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1. Zusammenfassung

1.1 Abstract

LVADs (left ventricular assist device) are part of the standard therapy of advanced heart failure.
However, complications including right ventricular failure, pump thrombosis, arrhythmias,
thromboembolic events, and aortic regurgitation still occur. The automatic adjustment of pump
speed and pump flow to the ever-changing hemodynamic conditions and especially to the filling
status of the left ventricle can imitate the Frank-Starling mechanism and may result in fewer
suction events and more optimal unloading of the cardiovascular system. Various control strategies
have been developed and evaluated in vitro. In the first simulation study we demonstrated the
robust function of a physiological controller which uses the left ventricular volume as a control
variable during acute pathophysiological events. In the second simulation study we developed a
new controller which uses the systolic left ventricular pressure as a control parameter. This
controller showed a reaction to hemodynamic changes which is similar to the physiological
circulation and which led to fewer suction events in comparison to the standard controller with a
fixed pump speed. The physiological control systems require sensors for continuous monitoring
of variable hemodynamic parameters. As implantable pressure sensors are already being used in
clinical practice, the use of pressure-based algorithms is preferred. In the clinical study we
evaluated the utilization of the QRS amplitude in the electrocardiogram as a surrogate for cardiac
preload in 19 patients with advanced heart failure. The change in acute preload was elicited by a
‘passive leg raising’ (PLR) maneuver. Transthoracic echocardiography and right heart
catheterization were used to evaluate the preload. A relevant increase in mitral inflow and in all
measured pressure parameters (pulmonary artery pressure, central venous pressure, pulmonary
wedge pressure) was observed during the PLR. However, no increase was seen in the left
ventricular volume. A weak yet statistically significant negative correlation between mean
pulmonary artery pressure and QRS amplitude in leads V6 and II was observed with correlation
coefficient (R) and 95% confidence intervals of R=—0.28 (-0.49, —0.04) and R=-0.29 (—0.50,
—0.05), respectively. This study provided additional data regarding the correlation between cardiac
preload and QRS amplitude in the electrocardiogram. The further development of physiological
control strategies should involve chronic animal studies with heart failure and LVAD assisted

cardiovascular systems.



1.2 Kurzfassung

LVADs (left ventricular assist device) gehoren zum Standard in der Therapie der fortgeschrittenen
Herzinsuffizienz. Komplikationen wie Rechtsherzinsuffizienz, Pumpenthrombose, Arrhythmien,
thromboembolische Ereignisse und Aortenklappeninsuffizienz beeintridchtigen den Erfolg dieser
Therapie. Die automatische Anpassung der Drehzahl und somit des Pumpenflusses an die immer
wechselnden hdmodynamischen Bedingungen und insbesondere an den Fiillungsstatus des linken
Ventrikels dhnelt dem Frank-Starling-Mechanismus und kann das Ansaugen und die inaddquate
Entlastung des kardiovaskuldren Systems vermeiden. Unterschiedliche Regelungsstrategien
werden in vitro entwickelt und evaluiert. In der ersten Simulationsstudie zeigten wir die robuste
Funktion eines auf dem linksventrikuldren Volumen basierenden Kontrollers unter haufig
auftretenden akuten pathophysiologischen Ereignissen. In der zweiten Simulationsstudie
entwickelten wir einen Kontroller mit dem systolischen linksventrikuliren Druck als
Kontrollparameter. Wir untersuchten und demonstrierten, wie dieser Kontroller der Reaktion des
physiologischen Kreislaufs unter verschiedenen hdmodynamischen Verdnderungen &hnelt. Im
Vergleich zu dem Standardkontroller mit konstanter Drehzahl wurden mit dem entwickelten
Kontroller Ansaugphdnomene vermieden. Fiir die physiologische Regelung werden Sensoren zur
kontinuierlichen Aufnahme von ausgewidhlten hdmodynamischen Parametern bendtigt. Da
implantierbare Drucksensoren in der klinischen Praxis bereits verwendet werden, ist die
Anwendung des druckbasierten Kontrollers leicht umsetzbar. In der klinischen Studie evaluierten
wir die Anwendung der QRS-Amplitude des Elektrokardiograms als Surrogatparameter fiir die
kardiale Vorlast bei 19 Patienten mit fortgeschrittener Herzinsuffizienz. Die akute
Vorlastveranderung wurde durch ein passive leg raising (PLR) Mandver ausgelost. Die Evaluation
der Vorlast erfolgte mit transthorakaler Echokardiographie und Pulmonaliskatheter. Eine relevante
Erhohung des mitralen Einflusses und der gemessenen Druckwerte (Pulmonalisdruck,
zentralvendser Druck, pulmonaler kapilldrer Verschlussdruck) wéhrend des PLR wurde erreicht.
Echokardiographisch konnte keine relevante Volumenverinderung gezeigt werden. Eine
schwache, aber statistisch signifikante negative Korrelation zwischen dem mittleren
Pulmonalisdruck und der QRS-Amplitude in den Ableitungen V6 und II wurde mit respektiven
Korrelationskoeftizienten und 95%- Konfidenzintervallen von R=-0,28 (-0,49, -0,04) und R=-0,29
(-0,50, -0,05) beobachtet. Eine Korrelation zwischen kardialer Vorlast und QRS-Amplitude wurde
somit bei dieser Patientengruppe nachgewiesen. Fiir die weitere Evaluation der physiologischen

Regelung sind chronische Tierversuche erforderlich.



2. Einleitung
2.1 LVAD (left ventricular assist device)

Die Herzinsuffizienz ist ein klinisches Syndrom mit unterschiedlichen Symptomen (zum Beispiel
Belastungsdyspnoe), klinischen Zeichen (zum Beispiel periphere Odeme) und Verliufen (akut
oder chronisch). Die Folge aller pathophysiologischen Herzinsuffizienzmechanismen ist eine
Kombination aus vermindertem Herzminutenvolumen (CO) und Erhéhung der intrakardialen
Driicke[1]. Bei Patienten mit fortgeschrittener Herzinsuffizienz (unter anderem mit hochgradig
eingeschrinkter linksventrikuldrer Pumpfunktion, wiederholten stationdren Aufnahmen wegen
kardialer Dekompensation und Abhéngigkeit von Katecholaminen) gehort die Implantation von
permanenten  Kreislaufunterstiitzungssystemen, neben der Herztransplantation, zur
Standardtherapie. In dieser Arbeit beschéftigten wir uns exklusiv mit linksventrikuldren
Herzunterstiitzungssystemen, im Folgenden LVAD (left ventricular assist device) genannt.

Die aktuell fast ausschlieBlich verwendeten LVADs (HeartMate 3, Abbott, Chicago, IL, USA und
HeartWare HVAD, Medtronic, Minneapolis, MI, USA) sind Rotationspumpen, die einen
kontinuierlichen Blutfluss erzeugen. In Deutschland werden jéhrlich mehr als 1000 solcher
Systeme implantiert[2]. Der letzten Analyse des INTERMACS-Registers zufolge haben in den
USA zwischen 2006 und 2017 {iber 18.000 Patienten einen LVAD eingesetzt bekommen, davon
leben noch tiber 7.500 Patienten mit dem LVAD. Die durchschnittliche Therapiezeit liegt bei 20
Monaten; die Uberlebensrate von einem Jahr bzw. fiinf Jahren ist 83% bzw. 46%][3]. Trotz der
sich immer verbessernden Uberlebensrate, schrinken Komplikationen den Erfolg der Therapie
weiter ein. Rechtsherzinsuftizienz, Blutungskomplikationen, Pumpenthrombose,
thromboembolische Ereignisse und Aortenklappeninsuffizienz sind wesentliche Komplikationen,
die die Lebensqualitiit sowie das Uberleben der Patienten beeintriichtigen.

LVADs zeigen eine erhohte Nachlast- und verminderte Vorlastsensitivitit[4] im Vergleich zum
gesundem Herzen. Die Vorlast wird als die enddiastolische Dehnung der Kardiomyozyten und die
Nachlast als der Widerstand stromaufwérts des LVADs bzw. des Herzens definiert[5]. Die
physiologische Reaktion des Herzens auf eine Verdnderung der Vorlast ist die Anpassung der
Kontraktilitit. Eine erhohte Vorlast fiihrt bei gesundem Myokard zu einer Erhéhung der
Kontraktilitit und somit des CO und umgekehrt, wie auch vom Frank-Starling-Mechanismus
beschrieben[6]. Da die LVADs eine sehr geringe Vorlast- und gleichzeitig eine erhohte
Nachlastsensibilitdt haben, kann ihre Reaktion auf hdmodynamische Verdnderungen als
unphysiologisch betrachtet werden.

Die in der klinischen Praxis verwendeten LVADs funktionieren mit einer konstanten Drehzahl.

Die Drehzahl wird initial intra- und postoperativ sowie im Verlauf von den betreuenden Arzten

5



anhand unterschiedlicher Kriterien festgelegt. Das Aufrechterhalten eines optimalen CO sowie die
ausreichende Entlastung des linken Ventrikels, die anatomische Lage des intraventrikuldren
Septums, die Offnung der Aortenklappe und die Rechtsherzfunktion sind dabei die wichtigsten
Kriterien[7]. Die Bediirfnisse sowie die himodynamischen Bedingungen der Patienten bleiben
nach der LVAD-Implantation nicht stabil. Die zunehmende korperliche Aktivitdt erhoht den
Bedarf an CO, um die Blutversorgung der Korpermuskulatur aufrechtzuerhalten. Der Abfall des
intravasalen Blutvolumens durch die Aufhebung der Kompensationsmechanismen der
Herzinsuffizienz, die diuretische Therapie oder Blutungskomplikationen fithren zu einer
Verminderung der kardialen Vorlast. Eine Verschlechterung der Rechtsherzfunktion kann durch
die Riickwirtsstauung auch zu einer progredienten oder akuten Verminderung der Vorlast fiihren.
Die konstant eingestellte Drehzahl erlaubt keine automatische Anpassung der LVAD-Funktion an
die stindig wechselnden himodynamischen Bedingungen.

Wenn die Drehzahl fiir das vorhandene linksventrikuldre Volumen (LVV) zu hoch eingestellt ist,
kann es zu Ansaugen der kardialen Wand von der Einflusskaniile und somit zu einem Kollaps des
linken Ventrikels (LV) und einem akuten Abfall des CO kommen (overpumping)[8]. Die
Stagnierung des Blutes sowie die Wiederherstellung des Kreislaufs sind mit einem turbulenten
Blutfluss und potentiell mit einer erhohten Blutschiadigung[9] verbunden. Ventrikulére
Tachykardien koénnen von der Reizung des Myokards ausgelost werden, und eine durch die
anatomischen Verdnderungen ausgeloste akute Verschlechterung der rechtsventrikuldren Funktion
kann auftreten. Dagegen fiihrt eine relativ geringe Drehzahl zu nicht optimaler Entlastung des LV
mit anschlieBender Stauung des Blutes im pulmonalen Kreislauf und zu Symptomen wie Luftnot
oder auch zu akuten, lebensgefahrlichen Komplikationen, wie Lungenddem, sowie zu einem
inaddquaten CO (underpumping)[10]. Die nicht optimale Einstellung des LVADs und die daraus
resultierende nicht addquate Himodynamik kénnen auch zu Blutschddigung und Thrombose- oder
Blutungskomplikationen fiihren[11]. Deswegen wird in der Praxis bei den reguldren
Verlaufskontrollen oder bei akuten Komplikationen die Drehzahl nach Sammlung von klinischen,
echokardiographischen, hamodynamischen und laborchemischen Parametern sowie nach Abfrage
der Pumpenparameter manuell angepasst[12]. Eine automatische, kontinuierliche, aktiv
kontrollierte und physiologische Anpassung der Drehzahl an die stindig wechselnden

hiamodynamischen Bedingungen findet nicht statt.

