribution they are presented as median and corre-
sponding interquartile range (IQR). Categorical vanables were
compared using the Fisher exact test. Correlation of data was
performed using the Spearmen p correlation coefficient. To
account for the influence of differences in baseline character-
istics ANCOVA was performed.

A 2-sided significance level of « 0.05 was defined appropri-
ate to indicate statistical significance. Statistical analyses were
performed using the SPSS software (IBM Corp, released 2017,
IBM SPSS Statistics for Windows, version 25.0. Armonk, NY:
IBM Corp).

RESULTS

Baseline Characteristics

Two hundred eighty-seven patients underwent RDN
between 2011 and 2018 at our center (Figure | in
the Data Supplement), Overall, 164 patients were
included, 99 patients classified as HFpEF and 65 as
no HF. An overview of the criteria for classification of
patients into HFpEF or no HF is given in Table | in
the Data Supplement. Patients with HFpEF were older,
more frequently female, had impaired exercise capac-
ity, more comorbidities (diabetes and atrial fibrillation)
and a higher pulse pressure at baseline as displayed
in Table 1, baseline medication is displayed in Table II
in the Data Supplement. Isolated systolic hypertension
(daytime ABPM diastolic BP <85 mmHg) was more
frequent among patients with HFpEF as compared to
no-HF patients (63% versus 31%, A<0.001). Night-
time BPV was higher in patients with HFpEF and day-
time BPV also tended to be higher as compared to
no-HF patients, Baseline NT-proBNP was higher in
patients with HFpEF as compared to no-HF patients
(301 [IOR, 214-565] versus 65 [IOR, 43-102] ng/L;
P=0.011). At baseline, invasively assessed pulse wave
velocity before RDN was higher in patients with HFpEF
as compared to no-HF patients (16.2 [IQR, 13.0-19.4]
versus 14.1 [IOR, 12.4-178] m/s, P=0.035). Radio-
frequency ablation or ultrasound RDN technique was
used in 70 (71%) and 29 (29%) of patients with
HFpEF and in 45 (69%) and 20 (31%) of the no-HF
patients, respectively.
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Table 1. Baseline Characteristics
Age,y 66 (61-73} | 61(54-67) | <0.001
Female sex, n (3) 34 (34) 12(19) 0.033
| BMI, kgim? 31(28-35) | 31(30-35) | 0,33
- Symptoms
NYHA functional class =l | 65 {66) 31 (48) 0,035
© MaxWalt at exercise ECG, W | 100 150 0,020
(100-150) (100-150)
. Ambutatory blood pressure
Daytime systolic blood pres- | 151 161 018
sure, mmHg (144-159) | (142-158)
Daytime diastolic blood | B0 (76-90) | B9 (83-87) | 0.001
pressure, mmHg
Heart rate, bpm 67 (69-74) 70 (64-82) | 0,016
| Pust medical history
Active smoker, n (3b) 13(13) 12 (19) 038
Pravious smoker, n {3) 23 (29) 21 (32) 021
Diabetes, n (36) 58 (59) 25 (38) 0016
IDDM, n {9%) 21 (21) 12 (19) 0.70
PAD, n {36) 13013) | 4(62) 0.19
CAD, n (%) 40 (40) 26 {40) 1.00
Pravious stroke,  {14) 5(5.1) 5.(77) 052
Previous MI, n (36) 14 (14) 12 (19) 052
Atrial fioritiation, 1 (%) 18(18) 2(3.1) 0.003
Dysipidemia, n (36) 7879 | 89(58) 0,09
No. of antihypertensive drug | 5 (4-8) 5 (4-8) 0.94
classes

BM| indicales body mass index; bpm, beats per minute; CAD, coronary artery
disease; HFpEF, heart failure with presened ejection fraction; |IDDM, insulin-de-
pendent disbetes; MI, myocardial infaretion: NYHA, New York Heart Assocation;
and PAD, pengheral artery deease,

Changes in BP, NT-ProBNP, and Symptoms

At follow-up, daytime systolic and diastolic BP as well as
pulse pressure decreased in both patients with HFpEF

and no-HF patients to a comparable extent. There was
no statistically significant difference in the number of
responders between patients with HFpEF and no-HF
patients (71% versus 67%, P=0.73). BPV at nighttime
decreased to a greater extent in patients with HFpEF as
compared to no-HF patients (Table 2).

NT-proBNP decreased in patients with HFpEF (A
—24% [IOR, —42% to +12%)], A<0.001) and slightly
increased in no-HF patients (A +9% [IOR, —16 to +63]
ng/L, P=0011), with a significant between-group dif-
ference of NT-proBNP change (P<0.001). Likewise,
patients with HFpEF showed a better improvement in
New York Heart Association functional class (21% of
patients improved at least one class, A<0.001; Figure 1A
and 1B) as compared to no-HF patients (P=0.32, P
value for between-group difference 0.008).

Changes in Standard Echocardiographic
Parameters

At baseline, LVEF was higher in patients with HFpEF
as compared to no-HF patients (64% [IOR, 59%—67%]
versus 60% [IOR, 54%—-66%)], P=0.006). There was no
statistically significant difference in LVEF reduction at
follow-up in patients presenting with HFpEF (A —4 [IOR,
~T7 to +1]) as compared to no-HF patients (A —1 [IOR,
—6 to +5), Pvalue for between-group difference 0.10).

At baseline, patients with HFpEF had a higher ratio
of early mitral inflow (Emax) to septal and lateral mitral
tissue velocity (E/E’) and more severe left atrial dila-
tion (35 [IQR, 29-41] versus 27 [IQR, 24-35] mL/m?,
P<0.001) as compared to no-HF patients. At follow-up,
E/E’ decreased significantly in patients with HFpEF but
did not show a statistically significant change in no-HF
patients. Furthermore, there was no relevant between-
group difference in the reduction of E/E" (P=0.13;
Table 3). Further echocardiographic data are shown in
Table Il in the Data Supplement.

Table 2. Blood Pressure Effects of Renal Sympathetic Denervation in HFpEF and No HF

| Blood pressure
Daybme eystolic blood | 151 {144 to 159) =8 (=17 10 ~2) | <0.001 151 (14210 158) | ~8 (~161t0 ~2) <0.001 | 018 047
pressure, mmHg
Daytme diastolic blood | 80 (76 to 90) | —8(-1010—-2) <0.001 89 (83 to 97) -5 (-10to 1) <0.001 | 0.001 0.74
pressure, mmHg
Daytime Pulze pres- 69 (6310 77) | =3 (~810+2) - <0.001 61 (5510 67) ~2 (<710 +3) 0.033 | <0.001 0.29
sure, mmHg
Daytime blood pres- 166 (13610200} —15(-4.110+09) <0.001 151 (12810 174) | —1.1 (=390 +2.7) | 0.10 006 035
sure vanabdity
Nighttene blood pres- | 15.9 (12.5 10 20.0) | —16(-5010+1.6)  0.001 134 (11.310167) | 06 (-3210+43.7) | 0.91 0.003 0.043
sure varabiity

HFREF indicates heart failure with peéserved ejection fraction
Circ Heart Fail, 2021;14:e007421, DOI: 10.1161/CIRCHEARTFAILURE. 120.007421 March 2021 -
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Figure 1. Changes of patients with heart failure with preserved ejection fraction (HFpEF) in (A) NT-proBNP (N-terminal pro-
B-type natriuretic peptide) and (B) New York Heart Association (NYHA) functional class, as well as changes in accordance to
blood pressure reduction in (C) NT-proBNP, (D) stroke volume index, (E) nighttime blood pressure variability, and (F) E/E” in

accordance to daytime blood pressure reduction after renal sympathetic denervation (RDN).

K-W indicates Kruskal-Wallis test,

Aortic Flow-Based Hemodynamics and Aortic
Distensibility

CMR flow measurements were available for 55 patients
with HFpEF and 35 no-HF patients. At comparable car-
diac indexes, patients with HFpEF exhibited significantly
lower heart rates and higher SVIs. There was no statistically
significant difference in systemic vascular resistance index
between patients with HFpEF and no-HF patients, but esti-
mates of myocardial work (CPOI) were significantly higher
in patients with HFpEF. After RDN, statistically significant

reduction of myocardial workload was observed in patients
with HFpEF, driven by a reduction of SV, at stable systemic
vascular resistance index and heart rate (Table 4). How-
ever, there was no statistically significant decrease of CPOI
in the no-HF group with no statistically significant differ-
ence in the extent of CPOI reduction between patients
with HFpEF and no-HF patients (P=0.14).

The HFpEF group demonstrated a lower aortic disten-
sibility as compared to no-HF patients. After RDN, aortic
distensibility improved to a greater extent in patients with
HFpEF as compared to no-HF patients (P=0.035; Figure 2).

Table 3. Effects of Renal Sympathetic Denervation on Echocardiographically Assessed Diastolic and Systolic Single-Beat
Estimations in HFpEF and No HF Patients

Diastolc properties
Emax, mis 086 (06910 1.08) | ~0.03 (-0.1710+004) | 0.015 | 0.68(060100.73) | 0(-00110+001) | 063 |<0001 | 024
Mean E/E 128(10310162) | ~10(-2510+18) | 0.043 | 9(831011.1) 0(-2210428) | 090 | <0001 | 013
W-VPED,._,, | 1076 (842101372) | 77 (<12010+22.1) | 0.032 | 1169(101010 1448) | —02(-18710+193) 097 | 0048 | 025
mi
Systolic properties
E.mmHgimL | 24 (19108.1) ~02{-0.710403) | 0014 | 21(1.71029) | -0.1(-05to+04) 033 | 0064 | 027

T W,mb | -22(-34to-11) |1(-12to+13) | 054 |—17(-29t0+12) |3(-15t0+14) | 026 |0324 | 070

| VWPES. .. | 18(10w028) | 7(-510+17) <0001 | 24(151040) | 3(-6lo+14) | 008 |0007 | 050
L

HFpEF indicates heart failure with preserved ejection traction; LV-VPED, _, estimated left ventricular end-dastolic volume at a given pressure of 20 mmHg; LV-

VPES, ..,

Circ Heart Fail, 2021;14:e007421, DOI: 10.1161/CIRCHEARTFAILURE.120.007421

- estimated left ventricular end-systolic volume at ghven pressure of 100 mm Hg; and V,, volume intercept at pressure zero,
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Table 4. Hemodynamic Effects of Renal Sympathetic Denervation in HFpEF and No HF as Assessed by MRI

Stroke volume index, 40 {33 10 4B) -3 (-91043) 0.011 33 {26 10 40} -0 (-4 10 +3) 0.36 0.28
mbL/m?

Heart rate, bpm 59 (55 to 66) 1 {~=31to +4) 0.39 69 (6110 72) =1 (=7 to +4) 032 | <0.001 0.18
Cardiac index, L/min/m* 24 (21102.7) —0.1 (0.6 1o +0.2) 0.06 22{20t028) —0.1 (0.4 t0 +0.1} 0.05 1‘ 0.144 094
Systemic vascular resis- 777 (571 10 843) | 21 (<121 10 +149) 0.63 732 (660 10 B62) | 28 {~74to +140) 0.15 I 0.956 046
tance index. dyne/m? !

Cardiac power output 053 {0.41 10 0.64) | —0.08 (~0.1810 +0.03} | 0.003 | 0.44 (040 to 0.53} A —0.02 (~0.09 to +0.04} | 0.33 ‘ 0013 0.14
index, W/m*

Echocardiographic Single-Beat Estimations

LV-VPED,, ., was lower in patients with HFpEF
as compared to no-HF patients. Following RDN LV-
VPED,,,...,, increased in patients with HFpEF (Table 3).
Interestingly, patients with HFpEF had higher E_ and
numerically lower V, resulting in a higher estimate of
systolic force LV-VPES, ,  as compared to contrals.
Furthermore, LV-VPES, .  statistically significant
increased in HFpEF patients with no statistically sig-
nificant change in the no-HF patients and no significant
difference in the between-group change (P=0.50). As

HFpEF indicates heart failure with preserved ejection fraction; and MRI, magnetic rescnance imaging.

opposed to baseline, LV-VPES,, . was not different
between patients with HFpEF and no-HF patients after
RDN (P=0.22; Table 3).

Extent of LV Afterload Reduction and LV
Function

Patients with HFpEF with the highest BP reduction had
the most pronounced reduction in SVI and E/E’ and

showed numerical trends for higher NT-proBNP and
BPV nighttime changes as compared to patients with

_ Aoy = A0 )
PP % A0y,

cross-sectional area (mm?)

time (ms)

p=0.007 Bl No-HF
;=o.o13 'mm HFpEF
 — p=0.331

T

Pre RDN Post RDN

Figure 2. Changes in aortic distensibility.