2.2 Physiologische Regelung
Unterschiedlichen Forschungsgruppen haben intuitiv vorgeschlagen, dass die physiologische

Regelung der LVADs die Funktion des gesunden Kreislaufs simulieren kann und somit zur
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Vermeidung von Komplikationen und infolgedessen zur Verbesserung der Ergebnisse und der
Lebensqualitét der Patienten fiihren kann[10]. Trotz der konstanten Drehzahl findet eine passive
Anpassung des Pumpenflusses zwar statt, da der Pumpenfluss stark von der Druckdifferenz
zwischen dem LV und der Aorta abhéngig ist. Diese passive Anpassung ist jedoch unphysiologisch
und nicht ausreichend, da die durch die Herzinsuffizienz sehr eingeschrinkte myokardiale
Kontraktilitdt nur eine geringe Anpassungsmdoglichkeit des CO durch die Ventrikelkontraktion
zuldsst. Die Erhohung der Vorlastsensitivitit des LVADs ermdglicht eine physiologische LVAD-
Funktion. Diese auf dem Frank-Starling-Mechanismus basierende physiologische Regelung
ermoglicht die Anpassung des CO an die wechselnden Bediirfnisse der Patienten und kann akute
Komplikationen wie wunder- oder overpumping Ereignisse vermeiden, da die Drehzahl
kontinuierlich und automatisch an den Fiillungsstatus des LV angepasst wird.

Unsere Gruppe[13] entwickelte einen preload responsive speed controller (im Folgenden PRS-
Kontroller), der als Inputparameter das enddiastolische Volumen des LV (LVEDV) verwendet.
Der PRS-Kontroller erkennt Verdnderungen des LVEDV und passt die Drehzahl und somit die
Entlastung des LV und das CO automatisch an. Dieser Kontroller wurde mittels in vitro Methoden
bzw. Simulationsstudien sowie in vivo Methoden, z.B. Tierversuche, evaluiert. In vitro konnte eine
Uberlegenheit des PRS-Kontrollers und anderen vorlastbasierten Algorithmen im Vergleich zu
anderen Regelungsstrategien gezeigt werden[14]. In den akuten Tierversuchen[15] im
Schweinemodell zeigte der PRS-Kontroller eine Superioritit in der Leistung und eine Reduktion
der overpumping Ereignisse im Vergleich zu dem Standardkontroller mit konstanter Drehzahl
(CS-Kontroller). In der ersten[16] Publikation dieser Arbeit erfolgte die erweiterte in vitro
Evaluation dieses PRS-Kontrollers wahrend der Simulation von akuten pathophysiologischen
Ereignissen, wie die relevante Verdnderung des intrathorakalen Druckes in Form eines Valsalva-
Mandvers und kardialer Extrasystolen.

In der Literatur werden viele physiologische Kontroller beschrieben. Der grole Unterschied
zwischen den unterschiedlichen Strategien ist die Kontrollvariable bzw. der Parameter, durch
dessen kontinuierliche Messung der Feedbackmechanismus fiir die Regelung ermdglicht wird. Auf
Nachlast basierende Regelungsstrategien verwenden Informationen tliber den aortalen Druck oder
die Pulsatilitdt des Pumpenflusses sowie die Rotorenergie und passen danach die Drehzahl an.
Diese Strategien basieren zwar nicht auf dem Frank-Starling-Mechanismus, konnen aber das
Erreichen von Therapiezielen, wie die Erhaltung der Offnung der Aortenklappe und der aortalen
Pulsatilitét, erleichtern. Eine direkte, kontinuierliche Messung von Vorlastparametern, wie der
atriale und linksventrikuldre Druck (LVP) oder das LVV, ermdglicht die Erh6éhung der

Vorlastsensitivitit, basierend auf dem realen Fiillungsstatus des LV. Die vorlastbasierten
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Strategien der physiologischen Regelung fiir die LVADs bieten eine aktive Anpassung der LVAD-
Funktion, die sich dem physiologischen Kreislauf und dem Frank-Starling-Mechanismus am
besten annéhert[17].

In der zweiten[18] Publikation entwickelten wir einen Kontroller mit dem LVP als
Kontrollparameter. In den oben genannten in vitro und in vivo Studien konnte eine gute
Performance des PRS-Kontrollers im Vergleich zu dem CS-Kontroller gezeigt werden. Dieser
Kontroller benutzt das LVEDV als Kontrollparameter. Normalerweise wird der linksventrikulére
enddiastolische Druck als Vorlastparameter betrachtet. In dieser Studie untersuchten wir die
Anwendung des im Vergleich zu dem LVEDV und dem LVEDP einfacher automatisch erhobenen
(siche nichstes Kapitel), maximalen (systolischen) linksventikuldren Druckes (SP), gemessen am
Eingang der Einflusskaniile als Kontrollparameter. Der neue Kontroller (SP-Kontroller) wurde
dann in vitro unter akuten Vorlast-, Nachlast- und Kontraktilitdtsverdnderungen untersucht und
mit dem PRS- und CS-Kontroller verglichen. Des Weiteren erfolgte die in vitro Untersuchung des
Einflusses der unterschiedlichen Einstellungen des Algorithmus, des mdglichen Sensordrifts und

der myokardialen Kontraktilitdt auf die Funktion des SP-Kontrollers.

2.3 Sensoren

Ein essentieller Bestandteil der vorlastbasierten physiologischen Regelung ist die kontinuierliche,
robuste und sichere Sammlung sowie Eingabe von Daten iiber einen ausgewidhlten
Kontrollparameter. Hierbei werden kontinuierliche Informationen iiber den hdmodynamischen
Zustand der Patienten erfasst. Diese Informationen 16sen durch unterschiedliche Algorithmen eine
Reaktion vom Kontroller aus, die sich durch eine Anpassung der Drehzahl der Reaktion des
gesunden kardiovaskuldren Systems anndhert. Je nach Art des Inputs werden diverse
Regelungsstrategien in der Literatur vorgeschlagen[17]. Sowohl direkt gemessene als auch
indirekt errechnete Werte iiber die Vorlast, die Nachlast und die Kontraktilitit des linken
Ventrikels werden als Kontrollparameter verwendet. Die Erhebung von Informationen durch die
Bearbeitung von Pumpenparametern, wie dem Pumpenfluss und der Fluss-Pulsatilitét, bendtigen
keine direkte Messung von hidmodynamischen Parametern. Die direkte Messung der
himodynamischen Parameter bietet zwar eine kontinuierliche Uberwachung des kardiovaskuliren
Systems, bedarf jedoch spezieller, implantierbarer Sensoren.

In der klinischen Praxis werden aktuell Drucksensoren fiir die Uberwachung des Druckes im
pulmonalen Kreislauf und somit der Vorlast des LV angewendet[19]. Durch die Messung der
Bioimpedanz an der Korperoberfliche konnen Verdnderungen im Volumenstatus der Patienten

erkannt werden. Die Bestimmung der kardialen Impedanz durch die Schrittmacherelektroden wird
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in der Praxis als Monitoringstrategie fiir den Verlauf der Herzinsuffizienz angewendet[20]. Diese
Methoden benétigen allerdings spezielle Geréte und liefern indirekte Informationen tiber das LVV.
Es gibt keine kommerziell verfiigbaren, implantierbaren Volumensensoren.

Die Amplitude des QRS-Komplexes vom Elektrokardiogram (EKG) wurde schon im Jahr 1956
von A. Brody als Indikator fiir das LVV vorgeschlagen[21]. Diverse Studien haben seitdem diese
Korrelation mit sowohl positiven[22-26] als auch negativen Ergebnissen[27] evaluiert.
Madias[28] et al. schlagen die Anwendung der QRS-Amplitude als Uberwachungsparameter fiir
den chronischen Verlauf der Herzinsuffizienz vor. Der Nachweis dieser Verbindung bei
Herzinsuffizienzpatienten konnte die Anwendung eines einfach gemessenen Parameters als
Kontrollvariable fiir die vorlastbasierte physiologische Regelung der LVADs ermdoglichen.

In der dritten[29] Publikation evaluierten wir die Korrelation zwischen der Amplitude des QRS-
Komplexes in den Ableitungen II, III und V6 des Oberflichen-EKGs und der linksventrikuldren
Vorlast bei Patienten mit fortgeschrittener Herzinsuffizienz. Die Erhohung der Vorlast wurde mit
einem passive leg raising (PLR) Mandver ausgelost. Die Vorlast wurde anhand
echokardiographischer Bestimmung des LVV und invasiver himodynamischer Druckmessung

evaluiert.

3. Methodik
3.1 Simulationsstudien

3.1.1 Hybrid- Mock- Circulation

Zur Entwicklung und Evaluation von LVADs werden unterschiedliche priaklinische Methoden
benutzt. Hierzu zdhlen numerische Modelle, die eine virtuelle Simulation des kardiovaskuldren
Systems ermdglichen, technische Simulationsmodelle mit echtem Anschluss von LVADs, die den
physikalischen Einfluss auf die hamodynamischen Bedingungen sowie die Messung von Fliissen,
Volumen und Driicken ermdglichen, und Tiermodelle fiir die in vivo Evaluation. Fiir die
Simulationsstudien in diesem Projekt wurde ein hybrid mock circulation (HMC) Modell benutzt,
das aus der Kombination eines validierten numerischen Modells des kardiovaskulidren
Systems[30] mit Anpassung zur Simulation von Ansaugen[31], eines LVADs und einer
Schnittstelle zwischen mechanischen und hydraulischen Anteilen entstanden ist. Dieses Modell
ermoglicht die  Untersuchung von  Prototypen und  Software-Alternativen  bzw.
Regelungsmethoden fiir die LVADs[32] sowie die Simulation von Komplikationen, zum Beispiel
Ansaugphdnomenen. Das HMC Modell ermdglicht die genaue Untersuchung der Auswirkung

bestimmter Verdnderungen an multiplen himodynamischen Parametern, wie die myokardiale
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Kontraktilitdt, der systemische und pulmonale GefaBwiderstand, das zirkulierende Volumen, aber
auch die Drehzahl des LVADs auf das kardiovaskuldre System und die LVAD-Funktion. Das
numerische Modell wurde mit Matlab/Simulink auf Real-Time Windows Target (The Mathworks
Inc., Natick, MA, USA) bearbeitet. Fiir diese Studien wurde eine mixed-flow turbodynamic
Blutpumpe (Deltastream DP2, Medos Medizintechnik AG, Stolberg, Germany) als LVAD benutzt.
Die zwei ersten Publikationen sind Simulationsstudien, durchgefiihrt am HMC Modell.

3.1.2 Auswirkung von akuten pathophysiologischen Ereignissen auf die LVAD-Funktion

Das numerische Modell wurde so erweitert, dass die Auswirkung der Verdnderungen des
intrathorakalen Druckes (ITP) gezeigt werden konnte. Im Einzelnen wurde das vendse und
arterielle Kreislaufsystem in intra- und extrathorakale Komponenten aufgeteilt. Zusitzlich wurde
eine vendse Klappe zur Vermeidung von Regurgitationen im vendsen System hinzugefiigt. Die
Simulation des ITP erfolgte durch das Addieren dieses numerischen Druckes und der vorhandenen
Druckwerte der intrathorakalen Komponenten des HMC. Es wurden zwei pathophysiologische
Ereignisse untersucht: Der akute Anstieg des intrathorakalen Druckes im Valsalva-Manover (VM)
und die ventrikuldren Extrasystolen (PVC). Die Simulation des VM erfolgte durch Anwendung
eines ITP von 30 mmHg fiir 10 Sekunden und Anpassung der Herzfrequenz laut klinischen Daten.
Die Verdnderung der Regularitit des Herzrhythmus mit entsprechender Anpassung der
diastolischen Phase der simulierten Herzkammern ermdglichte die Simulation von PVC. 4
aufeinanderfolgende PVC wurden implementiert.