Changes in aortic distensibility in patients with heart failure with preserved ejection fraction (MFpEF; red) and patients without heart faidure (blue).
Aomax indicates maximum aortic cross-sectional area; Aomin, minimal aortic cross-sectional area; and RDN, renal sympathetic denervation.
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a lower BP reduction and no BP reduction (Figure 1C
through 1F). Furthermore, the reduction in systolic stiff-
ness was accompanied by a decrease in diastolic stiff-
ness (Figure 3).

DISCUSSION

This is the largest study so far comparing the effects of
RDN in patients with HFpEF compared with patients
without HF. The main findings were that as follows:

1. the number of patients with HFpEF as defined
by the European Society of Cardiology criteria'
undergoing RDN is high,

2. patients with HFpEF undergoing RDN show
an unfavorable hemodynamic phenotype with
reduced aortic buffering capability, higher BPV,
higher CPOI, and lower LV-VPES, ,,__, indicating
increased myocardial work at rest, and

3. that patients showed symptomatic improvement
and partly reversed hemodynamic alterations to
a level comparable to patients without HF follow-
ing RDN.

The proposed mechanisms for these findings are

summarized in Figure 4.

One of the central observations was that patients
with HFpEF were marked by a stiffer vascular system
as compared to controls, indicated by reduced aortic
distensibility, higher pulse pressure as well as increased
pulse wave velocity all possibly mediated through
increased SNA or the long-term consequences thereof.
This, in turn, should cause increased pulsatile afterload
and consequently unfavorable ventriculo-arterial cou-
pling” It is well known that an increase in the pulsatile
components of BP (systolic BP and pulse pressure) is

a major risk factor for developing HF in general® and
HFpEF in particular.”® An impairment of arterial pulsatile
function in this patient population has been described
repeatedly”*® Mechanistic studies have identified a rela-
tionship between diastolic dysfunction and increased
arterial stiffening or increased arterial wave reflections
in different populations.?"*

Although HF habitually has been associated with a
decreased systolic stiffness (reduced E_ and high LV-
VPES, ,.,.1i,) and impaired SVI, we observed the oppo-
site.? A possible explanation is that arterial stiffening in
conjunct with compensatory ventricular hypercontrac-
tility impairs ventriculo-arterial interaction in HFpEF?
this exaggerates the consequences of increased aor-
tic stiffness (more volume in a nondistensible aorta)
and might cause a marked increase in LV pulsatile load
resulting in both increased systolic stiffness and dia-
stolic stiffness as proposed in the left part of Figure 4.
This vicious cycle of increased afterload and stiffening
causes an amplified sensitivity to afterload and volume
changes leading to increased LV filling pressures and
left atrial hypertension on exertion, exercise intoler-
ance, and ultimately HF decompensation in these
patients.*?*3" Increased SVI and stroke work have been
reported to be present in patients with HFpEF? and
patients that are at risk for the development of HFpEF
(evidence of structural heart disease and elevated bio-
markers but lack of symptoms) with LV hypertrophy as
compared to patients without hypertrophy.®' Our data
confirm and expand these findings showing that even
when compared with patients exhibiting uncontrolled
aHT, SVI, and markers of cardiac work are higher in
HFpEF. Recently, we proposed that normalization
of high SVl is one of the driving mechanisms of BP

A
150,

-
-

0 50 100 150
Volume

»

e
n

A LV-Ees mmHg/ml
?

A
] r=-0.550, p<0.001
50 0 50

A LV-EDV at 20mmHg EDP, ml

Figure 3. Changes in systolic and diastolic elastance after renal sympathetic denervation and their correlation in patients with

heart failure with preserved ejection fraction (HFpEF).

A, Changes in left ventricular (LV) end-systolic elastance (E_) and end-diastolic pressure-volume refationship (EDPVR) pre (red dotted line) and
post {green solid line) renal sympathetic denervation. For purposes of comparability the ESPVR was calculated to V, =0 mL. B, Correlation of
change in E_ and LV end-diastolic volume at 20 mm Hg in patients with HFpEF.
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sortc '-m“
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Figure 4. Proposed beneficial mechanism of renal sympathetic denervation in patients with heart failure with preserved

ejection fraction (HFpEF).

Graphical abstract summarizing the mteraction of increased sympathetic activity leading to increased aortic stiffness through sympathetic nervous
activation and malignant ventriculo-arterial compensation leading to left ventricular hypercontractility in patients with uncontrolled hypertensson.
Renal sympathetic denervation alleviates these hemodynamic changes and improves symptoms and biomarkers indicative of elevated left
ventricular wall stress in patients with HFpEF. ESPVR indicates end-systolic pressure-volume relationship; LVEDP, left ventricular end-diastolic
pressure; NT-proBNP, N-terminal pro-B-type natriuretic peptide; PCWP, pulmonary capillary wedge pressure; and VA, ventriculo-arterial.

reduction in the overall patient population undergoing
RDN.?? Here, we can show that this might particularly
be true for patients with HFpEF where the extent of
BP reduction went alongside the SVI reduction,

RDN was associated with improved aortic distensibil-
ity in a cohort of patients with uncontrolled aHT.'® Inter-
estingly, in our cohort, the positive effects of improving
aortic distensibility were mainly confined to patients with
HFpEF. While the lower aortic distensibility in patients
with HFpEF might be explained by higher age as com-
pared to the no-HF population, the favorable response
following RDN contradicts the notion that age alone
explains this finding as the aortic stiffness was partially
reversible. As increased aortic stiffness and pulsatile load
are in close causal relationship to isolated systolic hyper-
tension,* which was more frequent among patients with
HFpEF, our data might indicate that apart from the ben-
eficial changes in HF patients, there might be a potential
beneficial hemodynamic effect of RDN in patients with
isolated systolic hypertension.

Circ Heart Fail, 2021;14:e007421, DOI: 10.1161/CIRCHEARTFAILURE. 120.007421

Previous studies have reported on positive effects of
RDN on LV diastolic function,'®*® Our study reinforces
the finding of improved diastolic function after RDN, Of
note, we observed a reduction in E/E’, as surrogate of
left atrial pressures, but also a downward shift of the
LV end-diastolic pressure-volume relationship. The
change in diastolic stiffness correlated with the change
in systolic stiffness indicating that reduced systolic
force might benefit LV chamber loading conditions in
patients with HFpEF undergoing RDN. Furthermore,
the reduction in CPOl indicates a lower myocardial oxy-
gen demand at rest*®

Therefore, RDN was associated with a reduced pulsa-
tile load through diminishing increased vascular stiffness,
leading to a more favorable ventriculo-arterial coupling
and partly abolished the need for compensatory LV
hypercontractility, which by itself again reduces BP and
pulsatile load for the LV, ultimately leading to less sys-
tolic and diastolic stiffness (right part of Figure 4). How-
ever, the observed normalization in E_ might not only be
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explained by improved aortic distensibility and favorable
ventriculo-arterial interaction but also by more complex
pathways like a direct effect of reduced SNA on the
myocardium through RDN.*

Increased SNA has been described as one patho-
genic contributor to chronic HF** and is associated with
poor clinical prognosis. It also leads to a more pulsatile
BP profile which can cause a mismatch in ventriculo-
arterial coupling as described above.? Increased SNA
may be especially pronounced in hypertensive patients
with concomitant patients with HFpEF compared to
no-HF patients® We observed a significant reduction of
BPV following RDN in patients with HFpEF as a possible
surrogate for normalization of SNA. Although this finding
is likely the consequence of the combination of multiple
pathophysiological effects, amongst them the changes
in arterial and systolic LV properties discussed above,
a reduction in SNA through RDN might alse favorably
impact on cardiac preload by enhancement of splanchnic
and venous blocd pooling.*® However, BPV is only a rough
estimate of SNA, and further data are needed to assess
the true response of the SNA following RDN in patients
with HFpEF (eg, response to Valsalva maneuver®),

These changes were accompanied by a reduction
in NT-proBNP in patients with HFpEF, indicating some
improvement in HF in this cohort. So far, only one study
has prospectively assessed the role of RDN in patients
with HFpEF and reported data.® In this well-designed
study, diastolic function on echocardiography improved
in patients while there was no improvement in exercise
capacity or NT-proBNP. However, the study was termi-
nated prematurely due to recruitment problems and was
underpowered to identify relevant treatment effects.

Limitations

Our study comprises a pooled cohort that underwent
RDN due to uncontrolled aHT, which was not primar-
ily screened on the basis of HF symptoms. This partly
explains the relatively high number of patients without
specific symptoms and might represent an early stage
of a hypertensive HFpEF phenotype, which might not be
generalizable to the entirety of HFpEF. As such, part of
our HFpEF group might be considered as pre-HFpEF
stage (although all asymptomatic patients with HFpEF
were on diuretic treatment). However, despite this pre-
sumably early stage, exercise capacity was limited in our
patients with HFpEF and it has recently been shown that
this patient group is at high risk for mortality or develop-
ment of symptomatic HF and might thus be a promising
cohort for therapeutic interventions.*® Pressure-volume
loop estimates of the LV were calculated using echocar-
diography rather than measurement through conduc-
tance catheters, although this method showed overall
good correlation in its derivation cohort, it is not validated
in patients with uncontrolled aHT and HFpEF, as well

Circ Heart Fail, 2021;14:¢007421, DOI: 10.1161/CIRCHEARTFAILURE. 120007421

as in patients with atrial fibrillation with possible beat to
beat variation.® As patients were classified as HFpEF
according to the European Society of Cardiology crite-
ria changes in variables included in the criteria might be
prone to a regression to mean error, The hemodynamic
estimates at baseline might in part be explained by sex
and age difference at baseline, However, the observed
beneficial changes after RDN still imply a possible posi-
tive effect after RDN in the subgroup of patients with
HFpEF, and the observed changes following RDN were
retained after adjustment for baseline differences (Table
IV in the Data Supplement).

As we pooled historic data from RDN, different abla-
tion systems were used but due to limited sample size a
further analysis whether an ablation system is superior
to another is precluded in the current study and needs
prospective evaluation.

Finally, results of patients with HFpEF were compared
to patients without HF with no sham-control cohort and
adherence to medication was not monitored at baseline
and throughout the duration of the study. Overall, the
findings of our study should be considered hypothesis
generating with the need for further validation in a dedi-
cated randomized and shamed controlled trial,

Conclusions

Within an uncontrolled aHT cohort, patients exhibiting
HFpEF are characterized by a state of hypercontrac-
tility, increased aortic stiffness as well as pathological
ventriculo-arterial interaction. A similar BP reduction in
patients with HFpEF and no HF and a reversal of unfa-
vorable hemodynamic alterations in HFpEF patients with
improvements in LV filling characteristics and pressures
was observed after RDN. Therefore, RDN might be a
potential treatment option in a hypertensive HFpEF phe-
notype, which warrants further investigations in prospec-
tive randomized controlled trials.
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3 SCHLUSSFOLGERUNGEN

Die HFpEF ist eine epidemiologisch bedeutsame Entitdt mit einer eingeschrankten
Prognose und hohen Morbiditit. Im Gegensatz zur Gruppe der HFrEF Patienten, fiir die
multiple effektive Therapie in den letzten Jahren belegt werden konnten, gelang bisher nahezu
keine Etablierung von effektiven Therapien fiir HFpEF Patienten (7). Dies wird zum grof3en
Teil auf eine ausgepriagte Heterogenitit des klinischen Syndroms zuriickgefiihrt. Wéhrend
einige Patienten auf spezifische Therapie ansprechen mogen, konnte sie in einem anderen Fall
schidlich sein, sodass iiber die Gesamtheit der Population kein Therapieeffekt nachgewiesen
werden kann. Die Heterogenitit der HFpEF Population beruht historisch auf einer
simplifizierten Definition auf Basis unterschiedlicher LVEF Grenzen und anamnestischen
Informationen. Zur Reduktion dieser Heterogenitdt wurde in den letzten zwei Jahrzenten eine
Definition unter Einbeziehung des Nachweises typischer Komorbidititen, kardialer
struktureller und funktioneller Verdnderungen, einer Erh6hung der natriuretischen Peptide,
sowie dem Nachweis erhohter LA beziehungsweise LV Fiillungsdriicke entwickelt (5).
Zudem wurde die Bedeutung des Ausschlusses spezifischer alternativer Kardiomyopathien
betont. Diese konnen als pathophysiologisch eigene Entitéten betrachtet werden, wofiir zum
Teil spezifische Therapieoptionen bestehen. Zum Ausschluss eines Grofteils der
differentialdiagnostisch in Erwédgung kommenden Entitdten, wie etwa einer Myokarditis,
einer Amyloidose, einer konstriktiven Perikarditis oder hypertrophen Kardiomyopathie, wird
eine kardiale MRT empfohlen, was den Wert dieses Bildgebungsverfahrens in der klinischen
Praxis unterstreicht (74). Doch auch mit einer strikteren Definition und dem Ausschluss
differentialdiagnostischer Kardiomyopathien stellt die Gesamtheit der HFpEF Patienten ein
heterogenes Kollektiv dar, weshalb die Notwendigkeit der Identifikation mechanistisch
homogener Subgruppen wiederholt als Bedingung fiir die Etablierung effektiver
Therapiekonzepte diskutiert wurde (179,211).

Es besteht aktuell Unklarheit wie diese Phinotypisierung durchgefiihrt werden sollte.
In den letzten Jahren konnten in verschiedenen Studien eine Reihe von Ansdtzen erarbeitet
werden. Dazu gehort die Klassifizierung anhand zirkulierender Biomarker (212-214), anhand
invasiver hdmodynamischer Verdnderungen unter Belastung (88,215) oder dem Vorliegen
einer PHT (86), anhand des AusmaBles einer subklinischen systolischen LV
Funktionseinschrankung (72), des Vorliegens einer koronaren mikrovaskuldren Dysfunktion
(110,216), des Nachweises einer systemischen Inflammation (217), der spiroergometrischen

Belastungsreaktion (115), des Vorliegens verschiedener Komorbidititen wie Adipositas
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(218), einer koronaren Herzerkrankung (14) oder eines Diabetes mellitus (219). Ein weiterer
Ansatz ist eine computerbezogene Gruppierung von Subgruppen anhand Ahnlichkeiten in
einer Vielzahl klinischer und echokardiographischer Parameter (220,221).

Die Vorstellung einer insgesamt erschopfenden aber sich gegenseitig ausschlieBenden
Klassifikation wird aber zum einen dadurch korrumpiert, dass sich viele dieser Phénotypen
iiberlappen oder sogar gegenseitig direkt miteinander konkurrieren. Zum anderen ist es
wahrscheinlich, dass bestimmte Phénotypen stadienspezifisch in Bezug auf den natiirlichen
Verlauf der Erkrankung zu beobachten sind.

Unabhingig von der Methode liegt die Qualitit einer solchen Phénotypisierung in
ihrer klaren Gruppentrennung, der einfachen Anwendbarkeit und der Moglichkeit
verschiedene Therapieeffekte voraussagen zu konnen (7).

Die Phénotypisierung auf Grundlage zentraler Pathomechanismen ist in diesem
Zusammenhang eine vielversprechende Losung, da hierdurch mdégliche Therapieziele direkt

abgeleitet werden konnen.

3.1 PATHOMECHANISTISCHE PHANOTYPISIERUNG ANHAND DES
VORLIEGENS EINER MYOKARDIALEN FIBROSE

Eine gemeinsame Endstrecke der meisten kardialen Pathologien ist die Ausbildung
einer myokardialen Fibrose. Entsprechend der in Abschnitt 1.3.3.8 dargestellten zelluldren
pathophysiologischen Uberlegungen spielt eine myokardiale Fibrose auch in HFpEF eine
wichtige Rolle. Im Gegensatz zu einer fokalen Fibrosierung, die typisch ist fiir HFrEF
Patienten, kommt es in HFpEF zu einer diffusen interstitiellen Fibrosierung (222). In
symptomatischen HFpEF Patienten ist eine vergroBerte extrazelluldre Matrix, als quantitatives
MafR der diffusen myokardialen Fibrose, assoziiert mit einer diastolischen Dysfunktion (54).
Diese korreliert mit der Arrhythmielast, der Symptomlast und dem Outcome (223,224). Aus
diesem Grund stellt die myokardiale Fibrose ein attraktives Therapieziel dar.

Der Goldstandard zur Bestimmung der myokardialen Fibrose ist die histologische
Analyse, die durch ihren invasiven Charakter und die inkomplette Reprisentation des
gesamten Myokards limitiert ist. Die Entwicklung neuer T1-Mapping Techniken in der
kardialen MRT ermoglichen es erstmals diffuse LV Fibrose nicht-invasiv direkt zu
quantifizieren. Die Bestimmung der extrazelluldren Volumenfraktion (ECV) ermdglicht einen
histologisch validierten Riickschluss auf eine diffuse myokardiale Fibrosierung (64).

Vor diesem Hintergrund untersuchte die in Kapitel 2.1.1 dargestellte Arbeit die

Wertigkeit dieser Methode in der Abschétzung der diastolischen Funktionsstérungen und der
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Identifikation pathophysiologischer Subgruppen der HFpEF. Fiir diese Arbeit wurden 24
Patienten mit leitlinienbasierter HFpEF Diagnose und zwolf Patienten ohne Herzinsuffizienz
prospektiv mittels kardialer MRT und der invasiven Aufzeichnung von Druck-Volumen-
Schleifen in Ruhe, unter Vorlastreduktion und unter korperlicher Belastung charakterisiert.
Patienten mit HFpEF zeigten eine eingeschrinkte Belastbarkeit mit erhdhten enddiastolischen
LV Fiillungsdriicken in Ruhe und einen pathologischen Anstieg des enddiastolischen Druck-
Volumenverhéltnis unter korperlicher Belastung. Im Vergleich zu Patienten ohne
Herzinsuffizienz konnten bei HFpEF Patienten eine verldngerte aktive LV Relaxation und
eine erhohte LV Steifigkeit nachgewiesen werden. Patienten in der HFpEF Gruppe zeigten
auBerdem eine deutlich vermehrte ECV. Die ECV und die myokardiale Steitheitskonstante,
Beta, wiesen eine direkte Korrelation auf. Wéhrend bei HFpEF Patienten mit einer ECV
>Median die diastolische Dysfunktion hauptsidchlich auf eine passive Steifigkeit des
Myokards zuriickzufithren war, zeigte sich in der HFpEF Gruppe mit einer ECV <Median
eine pathologische vaskuldre Steifigkeit mit hypertensiver Reaktion unter Belastung und
verlangerter aktiver LV Relaxation. Eine gesteigerte ECV, als Ausdruck einer vermehrten
diffusen myokardialen Fibrosierung, kann als Ursache einer ausgepridgten nicht myozytdren
myokardialen Steifigkeit gesehen werden. Bei HFpEF Patienten mit niedrigem ECV muss
vorrangig ein alternativer Mechanismus fiir die diastolische Dysfunktion in Betracht gezogen
werden. Interessanterweise wiesen die anhand der ECV stratifizierten HFpEF Subgruppen
hinsichtlich demographischer Charakteristika und echokardiographischer Befunde keine
Unterscheide auf. Die Unterschiedlichkeit konnten aber eindeutig mittels kardialer MRT und
erweiterter himodynamischer Charakterisierung herausgearbeitet werden.

Die Arbeit suggeriert eine optimierte Phinotypisierung von HFpEF Patienten anhand
des Ausmafles der diffusen myokardialen Fibrose. Sie ist auch Hinweis dafiir, dass es
innerhalb des klinischen HFpEF Spektrums zu unterschiedlicher Ausprigung einer
myokardialen Fibrosierung kommt. Dies wird bestétigt durch histologische Daten, die im
Durchschnitt eine erhohte myokardiale Fibrose im Vergleich zu gesunden Kontrollen zeigen,
wobei allerdings ein signifikanter Anteil von HFpEF Patienten keine relevant erhohte
interstitielle Fibrosierung aufweist (55).

Dies hat wichtige therapeutische Implikationen. Im humanen Myokard entwickelt sich
eine myokardiale Fibrose normalerweise langsam und im Verlauf {iber Jahre bis zur
klinischen Manifestation. Dies impliziert ein Auftreten dieses Phdnomens eher spédt im
natiirlichen Verlauf der HFpEF oder als ,akzelerierter fibrotischer Phédnotyp® mit der

grundséatzlichen Frage einer Reversibilitit. Dies wird unterstiitzt durch die Tatsache, dass
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Patienten mit erhohter diffuser myokardialer Fibrosierung eine eingeschriankte Prognose und
hohere NT-pro-BNP Serumkonzentrationen aufweisen (225,226).

Eine Fibrose ist allerdings kein inertes, metabolisch isoliertes Gewebe, sondern
unterlduft einem stindigen Remodeling, das von Fibroblasten, Immunzellen und
proteolytischen Enzymen reguliert wird. Dieser Prozess ist potentiell reversibel. Die
Reversibilitdit nimmt mit zunehmender Kollagenquervernetzung ab (222). Fiir Spironolacton,
einen Mineralokortikoidrezeptorantagonist, wird angenommen, dass es bei frither Initiation
eine Fibrosebildung reduzieren und so die Ausbildung einer Herzinsuffizienz verzégern kann
(227,228). In zwei prospektiv randomisierten Therapiestudien zu Spironolacton in HFpEF
konnte jedoch kein eindeutiger klinischer Nutzen der Spironolactontherapie herausgearbeitet
werden (siehe Kapitel 1.3.5)(160,161). Ein Grund fiir diesen Befund konnte die Variabilitit
der untersuchten Kollektivs hinsichtlich der Auspridgung der vorbestehenden myokardialen
Fibrose sein. In der Tat fand eine post-hoc Analyse der ALDO-DHF Studie, dass
Spironolacton die diastolische Funktion und die subjektive Belastbarkeit nur in Patienten mit
geringer Kollagenquervernetzung verbessert (229). In dhnlicher Weise wurde in der TOPCAT
Studie ein positiver Behandlungseffekt von Spironolacton nur in Patienten mit niedrigeren
NT-pro-BNP  Serumkonzentrationen, als moglichem Hinweis auf eine weniger
fortgeschrittene myokardiale Fibrosierung, beobachtet (230).

Hieraus ergibt sich ein hoher Nutzen der in Kapitel 2.1.1 vorgeschlagenen
Phénotypisierung mittels ECV Bestimmung in der kardialen MRT. Anhand des quantitativen
Charakters der Methode ist eine klare Gruppenzuordnung mdglich, auch wenn absolute
Normwerte in groeren Kohorten validiert werden miissen. Hinsichtlich der Anwendbarkeit
bestehen fiir die kardiale MRT im Rahmen der bereits bestehenden Einbettung in die
Differentialdiagnostik der HFpEF, des nicht-invasiven Charakters, der hohen
Reproduzierbarkeit und der hohen Anzahl an zusétzlich zu gewinnenden Informationen grof3e
Vorteile, wobei eine universelle breite und vor allem ambulante Verfiigbarkeit bis dato noch
nicht gegeben ist und spezifische Kontraindikationen dem generalisierten Einsatz innerhalb
der HFpEF Population entgegenstehen.

Die Pridiktion eines optimalen Therapieeffekts scheint flir Patienten mit geringer
ausgepragter myokardialer Fibrosierung zu erwarten zu sein. Diese Hypothese wird unter
Berticksichtigung der Ergebnisse der in Kapitel 2.1.1 genannten Arbeit aktuell in
prospektiven Studien untersucht. Beispielhaft soll hier die STADIA-HFpEF Studie (Stratified
Treatment to Ameliorate Diastolic left ventricular stiffness in early Heart Failure with

preserved Ejection Fraction) genannt werden, die als Phase 2 Studie die Hemmung des
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natriumabhingigen Glukosetransporter, SGLT-2, in Patienten mit nicht erhdhter ECV in der
kardialen MRT untersucht. Rationale ist hier, dass mittels SGLT2-Hemmung positive Effekte
auf die diastolische Funktion nur zu erwarten sind, wenn diese eine myozytidre und keine
fibrotische Ursache hat (231).

Der gegenteilige Ansatz wird in der PIROUETTE Studie (Pirfenidone in Patients With
Heart Failure and Preserved Left Ventricular Ejection Fraction) genutzt. In dieser Phase 2
Studie wird bei Patienten mit MRT morphologisch erhéhter ECV eine Therapie mit
Pirfenidon untersucht, welches in praklinischen Modellen eine Riickgang der myokardialen

Fibrosierung bewirkt (232).

3.2 PATHOMECHANISTISCHE PHANOTYPISIERUNG ANHAND DER
LINKSATRIALEN FUNKTION

Viele Studien konnten iiberzeugend darlegen, dass LA Dimensionen und Driicke eine
diagnostische und prognostische Relevanz in HFpEF haben. Das morphologische LA
Remodeling in Verbindung mit erhdhten LV Fiillungsdriicken wurde daher lange vor allem
als Marker der Progression der LV Dysfunktion gesehen (233).