Initial wurden beide Ereignisse unter einem physiologischen Kreislauf mit Daten aus klinischen
Studien verglichen. Fiir den gesunden Kreislauf wurde eine normale myokardiale Kontraktilitit
und eine Herzfrequenz von 70/min in Ruhe mit einem Anstieg auf 90/min unter VM angewendet.
Der pathologische Kreislauf wurde mit einer reduzierten myokardialen Kontraktilitidt von 34% der
normalen und einer erh6hten Herzfrequenz von 90/min simuliert. Im pathologischen Kreislauf war
ein LVAD angeschlossen. Drei unterschiedlichen Kontroller wurden untersucht. Der erste war der
CS-Kontroller. Der zweite war der bis dato von unserer Gruppe angewendete PRS-Kontroller, der
den aus einem fortlaufenden Zeitfenster von 3 Sekunden erhobenen LVEDV (maximaler
numerischer Wert des LVV) als Kontrollvariable[ 13] benutzte. Der dritte war eine fiir diese Studie
angepasste Version des PRS-Kontrollers mit beat-to-beat LVEDV-Erkennung. Folgende
Parameter wurden aufgenommen, um die Auswirkung dieser Kombinationen auf das
kardiovaskuldre System und den LVAD zu evaluieren: Drehzahl (PS), Pumpenfluss (PF),
Herzminutenvolumen (CO), Druck in der Einflusskaniile (PIP) und mittlerer arterieller Druck

(AoP). Ein negativer PIP weist auf Ansaugphdnomene hin.
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3.1.3 Linksventrikulirer systolischer Druck als Input- Variable fiir physiologische Regelung
Zur Entwicklung eines druckbasierten physiologischen Kontrollers erfolgte initial die in vitro
Evaluation der Korrelation zwischen dem systolischen Druck (SP) und der Vorlast, der Nachlast
und der myokardialen Kontraktilitit. Die Vorlastverdanderungen wurden durch Anpassung des
zirkulierenden Volumens und die Nachlastverdnderungen durch Anpassung des systemischen
GefalBwiderstandes fiir diese Simulationsstudie ausgeldst. Die Kontraktilitdit sowie die
Herzfrequenz konnten direkt am numerischen Modell eingestellt werden. Durch Evaluierung
dieser Verdnderungen im physiologischen, pathologischen und mit LVAD mit konstanter
Drehzahl (CS LVAD) assistiertem Kreislauf konnte eine direkte Abhingigkeit des gemessenen SP
mit Vorlastverdnderungen im assistierten Kreislauf gezeigt werden. Im pathologischen Kreislauf
fiihren Verdanderungen im LVV zu geringen Verdnderungen im LVP, da das System sich im
Plateau-Teil der Frank-Starling-Kurve befindet. Im mit LVAD assistierten Kreislauf ermdglicht
die reduzierte Kontraktilitdt und das durch die kontinuierliche Entlastung kleine, fast konstante SV
den direkten Einfluss des LVV auf den SP. Das System befindet sich vor dem Plateau-Teil,
dementsprechend konnen Verdanderungen am Volumen relevante Verdnderungen im SP auslosen.
Die Daten dieser Simulationen wurden fiir die Entwicklung und Kalibrierung des SP-Kontrollers
benutzt. Der verwendete Algorithmus war folgender: Ndes= ksp(SP — SPref) + Nref, wobei Ndes
die vom SP-Kontroller produzierte Drehzahl, ksp die Proportionalverstirkung, und SPref und Nref
der respektive SP und die Drehzahl, definiert fiir erwiinschte CO-Werte mit einem CS LVAD,
sind. Laut dieser Formel erhéht der SP-Kontroller die Drehzahl, wenn der SP steigt, und
umgekehrt. Ziel ist die Aufrechterhaltung des CO und die Vermeidung von Ansaugen. Die ksp-
Werte bzw. die Sensitivitit des Kontrollers wurden durch eine in vitro Sensitivitdtsanalyse
bestimmt. Dieser direkte Zusammenhang zwischen SP und Vorlast im pathologischen Kreislauf
mit LVAD diente als die Basis fiir die Entwicklung des SP- Kontrollers.

Unterschiedliche Konfigurationen von physiologischem Kreislauf, pathologischem Kreislauf,
pathologischem Kreislauf mit LVAD mit CS-Kontroller und pathologischem Kreislauf mit LVAD
mit SP-Kontroller wurden unter den oben beschriebenen Verdnderungen der Vorlast, Nachlast und
Kontraktilitdt untersucht. Der Einfluss der unterschiedlichen ksp-Werte sowie des Sensordrifts
auf die Performance des SP-Kontrollers wurden evaluiert. Die Annéherung des physiologischen
Kreislaufs sowie die Vermeidung von over- und underpumping wurden als Kriterien fiir die

Evaluation des SP-Kontrollers benutzt.
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3.2 Prospektive klinische Studie
3.2.1 Studiendesign

Zur Evaluation der Korrelation zwischen QRS-Amplitude und linksventrikuldrer Vorlast bei
Herzinsuffizienzpatienten wurde eine prospektive Studie im Deutschen Herzzentrum Berlin
durchgefiihrt. Eingeschlossen wurden 19 Patienten mit fortgeschrittener Herzinsuffizienz
(LVEF<25%) aus der Evaluierungsliste fiir LVAD-Implantation oder Herztransplantation der
Herzinsuffizienz-Ambulanz. Die akuten Verdnderungen der linksventrikuldren Vorlast wurden
mit einem passive leg raising (PLR) Mandver ausgeldst. Die Studie verlief in drei Phasen fiir jeden
Patienten. In der ersten Phase (Phase 0) lagen die Patienten auf dem Untersuchungstisch in leichter
Linksseitenlage zur Erleichterung der echokardiographischen Untersuchung. Nach Erhebung aller
Daten in dieser Position erfolgte die Erh6hung der unteren Extremitidten um 45 Grad, wobei die
Position des Oberkorpers unverdandert blieb (Phase 1). Nach Erhebung der Daten erfolgte der
Riickkehr in die Ausgangsposition und die letzte Datenerhebung (Phase 2).

Es wurden kontinuierliche elektrokardiographische und himodynamische Daten sowie Daten iiber
die thorakale Impedanz, gemessen in der Ableitung Il des Monitor-EKGs, und die respiratorischen
Bewegungen durch die Aufnahme der CO2-Kurve gesammelt. Bei Patienten mit liegendem
Pulmonaliskatheter im Rahmen der klinischen Evaluierung und unabhingig von der Studie,
wurden zusdtzlich erweiterte hidmodynamische Daten aufgenommen. Es wurden drei
echokardiographische Datensitze pro Phase erhoben. Bei Patienten mit Schrittmacheraggregaten
erfolgte zusitzlich die Messung der intrakardialen QRS-Amplitude. Alle aufgenommen Daten
waren synchronisiert. Die Aufnahme und Verwaltung der Studiendaten erfolgte in einer
REDCap[33] Datenbank im DHZB.

Die Bearbeitung der aufgenommenen Daten erfolgte semiautomatisch mit MATLAB (R2018a,
The Mathworks Inc., Natick, MA, USA). Die QRS-Amplitude wurde vom maximalen und
minimalen Punkt der QRS-Komplexe errechnet. Alle kontinuierlichen Parameter wurden iiber 10
Sekunden gemittelt, um den Einfluss der respiratorischen Bewegungen auszublenden. Die
echokardiographisch aufgenommen Daten wurden von einem zweiten Untersucher mit

IntelliSpace Cardiovascular 2.2 (Philips Medical Systems, Best, The Netherlands) ausgewertet.

3.2.2 Statistische Analyse
Die R Version 3.3.1 (R Core Team 2016. R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria) wurde fiir alle statistischen Analysen bei

einem Signifikanzniveau von 0,05 benutzt. Der Fischer‘s Exact Test und der y2-Test wurden fiir
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den Vergleich von kategorischen Variablen zwischen zwei unabhingigen Gruppen und Mann-
Whitney-U-Test fiir kontinuierliche Variablen benutzt. Der Friedmann Test wurde fiir die
Evaluation der Unterschiede zwischen den drei Phasen angewendet. Die Korrelation zwischen
mPAP und QRS-Amplitude wurde mit der r repeated measures correlation Methode [34] fiir jeden
Patienten in jeder Phase analysiert und gegen die Hypothese untersucht, dass der Slope 0 war. Alle

Tests waren zweiseitig und explorativ.

4. Ergebnisse
4.1 Simulationsstudien

4.1.1 Auswirkung von akuten pathophysiologischen Ereignissen auf die LVAD-Funktion

Die Implementation von VM und PVC im simulierten physiologischen Kreislauf ergab realistische
CO- und aortale Druckwerte (AoP). Im Fall des VM konnten wihrend der Phase des erhéhten ITP
ein Abfall des CO von 5 L/min auf 2,5 L/min und ein AoP-Abfall beobachtet werden. Oszillationen
im CO wihrend der PVC wurden erwartungsgemél beobachtet. Im pathologischen Kreislauf mit
LVAD mit CS-Kontroller kam es wihrend des VM zu negativen Druckwerten an der
Einflusskaniile bzw. zu Ansaugphidnomenen mit Abfall des CO und der aortalen Pulsatilitdt. Die
beobachteten CO-Oszillationen wéhrend der PVC waren denen des physiologischen Kreislaufs
ahnlich. Im Gegensatz kam es im pathologischen Kreislauf mit LVAD mit PRS-Kontroller zu
keinen Ansaugphidnomenen. Der Abfall des LVEDV wihrend des erhohten ITP fiihrte zu einer
Verminderung der Drehzahl bis auf 1800 rpm (Ausgangswert 4100 rpm) vom PRS-Kontroller.
Dadurch wurde die weitere Entlastung des schon unterfiillten Ventrikels vermieden. Allerdings
wurden ein CO-Abfall bis auf 1,5 I/min, ein mittlerer AoP-Abfall bis auf 60 mmHg und ein
geringer umgekehrter PF beobachtet. Der PRS-Kontroller mit beat-to-beat LVEDV-Erkennung
lieferte eine zeitigere Erkennung der Verdnderung des EDV und somit eine prompte Reaktion. Im
Gegensatz zu dem Standard-PRS-Kontroller wurde eine geringere Drehzahlreduktion (bis auf
2500 rpm) mit entsprechend geringerem CO-Abfall bis auf 2,5 L/min sowie kein umgekehrter PF
beobachtet. Wihrend der PVC wurde mit beiden Kontrollern eine &hnliche Reaktion beobachtet.
Initial kam es zu einer Drehzahlreduktion wéhrend der PVC und anschlieBend zu einer
Drehzahlerh6hung wéhrend der normalen Kontraktion, als Folge des aufgrund der PVC erhdhten
LVEDV. Nach Abschluss des VM und der PVC waren alle Verdnderungen reversibel und das

System kehrte in die Ausgangsposition zuriick.
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4.1.2 Linksventrikulirer systolischer Druck als Input-Variable fiir physiologische Regelung
Wihrend der Vorlast- und Nachlastverdnderungen war die Reaktion des physiologischen
Kreislaufs und des SP-Kontrollers dhnlich. Die resultierenden LVP-Werte waren stets vom Niveau
des Ansaugens entfernt, im Gegensatz zu dem CS-Kontroller, bei dem beide Vorlast- und
Nachlastverdnderungen zu Ansaugen fiithrten. Wéhrend der akuten Kontraktilitdtsveranderungen
wurde allerdings eine unphysiologische Reaktion des SP-Kontrollers beobachtet. Obwohl im CS-
Kontroller ein akuter Abfall der Kontraktilitit keinen signifikanten Einfluss auf das CO hatte,
fithrte dies im Fall des SP-Kontrollers zu einem relevanten Abfall des CO, einem niedrigeren SP
und einem hoheren EDP, was in der Praxis ein underpumping-Ereignis auslosen kann. Die
unterschiedlichen Nref- und SPref-Werte hatten einen geringen Einfluss auf die Performance des
SP-Kontrollers und fiir die breit ausgewéhlten und getesteten Werte wurde kein Ansaugen
beobachtet. Unterschiedliche ksp-Werte wurden unter den oben genannten Verdnderungen
getestet, wobei nur unter sehr kleinen Werten Ansaugphinomene mit dem SP-Kontroller
beobachtet werden konnten. Der SP-Kontroller zeigte eine optimale Performance auch unter
hoheren Sensordrift-Werten bis 25%. Der SP-Kontroller zeigte eine stirkere Abhéngigkeit von der
Kontraktilitdt. Die ausgewdéhlte Standardkontraktilitét fiir den pathologischen Kreislauf fiir die
Simulationen war 34%. Eine erhohte Kontraktilitit von 50% (wie zum Beispiel bei myokardialer
Erholung) fiihrte im Vergleich zum physiologischen Kreislauf zu liberproportionaler Erhéhung
des CO. Dagegen fiihrte eine reduzierte Kontraktilitit von 10% zu unterproportionaler Erhdhung
des CO wihrend der Vorlasterhohung.