Neben der Morphologie spielt die phasische LA Funktion eine entscheidende Rolle in
der Optimierung der kardialen Funktion. Das LA moduliert die LV Fiillung mit seiner
Reservoirfunktion (LA Fiillung wéahrend der ventrikuldren Systole), Conduitfunktion (passive
LA Entleerung wahrend der frithen ventrikuldren Diastole) und Boosterfunktion (aktive LA
Kontraktion mit Entleerung in der spiten ventrikulidren Diastole), wobei im Gegenzug die LV
Funktion die atriale Funktion beeinflusst. Die Reservoirfunktion wird durch die longitudinale
Kontraktion des LV, den {ibertragenen systolischen PA Druck und intrinsische LA
Eigenschaften (Relaxation und intrinsische Steifigkeit) bestimmt. Die Conduitfunktion wird
durch die frithe diastolische LV Funktion (LV Relaxation und Druckniveau in der Diastase)
sowie durch die intrinsischen passiven LA Riickstellkrifte beeinflusst. In der Boosterphase
wird durch die aktive LA Kontraktion und Entleerung eine Zunahme der LV Fiillung um etwa
20 Prozent erreicht. Diese Funktion wird moduliert durch LV Steifigkeit, LV Fiillungsdriicke
und die LA Kontraktilitét (234).

In der in Abschnitt 2.1.2 angefiihrten Arbeit untersuchten wir ein HFpEF Kollektiv
von 22 Patienten im Vergleich zu zwolf Patienten ohne Herzinsuffizienz mittels phasischer
LA Funktionsbestimmung in der kardialen MRT, invasiver Charakterisierung der LV
diastolischen Funktion mittels Druck-Volumen-Schleifen und spiroergometrischer Belastung.

Alle Patienten waren zum Zeitpunkt der Untersuchung im Sinusrhythmus, hatten keine
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Vorgeschichte einer Herzinsuffizienzhospitalisierung und waren nur zu etwa einem Drittel
diuretisch vortherapiert, was fiir ein frilhes Erkrankungsstadium spricht. HFpEF Patienten
wiesen typische Zeichen einer LV diastolischen Dysfunktion mit erhéhter LV Steifigkeit und
eingeschrinkter aktiver LV Relaxation auf. Diese Gruppe war neben einem morphologischen
LA Remodeling im Sinne einer LA Dilatation durch ein funktionelles LA Remodeling mit
eingeschriankter LA Reservoir- und LA Conduitfunktion charakterisiert. Letztere war ein
starker Pradiktor fiir das Ausmal} der volumetrischen frithen LV Fiillung, definiert als Anteil
der volumetrischen LV Fiillung nach dem ersten Drittel der Diastole an der Gesamtfiillung
des LV. Die LA Conduitfunktion war der stirkste Pradiktor fiir die spiroergometrische
Belastbarkeit unabhingig von invasiv abgeleiteten Parametern der diastolischen L'V Funktion.
Dieser Zusammenhang kann durch die entscheidende Bedeutung der friihen diastolischen LV
Fiillung fiir die globale LV Fiillung und der damit verbundenen Schlagvolumenadaptation
unter korperlicher Belastung erkldrt werden. Mit steigender Herzfrequenz und Verkiirzung
der Diastolendauer kdnnen Verdnderungen der LA Conduitfunktion als Treiber einer Stérung
der frithen LV Fiillung unabhéngig zu einer Einschrankung der Herzzeitvolumenreserve und
der Ausbildung einer HFpEF beitragen (235).

Der in dieser Studie gewonnene Eindruck einer unabhéngigen Rolle des funktionellen
LA Remodelings in der Pathophysiologie der HFpEF wurde im selben Zeitraum durch
echokardiographische LA Deformationsanalysen bestétigt. In einer longitudinalen Studie die
308 HFpEF Patienten mit etwas weiter fortgeschrittenem Krankheitsstadium beobachtete,
waren LA Reservoir-, Conduit- und Boosterfunktion mit dem Auftreten von Tod oder
Hospitalisierung assoziiert, wobei eine eingeschrinkte LA Reservoirfunktion der stirkste
Pradiktor fiir den Endpunkt und eine eingeschrénkte Belastbarkeit war (236).

Die Ergebnisse dieser beiden Arbeiten und anderer Studien gaben Anlass eine LA
Myopathie als eigenstidndigen pathophysiologischen Faktor der HFpEF zu definieren (237).
Nach dieser Vorstellung unterliegt das morphologische und funktionelle LA Remodeling
einem zeitabhéngigen Prozess in mehreren Stufen. Initial steigt mit Einschrdnkungen der LV
Relaxation und Zunahme der LV Fiillungsdriicke der durch die atriale Kontraktion vermittelte
Anteil der LV Fiillung, wihrend die LA Conduitfunktion abnimmt (238). Eine LA Dilatation
ermOglicht in diesem Zusammenhang einen gesteigerten volumetrischen LA Auswurf. Diese
Anpassungen werden als protektiv fiir den Lungenkreislauf und das reche Herz gedeutet, da
mit zunehmender diastolischer LV Dysfunktion und Steifigkeit die globale LA Funktion und
insbesondere auch die Boosterfunktion abnimmt und gleichzeitig pulmonale und RV

Verdanderungen zunehmen (76). Der weitere Verlauf ist durch eine progrediente Abnahme der
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LA Reservoirfunktion und eine gesteigerte LA Steifigkeit gekennzeichnet. Ultrastrukturell
gehen diese Vorgénge mit der Entwicklung einer myokardialen LA Fibrose einher, die neben
der Druckbelastung auch vom  profibrotischen = Milieu eines  systemischen
Inflammationszustands begiinstigt werden konnte (237). Diese fibrotischen Verdnderungen
stellen das Substrat fiir die Entwicklung eines elektrischen Remodelings und dem Auftreten
eines Vorhofflimmerns dar. Mit dem Verlust der aktiven LA Funktion im Rahmen des
Auftretens eines Vorhofflimmerns geht eine weitere Einschrankung der LV Fiillung und eine
konsekutive LA Druckerhohung einher. Das Auftreten eines Vorhofflimmerns ist hdufig und
betrifft etwa ein Drittel der HFpEF Patienten im Verlauf ihrer Herzinsuffizienz. Eine
Vorhofflimmerdiagnose ist verbunden mit einem schwereren morphologischen LA
Remodeling, dem héufigeren Nachweis einer PHT, ausgeprigtem RV Remodeling sowie
einer eingeschriankten Belastbarkeit und Prognose (77,78). Obwohl Vorhofflimmern nicht
ausschlieflich als Komplikation einer Herzinsuffizienz gesehen werden kann, kann diese in
mehr als 90 Prozent der Patienten mit Vorhofflimmern und Dyspnoesymptomatik invasiv
diagnostiziert werden und beschriebene Risikofaktoren und Symptomatik haben signifikante
Uberschneidungen mit denen der HFpEF (239). Es ergibt sich das Bild einer fortschreitenden
LA Myopathie im Verlauf der HFpEF mit initial subtilen Einschrinkungen in der phasischen
LA Funktion im Sinusrhythmus und einem im Verlauf progredienten morphologischen und
funktionellem LA Remodeling, zunehmender Vorhofflimmerlast und abnehmender Prognose
(240).

Ein weiterer Hinweis fiir die eigenstindige Bedeutung der LA Funktion fiir die HFpEF
Pathophysiologie ist die Tatsache, dass in HFpEF der PCWP, der maBgeblich durch LV und
LA Eigenschaften determiniert wird, einen stdrkeren Pridiktor fiir Mortalitit und
Hospitalisierung darstellt als der LVEDP, der hauptsichlich durch LV Eigenschaften
bestimmt wird (241).

Klinisch kann die Auspragung der LA Kardiomyopathie mittels Bestimmung der
Vorhofflimmerlast abgeschitzt werden, wobei eine Zunahme von paroxysmalen zu
persistierenden Formen des Vorhofflimmerns angenommen wird (240). Zu beachten ist, dass
mit dem klinischen Auftreten eines Vorhofflimmerns die LA Myopathie bereits
fortgeschritten und potentiell eingeschrankt reversibel ist. Dies kann mit einer reduzierten
Effektivitdt spezifischer Therapieansitze oder gar mit deren schéddlicher Wirkung
einhergehen. Die interventionelle Pulmonalvenenisolation beispielsweise ist ein
antiarrhythmischer Therapieansatz zur Erhaltung eines Sinusrhythmus, dessen Wirkprinzip

auf einer Isolation von Arealen fehlgerichteter myoelektrischer Impulse mittels Schaffung
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myokardialer Narbenlinien beruht. Durch die iatrogene Induktion einer atrialen Fibrose kann
so eine atriale Steifigkeit verstirkt werden, wobei trotz Wiederherstellung der aktiven LA
Kontraktion erhohte LA Driicke persistieren (242).

Die Beurteilung der phasischen LA Funktion erlaubt dagegen die Identifikation von
Funktionseinschrankungen in frithen Stadien der LA Myopathie. Deren enge Verbindung zu
Symptomen und Funktionalitit identifiziert diese als geeignetes pathomechanistisches
Therapieziel zur Verbesserung der Symptomatik und Verhinderung einer Progression der
HFpEF. Therapeutische Optionen sind bisher unzureichend untersucht. Eine Pravention des
Neuauftretens von Vorhofflimmern durch Spironolacton wurde fiir Patienten mit
Herzinsuffizienz suggeriert und eine frilhe rhythmuserhaltende Therapie nach der
Erstdiagnose eines Vorhofflimmerns reduziert kardiovaskuldre Endpunkte in Patienten mit
kardiovaskuldren Risikofaktoren (243,244). Interessanterweise scheint hier eine weitere
Stratifizierung hinsichtlich des Therapieerfolgs der antiarrhythmischen Therapie anhand der
LA Reservoir Funktion moglich (242). Ein weiterer Ansatz fiir diese Gruppe ist die Reduktion
des LA Druckniveaus mittels Schaffung eines iatrogenen Shunts auf Vorhofebene mit
Umleitung des tiberschiissigen Blutvolumens in das vendse System. In ersten Studien konnten
die Effektivitit hinsichtlich der Reduktion LA Driicke unter Belastung, eine Verbesserung der
Dyspnoesymptomatik und eine Reduktion der Mortalitit im Vergleich zur vorhergesagten
Mortalitdt gezeigt werden (245).

Methodologisch ist das in Kapitel 2.1.2 beschriebene Vorgehen der LA
Funktionsbestimmung mittels kardialer MRT relativ neu und mit den im Vorkapitel
dargelegten Vorteilen der MRT Bildgebung verbunden. Thre Anwendbarkeit,
Reproduzierbarkeit und klinische Relevanz konnte fiir verschiedenen Krankheitsbilder
nachgewiesen werden (246,247). In der klinischen Routine ist eine &hnliche atriale
Funktionsbestimmung auch mit echokardiographischen Deformationsanalysen mdoglich, die
den Vorteil einer besseren zeitlichen Auflésung und breiteren Verfiigbarkeit bieten (248).
Inwieweit diese zwei Bildgebungsmodalititen zu gleichen Ergebnissen kommen, muss in

zukiinftigen Studien untersucht werden.

3.3 PATHOMECHANISTISCHE PHANOTYPISIERUNG ANHAND DER
RECHTSVENTRIKULAREN UND RECHTSATRIALEN FUNKTION

Wihrend die RV Funktion in den letzten Jahren nur eine untergeordnete Rolle in der
Betrachtung der Patienten mit linksseitiger Herzinsuffizienz spielte, konnte unlidngst gezeigt

werden, dass das Auftreten einer eingeschrinkten RV Funktion hdufig und mit einer
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ungiinstigen Prognose verbunden ist (249). Wihrend die mechanistischen Zusammenhinge
fiir Patienten mit HFrEF gut untersucht sind, sind diese in HFpEF unklarer.

In verschiedenen HFpEF Studien wurde eine Einschriankung der systolischen RV
Funktion mit einer Privalenz zwischen 20 und 50 Prozent beschrieben, wobei eine genaue
Abschitzung durch bereits beschriebene Unterschiede in der HFpEF Definition zwischen
verschiedenen Studien erschwert wird (249). Zudem scheint die Ausbildung einer
systolischen RV Dysfunktion mit einer Progression des Erkrankungsstadiums verbunden zu
sein. Im Verlauf von vier Jahren nach Diagnosestellung nimmt die systolische RV Funktion
ab und sowohl die PA Driicke als auch die Rate an Patienten mit TI nehmen zu (250). Auch
populationsbezogene Daten legen einen fortgeschrittenen HFpEF Phénotyp im Kontext einer
eingeschrinkten systolischen RV Funktion nahe, mit einem durchschnittlichen Alter von 80
Jahren und einer etwa 80 prozentigen Mortalitdt {iber einen Zeitraum von 8§ Jahren (90). Die
systolische RV Dysfunktion geht mit einer schlechteren systolischen LV Funktion, héheren
PA Driicken und einer hoheren Vorhofflimmerlast einher und ist ein starker Priadiktor fiir eine
ungiinstige Prognose unabhédngig vom Ausmal3 der PHT (80,91).