4.2 Prospektive klinische Studie

Es erfolgte der Einschluss von 19 Herzinsuffizienzpatienten. Bei einem Patienten gab es wihrend
der Studie eine akute Verdnderung im Herzrhythmus, so dass diese elektrokardiographischen
Daten nicht miteingeschlossen wurden. 15 Patienten waren ménnlich, 4 weiblich. Alle Patienten
litten unter einer dilatativen Kardiomyopathie, 26% von ihnen hatten eine ischimische Atiologie.
Erweiterte himodynamische Daten vom Pulmonaliskatheter konnten bei 9 Patienten erhoben
werden. Addquate Daten fiir die echokardiographische LV-Volumetrie konnten bei 7 Patienten
erhoben werden. Zum Ausblenden des moglichen Effektes der Verdnderung der Position und Form
des Herzens wihrend der drei Phasen blieb der Oberkorper stets stabil. Dies erschwerte die
Aufnahme von aussagekriftigen echokardiographischen Loops bei den iibrigen Patienten. Die
meisten Patienten hatten eine leicht bis mittelgradig eingeschrinkte rechtsventrikuldre

Pumpfunktion (53%), der Rest (47%) eine normale. Bei 68% der Patienten war der Herzrhythmus
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kontinuierlich vom Schrittmacher getriggert oder unterstiitzt im Rahmen der kardialen
Resynchronisationstherapie.

Wihrend des PRL wurde eine signifikante Verdnderung in folgenden Vorlastparametern
beobachtet: mittlerer Pulmonalisdruck (mPAP) (p=0,014), zentralvendser Druck (CVP)
(p=0,009), pulmonaler kapilldrer Verschlussdruck (PCW) (p=0,001), mitraler Einfluss (E-Welle)
(p=0,015). Darliber hinaus konnte eine relevante Verdnderung in indirekten
echokardiographischen Parameter fiir die linksventrikuldre Druckbelastung E/A (p=0,002) und
E/E” (p=0,047) (Tabelle 1) gezeigt werden. Die Auswertung der volumetrischen Daten ergab keine
statistische Signifikanz, allerdings ist die transthorakale Volumetrie wahrscheinlich nicht genau
genug, um solche Verdnderungen zu erfassen, insbesondere bei nicht optimaler Schallbarkeit. Es
wurden keine Verdnderungen in den rechtsventrikuldren Dimensionen sowie im Diameter der
Vena cava inferior beobachtet. Der Grund dafiir ist wahrscheinlich die Weiterleitung des
zusitzlichen Volumens in den pulmonalen Kreislauf durch die erhaltene Rechtsherzfunktion. Es
wurde keine signifikante Verdnderung der aufgenommenen moglichen Storfaktoren beobachtet.
Die thorakale Impedanz, die Herzfrequenz, das inspiratorische Tidalvolumen, der Blutdruck und
der echokardiographisch gemessene Abstand zwischen Thoraxwand und linksventrikuldrer Spitze

blieben wihrend der drei Phasen unverandert.

N Phase 0 Phase 1 Phase 2 Pall pot pi2 po2

S| -/ a

Pulmonaliskatheter

mPAP 10 30.3[16.4, 32.8 [20.9, 31.7[19.2, 0.014 0.011 Ns ns

(mmHg) 35.8] 38.6] 40]

CVP (mmHg) | 11 6 [0, 10] 912,12] 5[1, 8] 0.009 ns 0.011 | ns

PCWP 9 11[8, 21] 17[12,28.5] | 11[9.5,22] | 0.001 0.003 0.003 | ns

(mmHg)

Transthorakale Echokardiographie

LVV (mL) 8 251 [216, 233213, 247227, ns ns Ns ns
283] 262] 283]

E Welle(m/s) | 17 0.72 [0.61, 0.81 [0.66, 0.75[0.54, 0.015 0.029 0.012 | ns
0.94] 1.13] 1.02]

E/A (~) 16 1.5510.75, 1.71 [0.8, 1.36 [0.74, 0.002 ns 0.003 | 0.020
2.02] 2.4] 2]

E/E" (~) 17 12.9 [8.4, 11.8[9.3, 13.5[9.3, 0.047 ns Ns 0.029
16.8] 18] 19.3]

VCI (mm) 13 13 [10.5, 14 [10.5, 14 [11.5, ns ns Ns ns
17] 16] 16.5]
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RVEDDI 12 38.5[33, 40 [35.8, 36 [30, ns ns Ns ns
(mm) 48.8] 53.3] 46.5]
RVEDD?2 10 28 [22.8, 27[23.8, 25.5[18.8, ns | ns Ns ns
(mm) 32.5] 33] 27.3]

Tabelle 1: pay: p-Wert iiber alle Phasen, po;: p-Wert zwischen Phase 0 und Phase 1, p;»: p-Wert zwischen Phase 1 und Phase 2,
Ppoz: p-Wert zwischen Phase 0 und Phase 2. mPAP: mittlerer Pulmonalisdruck, CVP: zentralvendser Druck, PCWP: pulmonaler
kapilldrer Verschlussdruck, VCI: Vena cava inferior, RVEDD1 und RVEDD?2: rechtventrikulérer enddiastolischer Diameter 1 und
2, N: Patientenzahl, ns: nicht signifikant Adaptiert von Dual, Pergantis et al[29)].

Die QRS-Amplitude {iber alle Patienten, gemessen anhand der Ableitungen I, II und V6, zeigte
keine signifikante Verdnderung iiber die drei Phasen der Studie. Eine tendenzielle reversible
Verdanderung konnte in der Ableitung V6 und in der Summe der QRS-Amplituden von den
Ableitungen I und II beobachtet werden; eine statistische Signifikanz wurde allerdings nicht
erreicht. Ein Abfall in der intrakardialen QRS-Amplitude wurde wiahrend des PLR beobachtet,
allerdings auch ohne statistische Signifikanz. Die repeated measures correlation lieferte eine
statistisch signifikante negative Korrelation zwischen QRS-Amplitude und mPAP in den
Ableitungen V6 mit R=-0,28 (-0,49, -0,04) (p=0,024) und II mit R=-0,29 (-0,50, -0,05) (p=0,016)
(Abbildung 1).
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Abbildung 1: Darstellung der Korrelation zwischen mPAP und QRS-Amplitude in den Patienten mit Pulmonaliskatheter fiir die
drei EKG-Ableitungen I, I, V6. Statistisch signifikante Korrelation wurde in den Ableitungen II und V6 beobachtet. Jede Linie
reprdsentiert einen Patienten. R ist der Korrelationskoeffizient, 95% CI sind die 95%igen Konfidenzintervalle[29)].

5. Diskussion

Wir untersuchten die Funktion des PRS-Kontrollers mit zwei unterschiedlichen

Erkennungsstrategien wihrend der Simulation von zwei akuten pathophysiologischen Ereignissen
und verglichen diese mit der Performance des CS-Kontrollers. Durch die Anwendung der

physiologischen  Regelung  konnten = Ansaugphidnomene vermieden werden. Die

Erkennungsstrategie mit dem “fortlaufendem Zeitfenster* ergab eine stirkere Anpassung bzw.
Reduktion der Drehzahl und infolgedessen des Pumpenflusses und des aortalen Druckes. Parallel

wurde ein umgekehrter Fluss beobachtet, was zu StromungsunregelméBigkeiten und

gegebenenfalls Blutschddigung fiilhren kann. Dies wurde mit dem beat-to-beat-
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Erkennungsalgorithmus nicht beobachtet. Aufgrund der erhéhten Sensitivitit dieses Algorithmus
konnten allerdings wihrend der PVCs unerwiinschte Oszillationen in der Drehzahl und dem
Pumpenfluss beobachtet werden. Der Kontroller mit dem fortlaufendem Zeitfenster erkannte diese
akuten Verdnderungen des LVV nicht und 16ste keine Verdnderungen an der Drehzahl aus,
weshalb die Variation des CO geringer war.

Im Alltag dieser Patienten kommen solche Ereignisse hdufig vor. Der intrathorakale Druck éndert
sich mit jedem Atemzug. Ubliche Aktivititen wie das Heben von Lasten oder Stuhlgang fithren
zu einer intensiven Erhohung des ITP. Oft 16sen solche Ereignisse bei den LVADs einen Alarm
iiber niedrigen Pumpenfluss aus. Abgesehen von den méglichen Komplikationen, die mit under-
oder overpumping verbunden sind, verdngstigen diese Alarme die Patienten und erhéhen die
Arbeitslast fiir das behandelnde Team. Die physiologische Regelung bietet die Mdglichkeit, diese
Ereignisse zu vermeiden und somit die Komplikationsrate moglicherweise zu reduzieren sowie
die Lebensqualitit der Patienten zu verbessern. Die genaue Art des Inputs als auch das Ausmal
der Reaktion des physiologischen Kontrollers konnen potentiell zu anderen Komplikationen
fithren, die mit intensivierten Oszillationen des Pumpenflusses und StrémungsunregelméfBigkeiten
verbunden sind. Da es sich um eine Simulationsstudie handelt, konnen solche Ergebnisse
wegweisend flir die weitere Entwicklung von Regelungsstrategien sein. Notwendig fiir die
physiologische und biologische Evaluation ist die weitere Untersuchung in Tierversuchen und
eventuell am Menschen.

In der zweiten Studie entwickelten und untersuchten wir einen physiologischen Kontroller, der
den SP als Input verwendet. Wihrend akuter Verdnderungen in der Vor- und Nachlast kam es zu
keinen Ansaugphdnomenen und die CO-Variationen dhnelten dem physiologischen Kreislauf.
Eine weitere Sensitivitdtstestung ergab einen Verstirkungswert von 40 rpm/mmHg. Eine
Veridnderung des SP um 1 mmHg 16st somit eine Verdnderung der Drehzahl um 40 rpm bei einem
Ausgangswert von 4180 rpm aus. Darunter waren die Unterschiede in den CO-Werten zwischen
dem SP-Kontroller und dem physiologischen Kreislauf kleiner als 0,55 I/min (quadratisches
Mittel) wihrend der Vorlast- und Nachlastverdnderungen. Ansaugphdnomene wurden nicht
beobachtet. Die Simulation von sehr ausgepragten akuten Verdnderungen in der Kontraktilitdt
ergab eine unerwiinschte Reaktion des SP-Kontrollers. Unter dem oben genannten
Verstarkungswert kam es bei einem akuten Abfall der myokardialen Kontraktilitdt auf 10%
(LVEF<10%) zu Ansaugen. Solche akuten und relevanten Verdnderungen der Kontraktilitit
werden allerdings iiberwiegend wihrend akuten, schwerwiegenden Komplikationen, wie zum

Beispiel Myokardinfarkt, septischem Schock oder Tachykardie, beobachtet. Wahrend solchen
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Zustinden wird nicht erwartet, dass die physiologische Regelung eine Losung anbietet, da die
medizinische Notfallversorgung der Patienten notwendig ist.