Im Gegensatz zur systolischen RV Funktion, die regelhaft echokardiographisch in der
klinischen Routine abgeschétzt wird, ist die Beurteilung einer diastolischen RV
Funktionsstorung nicht-invasiv schwieriger und findet in der klinischen Routine kaum
Anwendung (249). Invasiv gelingt eine detaillierte Analyse ladungsabhingiger und
ladungsunabhéngiger systolischer und diastolischer Funktionsparameter des RV mittels
Konduktanzmessungen, wie in Kapitel 1.4.1.1 beschrieben. Fiir die im Kapitel 2.1.3
aufgefiihrte Arbeit wurden 24 Patienten mit HFpEF und neun Patienten ohne Herzinsuffizienz
prospektiv mittels invasiver Aufzeichnung von Druck-Volumen-Schleifen (in Ruhe, unter
Vorlastreduktion und unter isometrischer korperlicher Belastung) im RV und LV untersucht.
Das HFpEF Kollektiv war mit durchschnittlich 66 Jahren deutlich jiinger als das in der oben
genannten Kohortenstudie und wurde auf der Basis erhohter LV Fiillungsdriicke ohne
Notwendigkeit des Vorliegens klinischer Rechtsherzinsuffizienzeichen eingeschlossen.
Patienten mit HFpEF wiesen eine eingeschrinkte Belastbarkeit auf. In den invasiven Druck-
Volumenmessung zeigte sich, wie erwartet, eine erhohte LV Steifigkeit und eine prolongierte
LV Relaxation mit konsekutiv deutlich erhohten enddiastolischen LV  Druck-
Volumenverhéltnissen. Fiir den RV ergab sich in der invasiven Untersuchung keine
Einschrinkung der systolischen RV Funktion in der HFpEF Gruppe. Im Gegenteil, die RV
Ees, als ladungsunabhéngiger Kontraktionsparameter, und die RVEF, als ladungsabhédngiger

Kontraktionsparameter, waren erhoht. Dies kann am ehesten als Kompensation der
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beobachteten, erhohten, schlagvolumenkorrigierten RV Nachlast unter Belastung in dieser
Gruppe interpretiert werden. Demgegeniiber stellte sich die diastolische RV Funktion in
HFpEF Patienten deutlich eingeschrdankt dar, mit erhohter intrinsischer enddiastolischer
ventrikuldre Steifigkeit und pathologischer Verlangerung der aktiven Relaxationszeit sowie
erhohten RV Fiillungsdriicken unter Belastung. Die diastolische RV Funktionsstérung ging
dementsprechend mit einer eingeschrénkten volumetrischen RV Fiillung und einer daraus
resultierenden reduzierten Steigerung des Herzzeitvolumens unter Belastung in der HFpEF
Gruppe einher.

In einer weiterfilhrenden Analyse dieser Kohorte, unter Zuhilfenahme der Analyse
kardialer MRT Daten, konnten weitere Einblicke in die Mechanismen der gestérten RV
Fillung gewonnen werden, wie in Kapitel 2.1.4 dargestellt. Hierzu wurde die RV Fiillung
mittels Volumen-Zeitkurven charakterisiert. Neben den klassischen volumetrischen
Parametern der RVEF und RV Schlagvolumina wurde die frithe RV Fiillung bestimmt,
definiert als Anteil der volumetrischen RV Fiillung nach dem ersten Drittel der Diastole an
der Gesamtfiillung des RV. Zudem erfolgte die Charakterisierung der phasischen RA
Funktion analog zu den Ausfiihrungen zum LA in Kapitel 2.1.2. Entsprechend der invasiven
Daten mit Darstellung einer gestorten diastolischen RV Funktion und Fiillung, konnte so
insbesondere eine Storung der frithen RV Fiillung in HFpEF Patienten im Vergleich zu
Kontrollen dargestellt werden. Das Ausmal} der frithen RV Fiillung war der stérkste Pradiktor
fiir die spiroergometrische Belastbarkeit der Patienten, unabhédngig von invasiv bestimmten
diastolischen RV Funktionsparametern. Erkldrbar ist dies durch eine pathologische
Interaktion des RA und RV wihrend der frithen RV Fiillung, mit deutlich eingeschrinkter RA
Conduitfunktion und kompensatorischer Erhohung der aktiven RA Boosterfunktion und damit
gesteigerter spétdiastolischer ventrikulédrer Fiillung in HFpEF Patienten.

Zusammenfassend ergeben sich in der erweiterten hd@modynamischen
Charakterisierung dieses frithen HFpEF Stadiums mit gering ausgeprigten morphologischen
Verdnderungen der rechtsseitigen Herzhdhlen und nur gering erhdhten PA Driicken Hinweise
auf funktionelle pathomechanistische Alterationen bereits friih im Verlauf der HFpEF. Die
Einschrankungen in der Herzzeitvolumenreserve und der Belastbarkeit sind in diesem
Stadium weniger mit einer systolischen RV Dysfunktion, als mit einer eingeschrinkten
diastolischen RV Funktion und eingeschrinkten RV Fiillung zu deuten.

Mechanistische Vorstellungen zur Entwicklung einer RV Funktionsstorung basieren
auf dem Effekt der periodisch erhohten pulsatilen Nachlast und der Entwicklung einer

postkapilldren, durch LA Druckerhdhung bedingten, PHT (251,252). Durch den
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Nachlastiiberschuss und eine gesteigerte Nachlastsensitivitit des RV kommt es im Verlauf zu
einem maladaptiven Remodeling mit RV Hypertrophie, RV Dilatation und konsekutiver
systolischer Funktionseinschrankung (249). Die Ergebnisse der Arbeiten in dieser
Habilitationsschrift implizieren, dass ein funktionelles Remodelings des RV analog zu
beschriebenen Storungen im LV bereits vor Manifestation einer ausgeprdagten PHT auftritt
und sprechen fiir einen gemeinsamen, systemischen, molekularen Pathomechanismus unter
Beteiligung des biventrikuldren und biatrialen Myokards wie in Kapitel 1.3.3.8 diskutiert.

Die spezifischen zelluliren Mechanismen die dem natiirlichen Verlauf -einer
Entwicklung der RV Dysfunktion in HFpEF unterliegen sind bisher kaum beleuchtet worden.
Auf myokardialer Ebene zeigte sich in einer kiirzlich verdffentlichten Studie eine erhohte
diffuse RV Fibrose in Patienten mit HFpEF und PHT, die jedoch im Gegensatz zur
myokardialen Fibrose von Patienten mit primdrer, durch Verdnderungen der
Lungenstrohmbahn bedingten, PHT nicht mit dem Ausmall der PHT korrelierte (253).
Ahnlich wie im LV konnen Stérungen der friihen RV Fiillung auch als subtile kontraktile RV
Dysfunktion interpretiert werden, was auch Berichte iiber den Zusammenhang von
Einschrinkungen der atrialen Conduitfunktion mit einer systolischen ventrikuldren
Dysfunktion implizieren (254). Die beobachtete Erhéhung der RV Ees wére in diesem Fall im
Rahmen eines adaptiven strukturellen Remodelings und einem adaptiven Kontraktionsablauf
zu erkldren (249). Auf molekularer Ebene wurde kiirzlich fiir HFpEF Patienten mit Adipositas
ein reduziertes RV Sarkomeransprechen auf Calcium als Grundlage einer RV
Kontraktionseinschrankung postuliert (255).

Eine detaillierte Charakterisierung von RV und RA Funktion in frithen HFpEF Stadien
erlaubt zum einen die Identifikation eines frithen funktionellen RV und RA Remodelings als
wichtige Mechanismen der HFpEF Pathophysiologie. Zum anderen wird eine Diskrimination
der Auswirkung potentieller Therapien sowie die Etablierung dieser Storungen als potentielle
Therapieziele ermoglicht. Inwieweit eine gezielte therapeutische Beeinflussung myokardialer
Verdanderung positive Effekte auf diese Funktionsstdorungen bewirken konnen, muss in
weiteren Studien untersucht werden. Von entscheidender Bedeutung ist die Aufkldrung der
individuellen Kontribution der zugrundeliegenden molekularen Mechanismen unabhéngig
vom Effekt der Druckbelastung auf das RV Myokard. Zu diesem Zweck wird aktuell in der,
von der Deutschen Gesellschaft fiir Kardiologie geforderten, HFpEF-PHT Studie (Einfluss
von Nachlast und myokardialer Verdnderungen auf die intrinsische rechtsventrikuldre

myokardiale Funktion bei Patienten mit Herzinsuffizienz und erhaltener LV Pumpfunktion)
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der Zusammenhang zwischen myokardialen Verdnderungen in biventrikuldren Biopsien und
der biventrikuldren Himodynamik untersucht.

Neben der spezifischen Adressierung der Grundlage diastolischer RV
Funktionsstorungen, konnen aktuelle Therapieansitze im Bereich der Verbesserung der
systolischen RV Funktion beziehungsweise der RV Nachlastreduktion eingeordnet werden.
Kiirzlich wurde fiir den kontraktionsmodulierenden Calciumsensitizer Levosimendan positive
hdamodynamische und klinische Effekte in HFpEF Patienten mit PHT demonstriert (256). Fiir
den inhalativen B-Agonisten Albuterol konnten positive hdmodynamische Effekt mit
Steigerung der RV Reserve und des Herzzeitvolumens durch eine verbesserte pulmonale
Vasodilatation unter korperlicher Belastung gezeigt werden (257). Ein weiterer Ansatz, der
aktuell klinisch getestet wird, ist die mechanische Reduktion der LA Driicke mittels
Schaffung eines Shunts auf Vorhofebene. Dies reduziert die RV Nachlast und verbessert die
pulmonalvaskulédre Dilatation, fiihrt jedoch zu einer RA und RV Volumenbelastung, deren
hdmodynamische Folgen vor dem Hintergrund der Ergebnisse der Arbeiten dieser

Habilitationsschrift in weiteren Studien kritisch zu beleuchten sein werden (258).

3.4 KLINISCHE PHANOTYPISIERUNG ANHAND DES VORLIEGENS EINER
HOCHGRADIGEN TRIKUSPIDALKLAPPENINSUFFIZIENZ

Eine klinische Phinotypisierung bietet den Vorteil einer unmittelbaren Verfligbarkeit
und guten klinischen Anwendbarkeit, sollte aber um therapeutische Implikationen zu
ermoglichen Gruppen mit dominierenden pathomechanistischen Zusammenhingen
identifizieren. Nach aktuellen Empfehlungen zur Diagnose einer HFpEF (siehe Kapitel 1.3.4)
werden signifikante Klappenerkrankungen mit valvuldren Kardiomyopathien den
Differentialdiagnosen der HFpEF zugeordnet und spielen in der Betrachtung der HFpEF
historisch eine untergeordnete Rolle. Sekundére Insuffizienzen der Atrioventrikularklappen
(Mitralklappeninsuffizienz und TI) werden aber zunehmend als Folgeerscheinung einer
Herzinsuftizienz im Allgemeinen und der HFpEF im Speziellen wahrgenommen (186).

Daten des prospektiven Herzinsuffizienzregisters der Europdischen Gesellschaft fiir
Kardiologie geben dahingehend eine ungefihre Abschitzung der epidemiologischen
Situation. Wihrend eine moderate bis schwere funktionale Mitralklappeninsuffizienz bei etwa
einem Drittel der HFrEF Patienten und weniger bei HFpEF Patienten zu beobachten ist,
weisen beide Entititen eine dhnliche Rate einer moderaten bis schweren TI bei etwa einem
Fiinftel der Patienten auf (183). Wie in Kapitel 1.4.2.1 beschrieben ist diese dtiologisch auf

eine Dilatation von RV, RA und Trikuspidalklappenanulus zuriickzufiihren die im Rahmen
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einer Herzinsuffizienz bedingten PHT oder einer atrialen Myopathie auftreten (186). Wie in
den vorangegangen Kapiteln diskutiert, ist der Nachweis dieser Faktoren typisch fiir den
natiirlichen Verlauf der HFpEF. Zur Abgrenzung des Bestehens einer TI im Zusammenhang
mit einem hohergradigen Mitralvitium schlagen einige Autoren vor, dass der Nachweis einer
isolierten, also ohne zusatzliches Vitium, auftretenden TI bei normaler LVEF ein hohe
diagnostische Wertigkeit fiir das Vorliegen einer fortgeschrittenen HFpEF besitzt (81). Die
Annahme, dass es sich hier um einen spéten Zeitpunkt im natiirlichen Verlauf der HFpEF
handelt wird bestirkt durch ein hoheres Alter, eine hohere Symptomlast und eine erhohtes
Risiko fiir Mortalitdt und Herzinsuffizienzhospitalisierungen dieser Patienten (184,186-188).
In einem fortgeschrittenen Erkrankungsstadium mit einer Vielzahl weiterer Outcome
relevanter Risikofaktoren ist es prinzipiell schwierig sich auf eine Pathologie als Therapieziel
zu fokussieren. Fiir die TI muss daher diskutiert werden, ob sie einen tatsdchlichen
phénotypischen Pathomechanismus oder lediglich ein Indikator fiir ein fortgeschrittenes
Erkrankungsstadium in HFpEF darstellt (81).

Wihrend diese Diskussion durch Vergleiche unterschiedlicher Schweregrade der TI,
unterschiedlicher Kontrollgruppen und der Debatte um die prognostische Relevanz der TI in
HFrEF Patienten geprigt ist, stellt die Reduktion der negativen biventrikuldren Effekte der
mit der TI assoziierten RV Volumeniiberladung, wie in Kapitel 1.4.2.1 dargestellt, ein
attraktives hdmodynamisches Therapieziel dar (81,186). Vor dem Hintergrund -einer
chirurgischen Unterversorgung und unklarem prognostischen Nutzen einer chirurgischen
Therapie der isolierten TI, wurden in den letzten Jahren verschiedene katheterbasierte
Interventionen zur Therapie dieses Vitium vorgeschlagen. Die langjdhrige Erfahrung zur
Anwendung einer katheterbasierten ,.edge-to-edge Klappenrekonstruktion mittels
Clipimplantation in Mitralposition hat dazu gefiihrt, dass die Ubertragung dieser Technik auf
die Trikuspidalklappe die bis dato am haufigsten verwendete Intervention zur TTVR weltweit
ist (192). Unsere und andere Arbeitsgruppen konnten in den letzten Jahren zeigen, dass diese
Technik mit einer sehr hohen prozeduralen Sicherheit in Verbindung mit effektiver Reduktion
der TT und einer kurz- bis mittelfristigen Symptomverbesserung verbunden ist (195,259,260).
Zudem beobachteten wir und andere Gruppen einen prognostischen Nutzen dieser Therapie
indirekt im Vergleich von Patienten mit und ohne prozeduralen Erfolg und direkter im
Vergleich von TTVR Patienten gegen eine gematchte historische Kohorte von medikamentds

behandelten Patienten mit hochgradiger T1 (193,261,262).
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Kapitel 2.2 umfasst Arbeiten, die grundsitzliche Fragestellungen in Bezug auf die
Etablierung dieser Therapie fiir HFpEF Patienten adressieren und ihren potentiellen
klinischen Stellenwert beleuchten.

In Kapitel 2.2.1 werden die himodynamischen Effekte einer TTVR dargestellt. Zu
diesem Zweck wurden 29 Patienten mit isolierter hochgradiger TI prospektiv mittels eines
multimodalen Bildgebungsansatz vor und ein beziehungsweise sechs Monate nach
erfolgreicher Prozedur untersucht. Die TTVR fiihrte zu einer Reduktion der RV
Volumeniiberladung mit Riickgang des RV enddiastolischen Volumens und des
volumetrischen RV Schlagvolumens. Dies war in erster Linie durch eine Reduktion des mit
der TI assoziierten Pendelvolumens bedingt, denn das effektive RV Vorwértsschlagvolumen,
das mittels Flussmessung der PA in der kardialen MRT bestimmt wurde, nahm zu. Damit
verbunden waren eine Verbesserung der LV Fillung und eine Steigerung des
Herzzeitvolumens. Die mittels Echokardiographie abgeschétzten PA Driicke waren trotz
erhohtem PA Fliissen in den Nachuntersuchungen nicht gesteigert, was ebenfalls auf eine
Verbesserung der linkseitigen Fiillung und damit giinstiger Beeinflussung der linksseitigen
Fiillungsdriicke zuriickzufiihren ist. Klinisch konnte nach der Intervention eine Verbesserung
der Dyspnoesymptomatik, eine Reduktion des Auftretens peripherer Odeme und eine
verbesserte korperliche Belastbarkeit demonstriert werden. Das untersuchte Kollektiv bestand
aus Patienten mit funktioneller isolierter hochgradiger TI, die friih nach der Etablierung des
TTVR Programms am Herzzentrum Leipzig dieser Therapie unterzogen wurden. Es setzt sich
zur Hélfte aus invasiv diagnostizierten HFpEF Patienten und zu je einem Viertel aus Patienten
mit HFmrEF und Patienten mit zuvor korrigierten linksseitigen Herzerkrankungen
(Aortenklappenstenose, Mitralklappeninsuffizienz) und normaler LVEF zusammen. Zwei
Drittel der Patienten wies eine PHT auf und bei etwa 90 Prozent lag ein Vorhofflimmern vor.
Diese Beobachtungen implizieren, dass HFpEF eine groBe Rolle in der Atiologie der
isolierten TI spielt, dass mittels TTVR vorteilhafte biventrikuldre hdmodynamische und
klinische Verdnderungen in einem gemischten Kollektiv erzielt werden und dass diese als
Ausgangspunkt flir einen potentiellen Nutzen im Kontext der HFpEF Pathophysiologie
bewertet werden konnen.

Auch die in Kapitel 2.2.2 und 2.2.3 dargestellten Arbeiten untersuchen gemischte
Kollektive, hier vor allem von Patienten mit einer Kombination von hochgradiger TI und
Mitralklappeninsuftizienz. Fiir die aktuelle Diskussion werden innerhalb der Studien jedoch
nur die Gruppen mit isolierter TI als Surrogat fiir die Ubertragung der Ergebnisse in den

Kontext der HFpEF Pathophysiologie betrachtet. Die in Kapitel 2.2.2 dargestellte Arbeit
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vermittelt die Bedeutung der TTVR fiir den klinischen Verlauf der Herzinsuffizienz. In dieser
retrospektiven Studie wurde ein Kollektiv von TI Patienten aus vier flihrenden Zentren in
Europa und Kanada zusammengetragen und hinsichtlich der Verdnderung der Rate der
Herzinsuffizienzhospitalisierungen, klinischer Symptome und Mortalitét analysiert. In 119
Patienten mit isolierter TI, die mittels TTVR therapiert wurden, konnte ein prozeduraler
Erfolg, definiert als effektive TI Reduktion in Verbindung mit einer Clipimplantation, in 82
Prozent der Patienten demonstriert werden, was in etwa der prozeduralen Erfolgsrate anderer
Serien entspricht (193,263). Nach einem Jahr lag der Anteil der Patienten ohne hochgradige
TI bei 72 Prozent was eine gute mittelfristige Haltbarkeit des Verfahrens belegt. Im Vergleich
zum Jahr vor der Prozedur konnte eine Reduktion der Rate an Hospitalisierungen aufgrund
einer Herzinsuffizienz um etwa 21 Prozent im Jahr nach der Prozedur beobachtet werden.
Zudem wurden Verbesserungen der Dyspnoesymptomatik, der korperlichen Belastbarkeit und
der Lebensqualitit beobachtet. Ein prozeduraler Erfolg war mit einem besseren Uberleben
sowie der Reduktion des kombinierten Endpunkts aus Hospitalisierung und Tod (33 Prozent
versus 60 Prozent) nach einem Jahr assoziiert. Interessanterweise wurden diese Effekte vor
dem Hintergrund der Notwendigkeit einer Dosissteigerung der diuretischen Therapie bis zur
Intervention mit Dosisstabilisierung postinterventionem beobachtet. Dies impliziert eine
klinische Verbesserung der Herzinsuffizienzsymptomatik und eine positive Beeinflussung des
klinischen Verlaufs in einer Patientengruppe mit hohem Risiko fiir das Auftreten
kardiovaskulérer Ereignisse durch eine TTVR. Dieses Hochrisikoprofil spiegelt sich auch in
den Patientencharakteristika wieder, wobei ein mittleres Alter von 75 Jahren, eine
eingeschrinkte Nierenfunktion in drei Viertel der Patienten, eine ausgeprigte
Luftnotsymptomatik, reduzierte korperlicher Belastbarkeit und deutlich eingeschrinkte
Lebensqualitdt vorlagen. Obwohl eine weiterfithrende &tiologische Analyse der isolierten TI
in der TTVR Kohorte nicht durchgefiihrt wurde, ist bei einer durchschnittlichen LVEF von 53
Prozent und einem Konfidenzintervall von 13% von einem relevanten Anteil von HFpEF
Patienten auszugehen.

Ein wichtiger pathophysiologischer Aspekt in der Entwicklung einer signifikanten TI
in HFpEF Patienten ist das Vorliegen einer PHT, wie in Kapitel 1.3.3.5 dargelegt. Daher ist
eine Beurteilung der Effektivitit der TTVR in Abhéngigkeit des Vorliegens -einer
kombinierten RV Druck- und Volumenbelastung in Patienten mit hochgradiger TI von
besonderer Bedeutung. Vor dem Hintergrund der starken Nachlastsensitivitét der systolischen
RV Funktion, wird die Aufrechterhaltung eines adidquaten RV Schlagvolumen mit RV

Kontraktion gegen die geschlossene Mitralklappe vor allem von den Eigenschaften des PA
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und des pulmonalvendsen Systems bestimmt (264). Die klinische Bedeutung der PHT fiir
Patienten mit hochgradiger TI, die mittels TTVR behandelt werden, wird in Kapitel 2.2.3
beschrieben. In diesem wiederum gemischten Kollektiv aus Patienten mit kombinierter
interventioneller Korrektur eines Mitral- und Trikuspidalvitiums wurde das Vorliegen einer
PHT invasiv und mittels Echokardiographie untersucht. Etwa die Hilfte der Patienten mit
isolierter TI wies in dieser Untersuchung eine invasiv bestitigte PHT auf. Diese
Patientengruppe zeigte ein hoheres pridiziertes perioperatives Risiko, schwerere Symptome,
hohere NT-pro-BNP Spiegel, eine schlechtere Nierenfunktion, mehr pulmonale
Vorerkrankungen und eine eingeschrianktere Belastbarkeit im Vergleich zu Patienten ohne
PHT. AuBerdem wiesen diese Patienten eine gestorte Kopplung zwischen RV und PA auf.
Wihrend der invasive Nachweis einer PHT in Patienten mit isolierter TTVR keinen Einfluss
auf den prozeduralen Erfolg hatte, war er mit dem Auftreten des kombinierten Endpunkts von
Herzinsuffizienzhospitalisierung und Tod assoziiert. Interessanterweise konnte in der Hilfte
der Patienten mit PHT diese nicht echokardiographisch nachgewiesen werden. Die
Patientengruppe mit einer solchen diagnostischen Diskordanz (invasiver PHT Nachweis,
echokardiographisch kein PHT Nachweis) wies eine Reihe unglinstiger Patienten- und
Echokardiographiecharakteristika auf. Im Gesamtkollektiv waren eine eingeschriankte LV und
RV Funktion, als auch Zeichen einer hochstgradigen TI unabhingig mit dem Auftreten einer
diskordanten PHT Diagnose assoziiert. Somit kann diese Konstellation als Marker der
ausgeprégtesten valvuldren und ventrikuldren Erkrankung gesehen werden. Dies hat auch
klinische Implikationen, denn wihrend TTVR Patienten mit isolierter TI und konkordanter
PHT Diagnose ein dhnliches Outcome hatten wie Patienten ohne PHT, war dieses in Patienten
mit einer diskordanten PHT Diagnose stark eingeschridnkt und in Verbindung mit einer
eingeschrinkten RV-PA Kopplung unabhingig mit dem Auftreten des kombinierten
Endpunkts assoziiert. Die Arbeit legt nahe, dass die interventionelle Behandlung einer
isolierten TI auch in Patienten mit PHT einen klinischen Vorteil bieten kann, insbesondere
wenn eine invasiv und echokardiographisch konkordante PHT Diagnose vorliegt. Die Arbeit
unterstreicht zudem die prognostische Bedeutung der RV-PA Kopplung in diesem Kollektiv
von Patienten mit hochgradiger TI in Analogie zur Bedeutung der RV-PA Kopplung in
HFpEF Kollektiven ohne hochgradige TI (265).