Der SP-Kontroller braucht fiir die Erhebung der Druckwerte einen Drucksensor, der
moglicherweise in oder auf der Einlasskaniile positioniert werden kann. Die Entwicklung und
Integrierung eines solchen Sensors ist einfacher als die eines Volumensensors, da es schon
dhnliche biokompatible Sensoren auf dem Markt gibt. Die hdheren numerischen Werte des SP im
Vergleich zu dem diastolischen Druck erlauben eine genauere und robustere automatische
Erkennung der Verdnderung dieses Parameters, da diese Werte sich weiter weg vom Bereich des
Sensordrifts befinden. Unsere Gruppe evaluierte die Performance[15] des SP-Kontrollers und des
volumenbasierten PRS-Kontrollers in einem akuten Tierversuch im Schweinemodell. Unter
Veridnderungen der Vor- und Nachlast konnten im Gegensatz zu dem CS-Kontroller weniger
(PRS-Kontroller) oder keine (SP-Kontroller) Ansaugphdnomene beobachtet werden. Der SP-
Kontroller stellt eine einfachere und leichter umsetzbare Alternative zum volumenbasierten PRS-
Kontroller fiir die physiologische Regelung dar.

In der klinischen Studie wurde die Korrelation zwischen Vorlast und Amplitude des QRS-
Komplexes, gemessen durch ein konventionelles EKG, in Patienten mit fortgeschrittener
Herzinsuffizienz untersucht. Die ausgewdhlte, nicht invasive Methode fiir die Vorlasterh6hung
war das PLR-Mandver. Fine signifikante und meistens reversible Erhohung der durch den
Pulmonaliskatheter gemessenen Druckwerte zeigte eine relevante Verdnderung in der kardialen
Vorlast. AuBBerdem wurde eine signifikante Erh6hung im mitralen Einfluss bei allen Patienten
beobachtet. Eine Verdnderung im LVV konnte allerdings nicht beobachtet werden, wobei hier
vermutlich die relativ niedrige Sensitivitit der transthorakalen Echokardiographie eine Rolle
spielte. Es ist aber zu erwarten, dass nur kleine Verdnderungen im LVV bei diesen
Patientengruppen erreicht werden konnen, da das Herz aufgrund der verminderten Kontraktilitat
und des erhohten LVEDV im steilen Bereich der Frank-Starling-Kurve funktioniert. In diesem
Bereich fiihren relativ kleine Verdnderungen des Volumens zu groBeren Veranderungen im Druck.
Eine Verdnderung in der QRS-Amplitude iiber alle Patienten wurde nicht beobachtet. Laut dem
Brody-Effekt korreliert physikalisch das LVV mit der QRS-Amplitude. Aufgrund der relativ
geringen Volumenverdnderung bei diesen Patienten war wahrscheinlich in diesem Studiendesign
die Verdnderung in der QRS-Amplitude zu gering, um eine statistische Signifikanz zu erreichen.

In der Subgruppe der Patienten mit einem Pulmonaliskatheter konnte allerdings eine statistische
Signifikanz zwischen den Verdnderungen in der QRS-Amplitude und dem mPAP beobachtet

werden, was sich mit anderen Quellen in der Literatur deckt. Es wurden keine bedeutenden
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Unterschiede zwischen den Subgruppen beobachtet. Diese Korrelation wurde in den Ableitungen
V6 und II beobachtet bzw. sowohl in einer prekordialen als auch in einer Extremitétenableitung.
In der Literatur werden unterschiedliche Bias beschrieben, die die Korrelation zwischen der
Vorlast und der QRS-Amplitude des oberflichigen EKGs beeinflussen konnen. Durch dieses
Studiendesign wurde versucht, die mogliche Auswirkung dieser Faktoren zu untersuchen oder
auszublenden. Die durch die externen Elektroden gemessene thorakale Impedanz blieb wihrend
des PLR unverdndert. Verdnderungen in Hamatokrit oder Kalium waren nicht erwartet, da die
Vorlasterhhung mit einer Autotransfusion bzw. Verschiebung des eigenen Blutes im Korper
ausgelost wurde und somit die Konsistenz des Blutes unverdndert blieb. Madias[28] et al. schlagen
vor, dass die Verdnderungen im EKG eine Folge des mit dem Verlauf der chronischen Insuffizienz
verinderten Blutvolumens des Korpers und eines mdglichen myokardialen Odems sein kann.
Durch das akute Design unserer Studie kamen diese Faktoren nicht in Frage. Eine Verdnderung
der Position des Herzens im Thorax kann die QRS-Amplitude im auf der Korperoberflache
gemessenen EKG beeinflussen. Obwohl das PLR so angepasst wurde, dass der Oberkorper der
Patienten stabil blieb, konnte eine zu der Thoraxwand relative Bewegung der Herzwand Einfluss
auf die QRS-Amplitude gehabt haben. Zusammenfassend konnte die untersuchte Korrelation
entweder eine Folge des Brody-Effektes oder der Wandbewegung des Herzens sein.

Das nicht invasive Design der Studie erlaubte keine groBen Vorlastveranderungen, genauso wenig
wie eine genauere, aber fiir die Patienten belastende und potentiell gefiahrliche, Volumetrie, wie
zum Beispiel mit einem Druck-Volumen Induktionskatheter oder einer transdsophagealen
Echokardiographie. Durch Verdnderung der Drehzahl des LVADs kénnen akute und reversible
Verdanderungen des LVV kontrolliert ausgelost werden. Solche Protokolle gehdren zu dem
klinischen Alltag der Behandlung dieser Patienten und sind komplikationsarm. Die Untersuchung
der Verdnderung der QRS-Amplitude wihrend solcher relevanten, nachvollziehbaren und fiir die
Patienten sicheren LVV-Verdnderungen wiirde die genauere Evaluation dieser Korrelation
erlauben, wie in der vor kurzem publizierten Studie von Imamura et al[35], in der eine Korrelation
zwischen dem CVP und der Impedanz der Schrittmacherelektroden in LVAD-Patienten gezeigt
werden konnte.

Fiir diese Patienten ist die Druckmessung wahrscheinlich eine genauere Methode zur Beurteilung
der kardialen Vorlast. Die relativ groferen Verdnderungen in den Druckwerten als in den
Volumenwerten erlauben eine einfachere automatische Erkennungsstrategie fiir die Algorithmen
der physiologischen Regelung. Aulerdem gibt es Drucksensoren, die bereits im klinischen Alltag

verwendet werden. Diese Studie liefert neue, klinische Daten von Herzinsuffizienzpatienten in der
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seit Jahrzehnten mehrfach evaluierten moglichen Anwendung der einfach aufgenommenen QRS-

Amplitude als Uberwachungsparameter fiir die kardiale Vorlast.

5.1 Schlussfolgerungen

Der volumenbasierte physiologische Kontroller zeigte in vitro eine robuste Funktion
wihrend der Simulation von VM und PVC.

Der druckbasierte physiologische Kontroller zeigte in vitro eine dem physiologischen
Kreislauf dhnliche Funktion und konnte im Vergleich zu dem Standardkontroller mit
konstanter =~ Drehzahl = Ansaugphidnomene  wéhrend akuter h@modynamischer
Veranderungen vermeiden.

Eine Korrelation zwischen mPAP und QRS-Amplitude bei Patienten mit fortgeschrittener
Herzinsuftfizienz wurde in der klinischen Studie beobachtet. Allerdings konnten durch das
zur Sicherheit der Patienten minimalinvasive Studiendesign keine relevanten

Verdnderungen des LVV beobachtet werden.

5.2 Ausblick

Die vorlastbasierte physiologische Regelung kann zur Verbesserung der Ergebnisse der LVAD-

Therapie beitragen. Der in diesem Projekt entwickelte druckbasierte physiologische Kontroller

kann aufgrund des Vorhandenseins von Drucksensoren leichter in der Praxis angewendet werden.

Die weitere Evaluation der Funktion des SP-Kontrollers sowie die klinische Relevanz dieser Art

von physiologischer Regelung sollte in chronischen Tierversuchen evaluiert werden. Im Rahmen

der Entwicklung eines Volumensensors mit Anwendung der Korrelation zwischen LVV und QRS-

Amplitude sollte diese Korrelation in einem Studiendesign getestet werden, das relevante,

kontrollierte Volumenverdnderungen erlaubt, wie im Fall der kontrollierten Drehzahlveranderung

in LVAD-Patienten.
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Abstract: The current paper analyzes the performance of
a physiological controller for turbodynamic ventricular
assist devices (tVADs) during acute patho-physiological
events. The numerical model of the human blood circu-
lation implemented on our hybrid mock circulation was
extended in order to simulate the Valsalva maneuver (VM)
and premature ventricular contractions (PVCs). The per-
formance of an end-diastolic volume (EDV)-based physi-
ological controller for VADs, named preload responsive
speed (PRS) controller was evaluated under VM and
PVCs. A slow and a fast response of the PRS controller
were implemented by using a 3 s moving window, and
a beat-to-beat method, respectively, to extract the EDV
index. The hemodynamics of a pathological circulation,
assisted by a tVAD controlled by the PRS controller were
analyzed and compared with a constant speed support
case. The results show that the PRS controller prevented
suction during the VM with both methods, while with con-
stant speed, this was not the case. On the other hand, the
pump flow reduction with the PRS controller led to low
aortic pressure, while it remained physiological with the
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constant speed control. Pump backflow was increased
when the moving window was used but it avoided sudden
undesirable speed changes, which occurred during PVCs
with the beat-to-beat method. In a possible clinical imple-
mentation of any physiological controller, the desired per-
formance during frequent clinical acute scenarios should
be considered.

Keywords: physiological control; premature ventricular
contraction (PVC); suction; Valsalva maneuver (VM); ven-
tricular assist device (VAD); volume measurement.

Introduction

Implantable ventricular assist devices (VADs) have
become a viable solution for the ever growing population
of heart failure patients. The continually improving clini-
cal outcome of the VAD-therapy [28] play an important
role on this result. According to data presented in [12],
which was derived from more than 15,000 patients, the
1year and 2 year survival rates with turbodynamic VADs
(tVADs) currently reach 80% and 70%, respectively, while
the quality of life remains improved after 2 years com-
pared to pre-implantation. More than 90% of the VAD
patients receive a tVAD. Although a reduction of adverse
events has been reported during the last few years, com-
plications of this therapy such as hemolysis, cardiac
arrhythmias, pump thrombosis, gastrointestinal bleed-
ing, right ventricular (RV) failure and left ventricular (LV)
overloading, still pose a problem. Despite the increased
durability of newer generation of pumps, a stable inci-
dence of device malfunction and exchange due to all
causes is evident [12, 34].

Several research groups [1, 3, 6, 15, 21, 22, 26, 33] have
proposed physiological control as a solution to reduce or
even eliminate overpumping and underpumping events,
which are presumably related to adverse events, such as
hemolysis, pump thrombosis and RV failure. These control
strategies are based on various signals, such as the LV
pressure (LVP), the LV volume (LVV), the aortic pressure
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(AoP), or the pump flow. Their goal is to adjust the speed
and ultimately the blood flow of a tVAD such that the
resulting cardiac output (CO) meets the perfusion require-
ments of the circulation. By matching the pump flow to the
hemodynamic status of the patient, adverse events related
to overpumping and underpumping can be prevented and
the physiological adaptation of the CO is restored.