Die klinische und  wissenschaftliche Etablierung der interventionellen
Behandlungsoption einer hochgradigen TI, die physiologischen Implikationen der Reduktion
der RV  Volumeniiberladung, die  Beobachtung der Reduktion  klinischer

Herzinsuftizienzendpunkte in Verbindung mit einer erfolgreichen TTVR und der Nutzten
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auch in einem signifikanten Anteil von Patienten mit relevanter PHT suggerieren, dass die
TTVR insbesondere fiir Patienten mit HFpEF und relevanter TI eine attraktive Therapieoption
ist. Dies wird bestétigt durch eine Untersuchung der klinischen Implikationen der TTVR in
nach leitliniengerechter Diagnose stratifizierten Kollektiven von HFpEF und HFrEF/HFmrEF
Patienten mit hochgradiger TI in Kapitel 2.2.4. Wéhrend es nach TTVR mit Reduktion der TI
zu einer symptomatischen und funktionellen Besserung im Gesamtkollektiv kommt, ist ein
prozeduraler TTVR Erfolg nur in HFpEF Patienten mit einem besseren Outcome verbunden,
sowohl im Vergleich zu Patienten mit nicht erfolgreicher Prozedur, als auch im Vergleich zu
einer historischen, gematchten Kontrollgruppe, die medikamentds behandelt wurde.
Zusammenfassend ergibt sich, dass eine klinische HFpEF Phinotypisierung anhand
des Vorliegens einer hochgradigen TI Patienten in fortgeschrittenen HFpEF Stadien im Sinne
eines Hochrisikokollektivs identifiziert. Eine Verbesserung der biventrikuldren Himodynamik
nach TTVR und die Hinweise auf symptomatische und prognostische Verbesserungen nach
dieser Therapie deuten zum einen auf einen gemeinsamen dominanten Mechanismus der
kardialen Pathologie in dieser Patientengruppe hin und legt zum anderen nahe, dass eine
interventionelle Behandlung dieses Vitiums eine vielversprechende Behandlungsoption ist.
Weitere dahingehende Einblicke werden von spezifischen mechanistischen
Beobachtungsstudien in Patienten mit HFpEF und hochgradiger TI, die mittels TTVR
behandelt werden, erwartet. Die in unserem Zentrum initiierte und von der deutschen
Herzstiftung geforderte HERAKLES-HFpEF Studie (Himodynamische Charakterisierung
einer interventionellen Trikuspidalklappenrekonstruktion bei Patienten mit erhaltener
systolischer LV Funktion) untersucht invasiv die biventrikuldren himodynamischen Effekte
der TTVR speziell in HFpEF Patienten. Die multizentrische, randomisierte TRILUMINATE-
PIVOTAL Studie (Clinical Trial to Evaluate Cardiovascular Outcomes In Patients Treated
With the Tricuspid Valve Repair System) untersucht in 700 Patienten mit isolierter TI
prospektiv die Effektivitit der Behandlung der TTVR im Vergleich zu einer optimalen
medikamentdsen Therapie hinsichtlich der Reduktion klinischer Endpunkte. Obwohl hier ein
gemischtes Kollektiv hinsichtlich der TI Atiologie untersucht wird, beinhaltet das Protokoll
eine Rechtsherzkatheterisierung vor Einschluss, was eine detaillierte Subgruppenanalyse auch

fiir die zu erwartend grofle Gruppe von HFpEF Patienten ermdglichen sollte.
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3.5 KLINISCHE PHANOTYPISIERUNG ANHAND DES VORLIEGENS EINER
RESISTENTEN ARTERIELLEN HYPERTONIE

Die arterielle Hypertonie ist ein wichtiger pathomechanistischer Faktor fiir die
Entstehung einer HFpEF und hochprdvalent im Gesamtkollektiv der HFpEF Patienten.
Typische Verdnderungen sind dabei eine kombinierte erhohte arterielle und ventrikulédre
Steifigkeit, welche im Sinne einer ungiinstigen ventrikulo-arteriellen Kopplung zu einer
erhohten Sensitivitdt fiir Vor- und Nachlastinderungen fiihrt. In Verbindung mit der
ungiinstigen Beeinflussung der diastolischen LV Funktion und der kardialen Morphologie
durch pathologische Druckwellenreflexion begiinstigt dies die Entwicklung einer
Herzinsuffizienz mit erhdhten LV Fiillungsdriicken, LA Hypertonie bei Belastung,
Belastungsintoleranz bis hin zur kardiopulmonalen Dekompensation (92,102,103).

Die hohe Prédvalenz der arteriellen Hypertonie im HFpEF Kollektiv suggeriert, dass
diese Komorbiditdt unzureichend geeignet ist, um eine klinische Phénotypisierung
vorzunehmen. Zudem sind mit der arteriellen Hypertonie assoziierte Verdnderungen von
Gefidlleigenschaften, wie in Kapitel 0 beschrieben, auch Teil des natiirlichen Alterungsprozess
und in ihrer dynamischen Auspridgung nicht-invasiv schwierig einzuordnen.

Einen klarer pathomechanistisch abgrenzbaren Phénotyp stellen die Patienten mit
therapieresistenter arterieller Hypertonie dar. Diese Diagnose beruht auf der Persistenz
arterieller Blutdruckwerte tiber dem Therapieziel trotz einer Dreifachkombination
antihypertensiver Medikamente in maximal tolerierter Dosierung. Die Abkldrung beinhaltet
eine ausfithrliche Evaluation der Patienten zum Ausschluss sekundédrer Ursachen des
arteriellen Hypertonus und einer Pseudoresistenz etwa durch ungenaue Blutdruckmessungen
oder unzureichende Medikamentencompliance (266). Als gemeinsamer dominierender
pathomechanistischer Faktor wird hier eine gesteigerte Aktivitit des sympathischen
Nervensystems angenommen (267). Diese vermittelt multiple Effekte, wie eine Aggravation
der arteriellen Steifigkeit, eine ventrikuldre Hyperkontraktilitit und eine reduzierte Natriurese
mit resultierender erhohter pulsatiler Nachlast, die ein starker Pridiktor fiir die Entwicklung
einer Herzinsuffizienz generell und fiir eine HFpEF im Speziellen ist (93,94). Dariiber hinaus
vermittelt ein erhohter Sympathikotonus mannigfaltige Effekte auf andere GefdB3- und
Organsysteme. Das abdominelle GefaBBbett, als grofftes Reservoir des Intravasalvolumens,
wird stark durch das sympathische Nervensystem moduliert. Ein erhohter Sympathikotonus
ist mit einer reduzierten Speicherkapazitit verbunden und eine sympathische Aktivierung
kann zu einer akuten Umverteilung vom abdominellen in das thorakale GefaBsystem mit einer

Erhohung der kardialen Vorlast, gesteigerten LV Fiillungsdriicken und resultierenden
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Herzinsuffizienzsymptomen fiihren (268). Diese sympathische Uberaktivitit scheint
insbesondere bei Patienten mit arterieller Hypertonie und HFpEF eine Rolle zu spielen, wobei
eine gesteigerte renale Sympathikusaktivitdt auch prognostische Relevanz besitzt (196,197).

Therapeutische Ansitze, die auf eine Reduktion der sympathischen Uberaktivierung in
dieser Patientengruppe zielen, sollten zum einen die Moglichkeit bieten die Auspriagung einer
Herzinsuffizienz in Risikopatienten zu verhindern und zum anderen eine hdmodynamische
und symptomatische Besserung einer bestehenden Herzinsuffizienz zu bewirken.

Die RDN zielt auf die Reduktion einer Sympathikusiiberaktivierung mittels Reduktion
der Aktivitit des renalen und systemischen sympathischen Nervensystems ab. Eine partielle
Ablation efferenter sympathischer Nervenfasern entlang der Nierenarterie fiithrt zur
Normalisierung der renalen tubuldren Wasser und Natriumausscheidung, renaler vaskulédrer
Wiederstinde und Reninausschiittung. Die Reduktion der efferenten sympathischen Signale
zu den Nieren, die experimentell mit einer verminderten renalen Noradrenalinausschiittung
einhergeht, stellt eine wesentliche Rationale fiir eine sympathikusmodulierende Therapie der
arteriellen Hypertonie dar. Ein weiterer Aspekt betrifft die Reduktion der afferenten
(sensorischen) Signale von den Nieren zum zentralen sympathischen Nervensystem, die {iber
eine generelle Reduktion des Sympathikotonus positive Effekte auf multiple Organsysteme
vermittelt (269-272). Dementsprechend bietet die RDN theoretisch die Mdglichkeit komplexe
physiologische Therapieeffekte zu erzeugen, mit positiver Beeinflussung unter anderem der
Nierenfunktion, der Insulinsensitivitidt, der Arrhythmielast sowie der systolischen und
diastolischen kardialen Funktion. Eine Ubersicht potentieller Effekte und Pridiktoren eines
Prozedurerfolgs ist in Kapitel 2.3.1 beschrieben. Aufgrund initial vielversprechender
Ergebnisse unkontrollierter klinischer Studien zur Reduktion der arteriellen Hypertonie durch
die RDN und dem in der Folge fehlenden Nachweis der Uberlegenheit der Intervention im
Vergleich zu einer medikamentdsen Therapie unter kontrollierten Studienbedingungen wurde
die generelle Effektivitdt dieser Therapie in den letzten Jahren kontrovers diskutiert (273).
Kiirzlich konnte jedoch in vier streng kontrollierten randomisierten Studien mit
Scheinprozedur die Wirksamkeit dieser Therapie in Bezug auf die Reduktion der arteriellen
Hypertonie nachgewiesen werden (207-210). RDN senkt hierbei sowohl den Ruhe- als auch
den Belastungsblutdruck iiber den gesamten Tagesverlauf unabhidngig von potentiellen
pharmakodynamischen Effekten einer antihypertensiven Medikation (,,always-on Effekt®)
und weist ein giinstiges Sicherheitsprofil auf (274-276). Der Erfolg dieser Studien geht neben
Verbesserungen im Studiendesign auch auf technische und methodologische Entwicklungen

zuriick, wobei hier hauptsichlich ein ausfiihrliches Training des Interventionalisten und die
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Weiterentwicklungen des Radiofrequenzverfahrens mit Erweiterung der Intervention auf
distale Abschnitte der Nierenarterien und die Entwicklung ultraschallbasierter Verfahren zu
erwihnen sind. In einer prospektiven randomisierten Studie konnte unsere Arbeitsgruppe die
Wirksamkeit der verschiedenen RDN Methoden hinsichtlich der Blutdruckreduktion
demonstrieren, wobei sich geringe Vorteile im AusmaBl der Reduktion fiir das
Ultraschallverfahren zeigten (277). Wéhrend der Effekt der RDN auf die
Sympathikusaktivitidt klinisch schwierig direkt zu messen ist, wurde eine Reihe von
Surrogatparametern zur Beurteilung der Reduktion des Sympathikotonus postinterventionem
vorgeschlagen, darunter etwa die Reduktion der Blutdruckvariabilitit, eine reduzierte
Blutdruckiiberkompensation unter Valsalva Mandver oder eine Herzfrequenzreduktion
(198,271,278). Insgesamt kann davon ausgegangen werden, dass die RDN ein gutes Modell
bietet um die Effekte einer Reduktion der Sympathikusaktivitét auf die globale Himodynamik
im Allgemeinen und bei Herzinsuffizienzpatienten im Speziellen zu beleuchten.

In Kapitel 2.3.2 werden himodynamische Anderungen nach RDN in Patienten mit
resistenter Hypertonie beschrieben. Hierbei wurden mittels kardialer MRT determinierte
Schlag- und Herzzeitvolumina, die Herzfrequenz, der systemische vaskuldre Widerstand und
die Herzarbeit in insgesamt 135 Patienten vor und nach RDN und in 27 Patienten vor und
nach Scheinprozedur analysiert. Eine Blutdruckreduktion nach RDN wurde in diesem
Kollektiv durch einer Reduktion des LV Schlagvolumens vermittelt, wobei die peripheren
Widerstdnden unbeeinflusst blieben und die Herzarbeit reduziert war. Bei unverdnderter
Herzfrequenz war dies auch mit einer Reduktion des Herzzeitvolumens in Ruhe nach RDN
verbunden. Theoretisch ist eine Schlagvolumenreduktion im Zusammenhang mit der RDN
durch zwei Mechanismen erkldrbar. Zum einen ist eine Reduktion der Vorlast durch eine
erhohte Natriurese und ein gesteigertes abdominelles Pooling des Blutvolumens mit
konsekutiv reduzierter kardialer Vorlast als Effekt der Reduktion des systemischen
Sympathikotonus vorstellbar. Zum anderen kann eine Reduktion der kardialen sympathischen
Aktivierung zu einer Reduktion der Inotropie fithren. Volumetrische und serologische Daten
dieser Patienten sprachen nicht fiir eine ausgeprigte Reduktion des =zirkulierenden
Blutvolumens, wobei transiente Effekte in Zusammenhang mit Pooling aus dem abdominellen
Kompartment trotzdem moglich scheinen. Eine Reduktion der LV Inotropie wird unterstiitzt
durch szintigraphische Daten, die eine reduzierte kardialen Sympathikusaktivitit nach RDN
nahelegen (272). Im Gegenteil zu anderen Arbeiten konnte in dieser Arbeit keine Reduktion
der Herzfrequenz dokumentiert werden, was durch einen hohen Anteil von Patienten mit

Betablockertherapie und einer weniger systematischen Beurteilung der Herzfrequenz mittels
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Langzeitmessung erkldrt werden kann (198,271,278). Die insgesamt reduzierte Herzarbeit
nach RDN kann in dieser Kohorte von Patienten mit normaler LV Funktion als Faktor fiir ein
positives Remodeling mit gleichzeitiger Reduktion der LV Wandspannung interpretiert
werden. Sowohl eine reduzierte Herzarbeit als auch eine reduzierte Wandspannung sind mit
einer Verringerung des myokardialen Sauerstoffverbrauchs verbunden, was einen positiven
Effekt auch in Herzinsuffizienzpatienten trotz der Reduktion des LV Schlagvolumens
nahelegt (279). Ahnliche himodynamische Effekte sind auch fiir eine medikamentdse
Betablockertherapie beschrieben und in HFrEF mit einer giinstigen Prognose assoziiert (280).
Auch fiir Patienten mit HFpEF konnte dieser Effekt vorteilhaft sein. Kiirzlich konnte gezeigt
werden, dass eine supranormale LVEF (>65 Prozent) mit einer erhohten Mortalitdt verbunden
ist (202). Die Patienten in der aktuellen Studie wiesen im Mittel eine LVEF von 66 Prozent
auf, was fiir einen Zusammenhang eines hyperdynamen kardialen Phénotyps mit einer
erhohten Sympathikusaktivitit spricht. Eine damit verbundene unvorteilhafte ventrikulo-
arterielle Kopplung, wie sie typische fiir HFpEF Patienten ist, konnte somit durch die RDN
giinstig beeinflusst werden.

Die Ubertragung dieser Beobachtungen auf ein spezifischeres HFpEF Kollektiv ist in
Kapitel 2.3.3 dargestellt. Hierfiir wurden Patienten, die eine RDN in unserem Zentrum
erhielten, verfligbare NT-pro-BNP Werte und eine LVEF > 50 Prozent hatten
hinsichtlich des Vorliegens einer HFpEF stratifiziert und die hdmodynamischen und
klinischen Effekt der RDN mittels serieller MRT, Echokardiographie und Serumanalysen
untersucht. Der Anteil der leitliniengerecht diagnostizierten HFpEF Patienten 1im
Gesamtkollektiv von 164 Patienten lag bei 60 Prozent, was die hohe Pridisposition von
Patienten mit resistenter Hypertonie zur Entwicklung einer HFpEF unterstreicht. In Analogie
zu den vorherigen Ausfiihrungen wiesen HFpEF Patienten ein hoheres Schlagvolumen und
eine gesteigerte Herzarbeit auf. Zusitzlich konnte mittels MRT eine erhohte aortale und
echokardiographisch eine  gesteigerte LV  Steifigkeit beobachtet werden. Die
Blutdruckvariabilitdt als Surrogat fiir den systemischen Sympathikotonus war in HFpEF
Patienten erhoht. Wihrend eine Reduktion des systolischen Blutdrucks fiir beide Gruppen
beobachtet wurde, zeigte sich fiir die HFpEF Gruppe eine Reduktion sowohl des
Schlagvolumens, der Herzarbeit als auch der aortalen und ventrikuldren Steifigkeit. Dies ging
mit einer Verbesserung der diastolischen LV Funktion, der LV Fiillungsdriicke, der NT-pro-
BNP Werte und der Dyspnoesymptomatik sowie einer Normalisierung der
Blutdruckvariabilitdt in HFpEF Patienten einher. Diese Beobachtungen erhirten den Eindruck

eines spezifischen HFpEF Phénotyps mit resistenter arterieller Hypertonie, der
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pathomechanistisch durch einen gesteigerten Sympathikotonus, LV Hyperkontraktilitdt und
arterielle Steifigkeit mit ungiinstiger ventrikulo-arterieller Kopplung charakterisiert ist.
Gleichzeitig dient diese Arbeit als Hinweis flir einen klinischen Nutzen der Modulation des
Sympathikotonus in HFpEF Patienten. Diese wird unterstiitzt durch kiirzlich erschienene
Berichte tiiber positive klinische und hdmodynamische Effekte einer interventionellen
Reduktion der Signaliibertragung in einem proximaleren Bereich des sympathischen
Nervensystems, der Nervi splanchnici, in Patienten mit HFrEF und HFpEF (281-283). Diese
Beobachtungen werden aktuell in prospektiven klinischen Studien zur chirurgischen und
endovaskuldren Ablation der Nervi splanchnici in HFpEF Patienten untersucht
(clinicaltrials.gov: NCT03715543 und NCT04592445).

Prospektive Daten zur Rolle der RDN in Patienten mit HFpEF stammen aus einer
einzigen randomisierten englischen Arbeit (284). In dieser gut designten Studie verbesserte
sich die diastolische LV Funktion und die Belastbarkeit héufiger in Patienten in der RDN
Gruppe. Infolge des im Rekrutierungszeitraum aufkommenden Diskurses um die allgemeine
Effektivitdt einer RDN verlief der Patienteneinschluss verzdgert, sodass eine vorzeitige
Terminierung nach 25 eingeschlossenen Patienten erfolgte und keine eindeutige Aussage zur
klinischen Effektivitdt der Intervention abgeleitet werden kann. In der selbstinitiierten
randomisierten und scheinkontrollierten Pilotstudie UNLOAD-HFpEF (Renal Denervation to
Treat Heart Failure with Preserved Ejection Fraction) wird aktuell die Effektivitdt einer RDN
in 64 HFpEF Patienten mit resistenter arterieller Hypertonie in Bezug auf die Reduktion LV
Fillungsdriicke unter Belastung, der ventrikulo-arteriellen Kopplung sowie auf eine Reihe
klinischer Endpunkte gepriift.

Zusammenfassend erlaubt die klinische Stratifizierung anhand des Vorliegens einer
resistenten arteriellen Hypertonie eine HFpEF Phéanotypisierung mit breiter klinischer
Anwendbarkeit, die ein pathomechanistisch homogenes Kollektiv identifiziert, fiir das

dariiber hinaus positive Therapieeffekte durch eine RDN erwartet werden konnen.

3.6 LIMITATIONEN DIESER ARBEIT UND AUSBLICK

Die Ergebnisse dieser Habilitationsschrift zeigen, dass mittels unterschiedlicher
Methoden eine Phinotypisierung des Gesamtkollektivs von HFpEF Patienten mdglich ist.
Hierbei konnte demonstriert werden, dass durch eine detaillierte pathomechanistische
Charakterisierung mittels Kombination invasiver und erweiterter nicht-invasiver
Untersuchungen phinotypspezifische Pathologien aufzuzeigen sind. Diese konnen im besten

Fall, wie in Kapitel 3.1 und 3.2 dargestellt, Implikationen fiir kiinftige Therapiestudien liefern
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oder Ausgangspunkt fiir weitere Untersuchungen bilden, wie in Kapitel 3.3 ausgefiihrt. Ob so
gewonnene Erkenntnisse sich auch in einen therapeutischen Vorteil umsetzten lassen, wurde
aktuell nicht untersucht und muss in weiteren Arbeiten gekléart werden.

Auch eine klinische Phénotypisierung ermoglicht die Identifikation homogenerer
Subgruppen, wobei die Aufarbeitung pathomechanistischer Zusammenhinge und deren
Reversibilitdt eine direkte Implikation fiir das Therapieziel bieten und bereits bestehende
therapeutische Ansdtze unmittelbar gepriift werden konnen. In der Habilitationsschrift konnte
am Beispiel der TTVR und RDN gezeigt werden, wie es moglich ist, bestehende
Therapiekonzepte auf die HFpEF Pathophysiologie anzuwenden und klinisch zu evaluieren.
Auffillig im Vergleich der klinischen HFpEF Kollektive aus Kapitel 2.2.4 und 2.3.3 ist, dass
sich trotz dhnlicher HFpEF Diagnosekriterien zwei Phanotypen unterschiedlichen Alters und
kardiovaskuldren Risikos darstellen, wobei die TI Gruppe ein deutlich ungiinstigeres Profil
und eine eingeschrinkte Prognose aufwies. Dies ist ein indirekter Beleg fiir die bestehende
Heterogenitidt der HFpEF und zeigt, dass bereits eine klinische Phénotypisierung in der
Homogenisierung behilflich sein kann. Der Unterschied der klinisch identifizierten Kollektive
impliziert aber auch pathomechanistische Unterschiede verschiedener Stadien des natiirlichen
Verlauf der HFpEF mit im Verlauf progredient eingeschrankter Prognose (149). Daraus ergibt
sich die Notwendigkeit Patienten frith in der Entwicklung der Herzinsuffizienz zu
identifizieren um ein Fortschreiten zu verhindern.

Durch das Fehlen von Arbeiten zu dezidiert pathomechanistisch begriindeten
Therapiestudien und longitudinalen Beobachtungen des natiirlichen Verlaufs der HFpEF in
dieser Habilitationsschrift bleibt das Potential der positiven Beeinflussung der
Erkrankungsprogression  durch eine  Phénotypisierung oder pathomechanistische
Charakterisierung  spekulativ. Aus diesem Grund sollten die Identifikation und
Charakterisierung sehr frither Erkrankungsstadien und der mit der Progression assoziierten
Mechanismen in zukiinftigen Studien weiter untersucht werden, da sie das grof3te Potential fiir
die Entwicklung spezifischer Interventionen zur Verhinderung spiter Erkrankungsstadien mit
eingeschrinkter Prognose bieten. Hierbei ist zu bemerken, dass gerade asymptomatische
Patienten mit struktureller Herzerkrankung und kardiovaskuldren Risikofaktoren ein hohes
Risiko fiir die Entwicklung einer Herzinsuffizienz und bereits erhdhte kardiovaskulédre
Ereignisraten im Vergleich zu gesunden Kontrollpatienten aufweisen (40). Die Identifikation
von progressionstreibenden Mechanismen in dieser Gruppe bietet die Chance therapeutische
Ziele fiir Interventionen im Sinne einer Pravention ermdglichen zu kdnnen. Gerade vor dem

Hintergrund der steigenden HFpEF Prédvalenz scheint dieser Ansatz vielversprechend. Die
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selbstinitiierte und von der Roland Ernst Stiftung geforderte PREDICT-HFpEF Studie
(Pradiktoren der Entwicklung einer Herzinsuffizienz mit erhaltener Pumpfunktion) ist eine
longitudinale Beobachtungsstudie von etwa 1000 kardiovaskuldren Risikopatienten ohne
Herzinsuffizienz, die aktuell die Entwicklung einer HFpEF in Abhéngigkeit verschiedener
laborchemischer, metabolischer und molekulargenetischer Faktoren {iber einen Zeitraum von
acht Jahren priift. Mittels Identifikation von Pridiktoren einer HFpEF Entstehung sollen so
die Voraussetzungen fiir optimierte, praventive Therapieansitze geschaffen werden.

In der bestehenden Literatur wurden zusitzlich zu den hier ausgefiihrten Phénotypen
klinische und pathomechanistische Faktoren zur Stratifizierung der HFpEF vorgeschlagen. Zu
erwdhnen sei hier beispielsweise ein mit Adipositas assoziierter HFpEF Phénotyp, der
aufgrund ausgepriagter himodynamischer und klinischer Verédnderungen und der steigenden
Adipositasprivalenz in der westlichen Gesellschaft von besonderer Bedeutung ist (218).
Inwieweit eine Interaktion dieses Phénotyps mit den hier préisentierten Phénotypen besteht,
bleibt aktuell unklar und muss durch zukiinftige Studien geklart werden. Weltweit bestehen
hierzu grofle Forschungsaktivititen (285), wobei unsere Arbeitsgruppe aktuell molekulare
Pathomechanismen diese Phinotyps im Rahmen der SLIM-HFpEF Studie (Adipose Tissue
Inflammation in the Development, Maintenance and Functional Impairments in Heart Failure

with preserved Ejection Fraction) aufarbeitet.
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