All physiological controllers extract one or more
indices from either a measured or an estimated signal of
the heart-tVAD system. These indices are fed into a control
system which adjusts the desired speed of the tVAD. In
[21, 22] the authors implemented a beat-to-beat extraction
algorithm for their control indices, namely the end-dias-
tolic pressure (EDP) and mean pump flow, respectively.
In [3, 6, 26, 33] the authors proposed signal processing
algorithms, which extract the indices of the end-diastolic
volume (EDV), the pump pressure difference, the pump
speed pulse, or the EDP over a time window with a pre-
defined fixed length. Particularly, in [26] and [6] a moving
window with a length of 3 s of the measured signals was
implemented in order to extract their respective control
inputs, whereas Wang et al. [33] proposed a moving 1 s
time window. The suction detection algorithm developed
in [3] uses a moving maximum search algorithm for the
identification of the diastolic level of the pulsation of the
pump differential pressure. Additionally, authors in [9]
used low-pass filtering methods, such as the non-linear
morphological filter, in order to feed their controller with
the required mean pump flow.

The controller presented in [26] was evaluated by in vitro
experiments, which represent wide-range variations of car-
diovascular parameters and simulate resting or exercising
conditions. Similar experiments for testing physiological
controllers either in silico or in vitro are presented in [3, 15,
21, 23]. In contrast, authors in [18] investigated the response
of several physiological controllers during more sudden
changes in hemodynamic parameters. These changes
were related to exercise (CO increase) and head-up tilt (CO
decrease), simulated through a detailed numerical model
[16]. Additional cases that lead to such sudden changes are
related to patho-physiological events such as respiration
(deep expiration or inspiration), strain (Valsalva or Mueller
maneuver, coughing or heavy lifting) or arrhythmia.

Approaches to simulate such patho-physiological
events either numerically or by manipulating mechani-
cal components have been proposed. In [17], the authors
presented a numerical model of a human circulation that
incorporates the influence of the intra-thoracic pressure
(ITP) and can therefore potentially simulate respiration
and the Valsalva maneuver (VM). However, the simulation
of these events and their use for evaluating physiological
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controllers was not in the scope of their study. A study
focused on VM simulation has been presented in [14],
however without investigating a VAD-assisted circulation.
In [32], the authors simulated VM in their mock circula-
tion loop (MCL), which is built for evaluating bi-ventricu-
lar assist devices (BiVADs). They were able to reproduce
VM by manipulating the mechanical valves of their MCL,
which represented the systemic and pulmonary vascu-
lar resistances, in order to apply a resistance increase,
thereby emulating the influence of an increase of the ITP.
These simulations were later used to evaluate physiologi-
cal controllers for BiVAD support cases [30]. Amacher et al.
[2] simulated premature ventricular contractions (PVCs) in
order to evaluate arrhythmia detection algorithms, when a
pulsatile speed mode of a tVAD, synchronized to the heart
cycle, was implemented.

The current paper describes how our numerical model
of the human blood circulation [24] was extended to simu-
late specific patho-physiological events, namely PVCs and
VM, by manipulating the heart rate (HR) and the ITP. For
both extensions, we focused on the hemodynamics in the
LV of a pathological circulation assisted by a tVAD, which
was either controlled by one of several configurations of
the preload responsive speed (PRS) controller [26] or set
at a constant speed. The core algorithm of the PRS con-
troller remained unchanged, but the EDV extraction algo-
rithm was modified to influence the aggressiveness of the
controller. The pros and cons of fast and slow response
during PVCs and VM were analyzed and compared to the
clinical case of the constant speed control. The potential
of the proposed extended human blood circulation model
for testing new control algorithms is indicated and possi-
ble complications of standalone physiological controllers
discussed. The need for additional algorithmic features
that will support the core of the physiological controller
is highlighted to guarantee preventing undesired over-
pumping and underpumping events.

Materials and methods
Hybrid mock circulation

We conducted experiments on a hybrid mock circulation (HMC) based
on the hardware-in-the-loop concept, which has been developed in
our group [24]. Figure 1 shows a picture of the hardware part of the
HMC, while its caption defines the parts and their manufacturer. In
our experiments, a non-implantable mixed-flow turbodynamic blood
pump that allows implementing various control approaches substi-
tuted the tVAD (c). The pump is connected to two pressure-controlled
reservoirs (a), (b) and a back flow pump (d) ensures that the fluid
level in the two reservoirs remains constant during the experiments.
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Figure 1: Picture of the hardware part of our hybrid mock circulation
consisting of two pressure-controlled reservoirs (a) and (b), a blood
pump head (Deltastream DP2, Xenios AG, Heilbronn, Germany)

(c) equipped with an encoder (ME22, PWB Encoders GmbH,
Eisenach, Germany) and an industrial motor controller (Accelus,
ASP-090-09, Copley Controls Corp., Canton, MA, USA), a backflow
pump (Moyno 500 Pumps-200 Series, Moyno, Inc., Springfield, OH,
USA) (d), two fluid-pressure sensors (PN2009, IFM Electronic GmbH,
Essen, Germany) (e), one ultrasonic flow probe (TS410/ME-11PXL,
Transonic Systems, Inc., Ithaca, NY, USA) (f), one proportional sole-
noid inlet valve (PVQ33-5G-23-01F, SMC Pneumatics, Tokyo, Japan)
and two proportional solenoid outlet valves (PVQ33-5G-40-01F, SMC
Pneumatics,Tokyo, Japan) per reservoir (g), two fluid-level sensors
(GP 2YOD810Z0F, Sharp, Osaka, Japan) (h), a vacuum receiver (i) and
avacuum pump (ZL112-K15LOUT-E26L-Q, SMC Pneumatics, Tokyo,
Japan) (j).

The fluid level is measured by infrared range finders (h) and fed to the
back flow pump-controller. The pressure in each reservoir is controlled
using one proportional solenoid inlet valve and two proportional sole-
noid outlet valves (g) per reservoir, a vacuum receiver (i) and a vacuum
pump (j), and one fluid-pressure (e) sensor per reservoir.

The reference signals for the pressure controllers of the two res-
ervoirs are computed in real-time by a validated numerical model of
the human blood circulation [7], based on the measured pump flow
(f). This numerical model consists of lumped-parameter elements.
Thus, the veins of the upper and lower limb circulation, the inferior
vena cava, etc. are implemented with one classic Windkessel model,
which does not allow an implementation of the ITP on the vessels
and organs of the thorax separately. Therefore, the numerical model
was extended for the current investigation as described below.

Hemodynamic influence of intrathoracic pressure
variations and arrhythmia

In order to define the required modifications of the existing numeri-
cal model, the hemodynamic influence of ITP variations and PVCs
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had to be identified. For this purpose, the response of both a physi-
ological and a pathological circulation during these events was ana-
lyzed based on clinical studies and is presented below.

The VM causes an increase in the ITP without hyperinflation of
the lungs. In the physiological circulation, increased ITP causes a
decrease in the RV preload and RV filling, leading to a decrease in LV
preload and CO. In the pathological circulation, the decrease of CO is
significantly smaller or even inverted compared to the healthy heart.
That happens due to the blood pooling in the pulmonary vascular
system which can compensate the decrease in the LV preload, thus
preserving the LV EDV. The preserved LV EDV, in combination with
the decrease in the LV afterload in the failing heart, is responsible
for the altered influence of VM on CO and AoP in heart failure [20, 27,
29]. Similar ITP changes are observed during coughing, strain, bowel
movement, heavy lifting etc. [20].

Arrhythmias cause abrupt changes in the CO. Bradycardia causes
a decrease in the CO and an overload of the cardiopulmonary system.
Tachycardia, both ventricular and supraventricular, impairs the dias-
tolic filling of the ventricles, leading to a decrease of the CO. Extra-
systoles cause a decrease in both LV and RV EDV by generating PVCs
and disrupting the diastolic phase. Arrhythmias in the setting of left
VAD therapy can lead to suction events because of a decrease in LV
preload, for instance during bradycardia or tachycardia, leading to a
reduction of the RV SV or directly in LV EDV during extrasystoles [27].

Extension of the numerical model

The numerical model has already been extended in order to emulate
suction [25]. For the current study, we further extended it in order
to account for the influences of ITP variations, based on the analy-
sis presented above. Figure 2 shows the structure of the extended
model. The systemic venous and arterial systems are now divided
into an intrathoracic and an extrathoracic part. The resistance of the
intrathoracic and extrathoracic veins, namely Rsv’n and st, respec-
tively, are used to simulate the collapse of the large vessels when the
transmural pressure is negative. Furthermore, we added a venous
valve in order to prevent regurgitation of the venous return [11]. The
ITP is implemented by adding its value to all pressure values inside
the thoracic cavity. Table 1lists the values of all new parameters intro-
duced into the extended model as well as their source. The remaining
parameters used in the model were the same as presented in [7].

Simulation of the Valsalva maneuver

Figure 3A and C show the input signals to simulate the VM. The ITP
was increased manually by 30 mm Hg at te (5, 15) s, and the HR var-
ied according to clinical data presented in [14]. The amplitude of the
ITP for the VM was defined such that the resulting AoP waveform
matched those presented in clinical studies [11, 14, 29, 31].

Simulation of arrhythmia

Figure 3B and D show the input signals to simulate arrhythmia.
We introduced several PVCs, as they were defined in [2]. For that,
we altered the cardiac cycle of the time-varying elastance model of
the simulated ventricles and atria. Soon after the end of the systole,
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Figure 2: Electrical analog of the extended numerical model of the human blood circulation to include the influence of the intrathoracic
pressure (ITP) on the organs of the thoracic cavity.

The systemic arterial and venous systems each consist of an intrathoracic and an extrathoracic part.

another ventricular contraction is triggered, while the subsequent circulation was simulated by decreasing the contractility of the LV to
diastolic phase is prolonged. 34% of physiological contractility and increasing the HR to 90 bpm.
For each experiment we ran the HMC until steady state was reached
and then started either the VM or the PVCs experiment as depicted in
Figure 3. The numerical model was executed with Matlab/Simulink
running Real-Time Windows Target (The Mathworks Inc., Natick,
For the physiological circulation, the HR was fixed at 70 bpm and ~ MA, USA) and all signals were recorded at 1 kHz. A glycerol water
increased up to 90 bpm during the VM event. The pathological —mixture with viscosity of 2.8 mPa-s was used for all the experiments.

Experiments
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Table 1: Numbers and references used for the extended numerical model of the human blood circulation.

Parameter Description Value Units References
VOSV,O.et(t) Extrathoracic unstressed venous volume 3088 ml [5, 24]
VOM’“ Intrathoracic unstressed venous volume 162 ml [5, 24]
csv,et Extrathoracic venous system compliance 55 ml/mm Hg [14]
Con Intrathoracic venous system compliance 10 ml/mm Hg [14]
H, Intrathoracic vena cava collapse gain coefficient 0.547 mm Hg2s/ml [7]

The extrathoracic unstressed venous volume is a variable input, all other parameters are constant.

Valsalva maneuver

Premature ventricular contractions

ITP
(mm Hg)

0T A 1B

T T

HR
(bpm)
o w
S &

0 10 20 30 40 0
Time (s)

Time (s)

Figure 3: Defined values for the parameters that were varied during the experiments.
Panels (A) and (C) show the variation of the intrathoracic pressure (ITP) and the heart rate (HR) during the Valsalva maneuver (VM). Panels
(B) and (D) show the ITP and the HR during the implementation of premature ventricular contractions.
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Figure 4: Structure of the PRS controller configurations of the tVAD (A).

The left ventricular volume (LVV) is processed and the end-diastolic volume is extracted either from the maximum of a moving window
(EDVmw) (B) or at every heartbeat (EDVhb) (C). The extracted EDV is fed to the preload responsive speed (PRS) controller algorithm, which
computes the desired pump speed (PSdes). The detailed structure of (D) is presented in [26].

Pump control configurations

Three different control configurations (C1-C3) of a tVAD were
tested, as described below. The input to the PRS controller was
the simulated LVV signal; the output was the desired pump speed
(Figure 4A).
1)  Constant speed (C1)
For the C1 configuration, the PRS controller was disabled and
the tVAD was operated at a constant speed. The speed was set to
4100 rpm, which yielded a CO of 51/min at rest.
2)  Nominal PRS controller (C2)
For the C2 configuration, we used the PRS controller as pre-
sented in [26], i.e. with a sliding window (Figure 4B) of 3 s to
extract the EDV value. The lower limit for the pump speed was
set to 1800 rpm.

3)

Modified PRS controller with beat-to-beat EDV detection
algorithm (C3)

For the C3 configuration, we modified the signal-processing
algorithm of the nominal PRS controller in order to extract the
EDV value at every heartbeat. Figure 4C depicts the structure of
the beat-to-beat EDV extraction algorithm. First, the simulated
LVV signal is low-pass filtered with a second-order IIR filter with
a cut-off frequency of 2.5 Hz. Second, the derivative of the signal
is computed. When the derivative of the LVV signal changes sign
the LVV signal is at a maximum, which corresponds to the EDV.
Due to the continuous flow of a tVAD, no isovolumetric con-
traction occurs and the LVV signal has one distinct maximum.
Therefore, the zero detection of the LVV derivative works reli-
ably in vitro. The PRS controller structure (Figure 4D) remained
unchanged, as presented in [26].
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Results

Figure 5 shows the CO and the AoP of a physiological cir-
culation during the VM [panels (A) and (C)] and four PVCs
[panels (B) and (D)]. The four phases of VM and the four
PVCs are separated by dashed lines. After the onset of VM
(phase 1) and a sudden AoP increase due to the increase
of the ITP, the AoP decreased and made a trough during
phase 2, while the CO decreased from 5 I/min to 2.5 1/min.
In phase 3, at the end of VM, the AoP dropped suddenly
together with the ITP. AoP recovered and increased up to
160 mm Hg. After a final oscillation, the AoP returned to its
initial value. Accordingly, the CO increased up to approx.
71/min in phase 4 and then returned to 5 1/min.

During the PVCs, sudden CO drops can be observed,
while the mean AoP decreased from 105 mm Hg to
90 mm Hg. After the last PVC both the CO and the AoP
increased slightly above their initial values (end of phase
4) before they returned to their initial values (t>20s).

Figure 6 shows the effect of VM (left-hand side) and
PVCs (right-hand side) on a pathological circulation
assisted with a tVAD operated at a constant speed (C1).
The figure shows the pump speed (PS) and flow (PF), the
CO, the transmural pump inlet pressure (PIP) and the
AoP. The PIP signal shows that suction (negative pres-
sure) occurred during the VM. At the same time, the CO
decreased and the AoP pulsatility was diminished. All
signals recovered to the steady-state value after the end of
the VM. During PVCs, all signals except the pump speed
showed strong oscillations, but quickly returned to their
steady-state values after the last PVC.

Figure 7 shows the effect of the VM and PVCs on a
pathological circulation assisted with a tVAD controlled by
the nominal PRS controller (C2). During the VM, due to the
reduced LVV, the controller reduced the pump speed down

DE GRUYTER

to its minimum value of 1800 rpm at t=12 s. The pump
flow decreased as well as back flow occurred, while the
CO decreased down to 1.5 1/min. The PIP signal shows that
no suction occurred, while the mean AoP dropped down
to approx. 60 mm Hg. During PVCs, the PS slowly adapted
to the decreased LVV resulting from the arrhythmic beats.
After the end of PVCs, the increased LV feeling led to a PS
increase until it returned to a steady state. The mean PF,
CO and AoP fluctuated according to the PS variations.

Figure 8 shows the effect of the VM and PVCs on a
pathological circulation assisted with a tVAD controlled
by the modified PRS controller (C3). In this case, the PS
adaptation during the VM led to a minimum value of
approx. 2500 rpm at t=12 s. The PF decreased as well,
but now back flow occurred. The minimum CO observed
is 2.5 1/min. The maximum PIP dropped down to approx.
60 mm Hg and the mean AoP down to 80 mm Hg. A
further AoP drop down to 60 mm Hg occurred after the
end of VM. The PS adapted to the PVCs by decreasing the
speed, whereas it increased during the normal contrac-
tions (8 s<t<12.5s). Pump flow, CO and AoP varied simi-
larly to PS.

Figure 9 shows the performance of the EDV detec-
tion methods for the configurations C2 and C3 during the
experiments. An LVV decrease occurred during the VM
[Figure 9 - panels (A) and (C)]. Clearly, the EDV detec-
tion algorithm of C2 shows a delayed detection during the
LVV decrease compared to C3, which detected the EDV
accurately at every beat. Panels (B) and (D) in Figure 9
show the irregular LVV waveform during the PVCs. The
C3 configuration detected not only the EDV of the normal
contraction but also the maximum volume during the
premature ventricular contraction. Due to the 3 s moving
window, the C2 configuration did not capture the sudden
EDV drops during PVCs.

Valsalva maneuver
"

Premature ventricular contractions
T !

15F A : : B 1
CR B N~
T 25t J
0 | | | | |
160 C i i D i i
£ f
<E 80
0 10 20 30 400 10 20 2

Time (s)

N
Time (s)

Figure 5: Cardiac output (CO) and aortic pressure (AoP) signals of a physiological circulation during the simulated Valsalva maneuver (VM)
and premature ventricular contractions (PVCs). VM (A) and (C) and four PVCs (B) and (D).

Dashed lines indicate the four phases of the VM and the four PVCs.
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Valsalva maneuver Premature ventricular contractions
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Figure 6: Performance of a pathological circulation assisted by a tVAD operated at a constant speed (C1) during the Valsalva maneuver (VM)
(left-hand side panels) and premature ventricular contractions (PVCs) (right-hand side panels).
PS, Pump speed; PF, pump flow; CO, cardiac output; PIP, pump inlet pressure; AoP, aortic pressure.
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Figure 7: Performance of a pathological circulation assisted by a tVAD controlled by the nominal PRS controller (C2) during the Valsalva
maneuver (left-hand side panels) and premature ventricular contractions (right-hand side panels).
PS, Pump speed; PF, pump flow; CO, cardiac output; PIP, pump inlet pressure; AoP, aortic pressure.
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55 Valsalva maneuver Premature ventricular contractions
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Figure 8: Performance of a pathological circulation assisted by a tVAD controlled by the modified PRS controller (C3) during the Valsalva
maneuver (left-hand side panels) and premature ventricular contractions (right-hand side panels).
PS, Pump speed; PF, pump flow; CO, cardiac output; PIP, pump inlet pressure; AoP, aortic pressure.

200 Valsalva maneuver Premature ventricular contractions
— Moving window EDV detection — Moving window EDV detection
LVV AT
o
g e M s Y LLLLLLL\»H/
>
>
< 1t
A B
0 | | |
200 T " . .
— Beat-to-beat EDV detection — Beat-to-beat EDV detection
150 F— LVV 1t LVV _
2 mwmmn A AR Tﬂmﬁ‘;‘ e
Z 100 1T
S
= 501
C D
0 . . . . .
0 10 20 30 400 10 20 25
Time (s) Time (s)

Figure 9: Comparison of two algorithms to extract the end-diastolic volume (EDV) from the left ventricular volume (LVV) signal during Vals-
alva maneuver [panels (A) and C)] and premature ventricular contractions [panels (B) and (D)].

Panels (A) and (B) show the performance of the 3-s moving window extraction algorithm used in C2. Panels (B) and (D) show the perfor-
mance of the beat-to-beat EDV extraction algorithm used in C3.

Di scu SSiOl"I return and therefore, suction or LV overloading. We simu-

lated the VM on our HMC by introducing a change in the
In this study, we investigated special patho-physiological ITP. We increased the ITP to 30 mm Hg over 10 s, as it is
situations that can lead to sudden changes of the venous reported from clinical experiments [8, 19, 29]. Such an
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ITP increase can also occur during daily strain conditions
of the patients, such as bowel movement, heavy lifting,
coughing and posture changes [13]. The observed AoP
signals of the physiological heart matched well with those
reported in studies about clinical experiments [13, 29]. The
four phases of VM seen in clinical recordings of arterial
blood pressure were identified (Figure 5).

In the failing circulation without tVAD, a square-wave
AoP response would be expected during the VM due to
the blood pooling in the congested pulmonary vascular
system, i.e. due to sustained LV preload [19, 29]. This was
not observed in our experiments with the controlled tVAD
support, where the AoP waveform during the VM was
similar to that observed in the physiological circulation.
This was to be expected, because the pulmonary vascular
system was not congested in this case.

PVCs were simulated as described in [2], where the
simulated results were validated based on the MIT-BIH
arrthythmia database [10]. The moving window method
detected the gradual LVV decrease resulting from the con-
secutive PVCs (Figure 7), while the beat-to-beat method
was able to capture the sudden LVV changes between the
irregular beats (Figure 8). No suction occurred during PVCs
with neither of the configurations C1, C2, or C3. The case
of sustained tachycardia was not included in our experi-
ments, because we focused on the detection of abrupt and
temporary hemodynamic changes.

The goal of this study was to investigate whether a
beat-to-beat extraction of the EDV is required for a clini-
cal physiological controller, or if a simpler method with a
moving window is sufficient. We used the PRS controller
[26] as a test controller. As it was developed in our group, we
could faithfully configure and implement it. However, the
results allow drawing conclusions for other physiological
controllers, which rely on a certain feature that is extracted
from the signal. The controllers presented in [1, 3, 6, 15, 21,
22, 26, 33] all use one of the two approaches investigated
in the current study. Additionally, the presented numeri-
cal model can be a useful tool while tuning physiological
controllers or defining their sampling rate, as such factors
influence the aggressiveness of its response.

For our study, the lack of an implantable, long-term
LV volume sensor is not addressed. We acknowledge
the use of admittance catheters or sonomicrometry as
a short-term, real time volume measurement for in vivo
research studies, but these technologies are not suitable
to be used in patients for long term. In the clinic, echo-
cardiography or magnetic resonance imaging systems
are normally used for the measurement of EDV, but
they require computationally expensive post process-
ing. In our group, we focus on the development of an

A. Petrou et al.: Response of a physiological controller for VADs =— 9

implantable LV volume sensor that will be suitable for
clinical applications.

The constant speed operation (C1) and the nominal
PRS physiological controller (C2) were compared during
the VM and the PVCs (Figures 6 and 7). The C2 configura-
tion led to a pump speed and flow decrease during PVCs,
which in turn decreased CO and AoP. After the end of the
PVCs, a slight overshoot of all signals occurred due to the
abrupt venous return recovery. This overshoot was absent
in the case of C1 and the CO and AoP changes resem-
bled better the physiological ones (Figure 5). During the
VM, the physiological controller (C2) was able to prevent
suction, whereas suction was observed with the constant
speed (C1). The pump speed and flow adaptation of C2 led
to stronger reduction of the CO during the VM, which is
more physiological, but leads to a critically low AoP. The
AoP waveform during constant speed operation resem-
bled more that of a pathological circulation as presented
in [19, 29], where the overshoot is attenuated.

Two different methods for extracting the index of the
PRS controller were evaluated (C2 and C3). Both configura-
tions performed better than the constant speed operation
(C1) with respect to suction prevention. C3 outperformed
C2 due to its faster response resulting from the beat-to-
beat detection. The moving window of C2 introduced a
delay (Figure 9). Comparing signals during VM between
Figures 7 and 8, it is well visible that with C2, there was
a greater drop in pump speed (lower speed limit was
reached) than with C3. This lower speed resulted in turn
in lower pump flow and CO. Backflow through the pump
was higher with C2, thereby presumably increasing the
probability for blood damage and thrombus formation
due to blood recirculation and stagnation zones [4]. Fur-
thermore, the lower pump flow with C2 led to lower AoP.
Such low AoP may cause organ dysfunction and affect the
quality of life of the patient. Thus, C2 led to less physiolog-
ical hemodynamics compared to C3. With C1, the AoP sus-
tained in physiological limits, but suction occurred. These
outcomes show that the aggressiveness of a physiologi-
cal controller may be hard to be identified when aiming
to design an optimal controller. Additional algorithms to
monitor parallel cases of suction, backflow, low AoP and
adaptation of the response of the core physiological con-
troller seems to be required for a better performance of a
physiological controller.

During the PVCs with C3, the LVV dropped due to the
additional contraction of the heart and the shortened
diastolic phase. Thus, sudden speed changes occurred
(Figure 8). Disturbances of the measured signal can lead
to misdetection of the EDV with a beat-to-beat algorithm
and therefore, undesirable speed changes. Furthermore,
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such an extraction algorithm is considered to be more
complex thus increasing the sensitivity to measurement
noise, the probability for wrong feature extraction and
ultimately reducing the stability margins of the controller
in a clinical implementation. On the other hand, a moving
window algorithm is considered quite simple, robust and
independent of the HR of the native heart. However, the
lack of fast adaptation to short-time acute events can lead
to momentarily high flows during premature contractions
and intermittent suction events or strong maneuvers. Con-
sidering all these results, a trade-off is observed between
a fast response, which can more likely prevent overpump-
ing and underpumping and a slower response, which is
more robust. For a clinical implementation, robustness
should be the major goal.

One direct impact of physiological control could be
the avoidance of low-flow alarms, which occur frequently
in clinical practice. They directly affect the workload of the
clinical staff and thus increase treatment costs. Typical
everyday activities like coughing, bowel movement, heavy
lifting, sleep apnea or even deep breathing can affect ITP
and lead to abrupt blood flow changes. With physiological
control, the pump flow will be adapted to such activities
and the risks of overpumping and underpumping events
can be reduced drastically. The clinical routines for moni-
toring VAD-patients would need to be revised, as low-flows
will, hopefully, not constitute such a critical condition for
the patients any more. This can also contribute to reduce
the psychological stress of the patients and thus improve
their quality of life as well as the workload of the health
care professionals. However, the development of physio-
logical controller that can achieve all this positive impact
constitutes a multi-objective task. It seems that a very fast
suction prevention may result to non-physiological hemo-
dynamics, thus reducing the positive effect of a controller.
Therefore, the statement that a physiological controller is
superior to constant speed should be carefully stated and
the comparison between them should be based on realis-
tic, clinically frequent scenarios.

The development of a tVAD and its regulatory
approval require extensive in vivo testing. Because these
tests are expensive and ethically problematic, it is very
important to gain as much knowledge as possible from in
vitro tests. Therefore, it is important to test physiological
controllers against all possible patho-physiological events
that may occur and thereby influence the performance of
the controller. With our extended numerical model of the
human blood circulation, we propose an additional tool
for testing physiological controllers that can contribute
to boost the trust in in vitro testing and thus reduce the
amount required in in vivo trials.
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Abstract: The current article presents a novel physiologi-
cal feedback controller for turbodynamic ventricular assist
devices (tVADs). This controller is based on the recording
of the left ventricular (LV) pressure measured at the inlet
cannula of a tVAD thus requiring only one pressure sen-
sor. The LV systolic pressure (SP) is proposed as an indica-
tor to determine the varying perfusion requirements. The
algorithm to extract the SP from the pump inlet pressure
signal used for the controller to adjust the speed of the
tVAD shows robust behavior. Its performance was evalu-
ated on a hybrid mock circulation. The experiments with
changing perfusion requirements were compared with a
physiological circulation and a pathological one assisted

with a tVAD operated at constant speed. A sensitivity
analysis of the controller parameters was conducted to iden-
tify their limits and their influence on a circulation. The per-
formance of the proposed SP controller was evaluated for
various values of LV contractility, as well as for a simulated
pressure sensor drift. The response of a pathological circula-
tion assisted by a tVAD controlled by the introduced SP con-
troller matched the physiological circulation well, while over-
and underpumping events were eliminated. The controller
presented a robust performance during experiments with
simulated pressure sensor drift. Key Words: Ventricular
assist device—Physiological control—Left ventricular
systolic pressure—Pressure measurement.

The blood propulsion by the healthy heart pro-
vides all tissue of the human body with oxygen and
nutrients and removes waste products. The heart’s
hydraulic output is regulated by various interacting
mechanisms, which ensure that the perfusion meets
the continuously varying requirements (1). In case
of heart failure, the severe left ventricular (LV)
dysfunction impairs the cardiac contraction and
consequently reduces the cardiac output (CO).
Heart failure constitutes a common, costly, and
even fatal condition, mainly in developed countries
(2). The treatment of heart failure depends on the
severity of the disease (3). For severe heart failure,
heart transplantation remains the gold standard
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treatment. However, this treatment is limited by a
donor heart shortage and, therefore, the long-term
application of mechanical circulatory support sys-
tems has been increasing (4,5).

Ventricular assist devices (VADs) constitute
such a mechanical circulatory support system.
VADs are mechanical blood pumps, which support
the pumping function of the failing heart. Most
VADs are implanted in the LV and pump blood
into the aorta, in parallel to the remaining heart
(6). VAD technology has improved over the last
decades and nowadays, their performance in terms
of survival is comparable to that of heart transplanta-
tions (7). However, adverse events still occur at a high
rate (5) and require further technological improve-
ments in future systems. One limitation of today’s
VAD:s is their constant speed operation, which may
lead to over- and underpumping situations as the per-
fusion requirements change. Adverse events that are
presumably promoted by over- and underpumping
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are hemolysis and thromboembolic events due to suc-
tion, as well as right heart failure or lung edema
caused by volume or pressure overloading (8-10).
Consequently, the physiological adaptation of VADs
is a promising technological enhancement to improve
the outcome of the VAD therapy.

A variety of control strategies for VADs has
been developed to achieve physiological adaptation
(11). The two major challenges in the development
of a physiological controller are the selection of the
sensory feedback signal and the design of an algo-
rithm, which adjusts the pump speed based on this
measurement. Many controllers are based on pump
intrinsic signals, like the motor current, the pump
speed, or the heart rate (HR), which can be calcu-
lated from the motor current waveform (12-15).
Other physiological controllers based on either
measured or estimated flow (16-18), atrial pressure
(19), pump pressure head (20-22), end-diastolic
volume (EDV) (23), or end-diastolic pressure
(EDP) (24,25) have been developed, evaluated, and
published.

Most of them try to imitate the Frank-Starling
mechanism (1), which describes how the CO of a
healthy heart depends on after- and preload. In case
of a pathological heart, this mechanism is unable
to meet the perfusion requirements due to the
impaired functioning of the LV. Even though the
flow of a VAD also depends on the after- and pre-
load, its sensitivity differs greatly from the Frank—
Starling mechanism. The current paper presents a
novel physiological controller for turbodynamic
VADs (tVADs), which imitates the Frank-Starling
mechanism based on the measured pump inlet pres-
sure (PIP) using the systolic pressure (SP) of the
PIP signal as input to the controller. From here on,
we refer to it as SP controller.

The SP controller proved a physiological adapta-
tion of the tVAD’s speed during after- and preload
variations and followed the perfusion requirements
of a simulated patient well. The algorithmic steps
to extract the SP from the PIP and the adjustment
of the tVAD speed are presented. The relationship
between the LV SP and the LV filling as well as
the sensitivity of the SP controller’s parameters and
the influence of the LV contractility and the pres-
sure sensor drift were analyzed.

MATERIALS AND METHODS

Hybrid mock circulation

All experiments were conducted on the hybrid
mock circulation (HMC) presented in (26). The
HMC mimics the cardiovascular system by a

numerical model (27) that is connected to the tVAD
by a numerical-hydraulic interface. A nonimplantable
mixed-flow turbodynamic blood pump (Deltastream
DP2, Medos Medizintechnik AG, Stolberg, Germany)
that allows implementing various control approaches
substitutes the tVAD in order to conduct all the
experiments. Various pathophysiological scenarios
have been simulated to test physiological control algo-
rithms (23). Unstressed venous volume, arterial resis-
tance, LV contractility, and HR can be varied
independently. In order to imitate a pathological cir-
culation with the HMC, the contractility of the LV
was reduced and the HR was increased. The specific
settings for each experiment are described in the
Experiments section.

Systolic pressure as physiological index

In the following paragraphs, we analyze the pos-
sibility to use the SP as a measure for preload. For
this purpose, pressure-volume (PV) loops of a
physiological circulation, a pathological circulation
without tVAD support, and a pathological circula-
tion assisted by a tVAD operated at constant speed
were generated using the HMC. For each case, we
investigated the dependence of SP on the after-,
preload, and contractility. Figure 1 depicts all these
PV loops, which are qualitatively validated by
(28,29).

In a physiological circulation, the SP is mainly
determined by the afterload and by the contractility
of the LV (1). Afterload refers to the pressure or
the resistance against which the heart must work to
eject blood during systole. During isovolumetric con-
tractions, the intraventricular pressure increases until
the aortic valve opens and the ejection phase starts.
Additionally, the arterial compliance and resistance
as well as the resistance of the aortic valve influence
the SP. Figure 1A shows the dependence of the SP
on the afterload, whereby the SP increases as after-
load increases and decreases as afterload decreases,
respectively. Figure 1B shows that preload changes
affect the SP similarly to afterload changes. A pre-
load increase (EDV increase) results in an increase
of stroke volume (SV) and correspondingly CO,
resulting in an aortic pressure (AoP) increase and
consequently in an SP increase (28). A preload
reduction will have the opposite effects, that is,
decreased SV, CO, AoP, and SP. Figure 1C shows
the dependence of the SP on the contractility. A
contractility increase results in a small increase in
SP, while the EDV decreases, and vice versa.

Figure 1D-1F shows the PV loops of a pathological
circulation where the contractility of the simulated
heart was reduced, during after-, preload, and

Artif Organs, Vol. 40, No. 9, 2016
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FIG. 1. (A, D, G) show pressure-volume (PV) loops for five different afterload values. (B, E, H) show PV loops for five different pre-
load values. (C, F, 1) show PV loops for five different contractility values. (A, B, C) depict the PV loops of a physiological (Physiol.) cir-
culation; (D, E, F) depict the PV loops of a pathological (Pathol.) circulation; (G, H, 1) depict the PV loops of a pathological circulation
assisted with a constant speed tVAD. The systolic pressure (SP) and end-diastolic volume (EDV) values are measured and marked
for all PV loops. In the pathological circulation the left ventricular (LV) contractility is reduced and therefore, small changes of SP val-
ues are detected during increased after- and preload. The end-systolic and end-diastolic PV relationship curves are illustrated, as well
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alongside the ESPVR curves. The difference between the LV volume at end-diastolic pressure (EDP) and the LV volume at SP

(LVV(EDP) — LVV(SP)) is indicated by two dash-dotted vertical lines.

contractility variations. Due to the decreased contrac-
tility, the slope of the end-systolic-pressure-volume
relationship (ESPVR) curve decreased as well (28).
Thus, smaller intraventricular pressures for the same
after- and preload conditions are generated (Fig.
1D,1E) compared to the physiological circulation (Fig.
1A,1B). Additionally, during both after- and preload
increase, the heart is unable to further increase its
intraventricular pressure and the influence on the SP is
limited (Fig. 1D,1E). Figure 1D depicts this limitation
through the plateau area of the ESPVR curve (28).

Artif Organs, Vol. 40, No. 9, 2016

During contractility variations the pathological heart
responds similarly to the physiological, that is, the
SP decreases during a contractility decrease and
vice versa. Figure 1G-1I shows the same after-,
preload, and contractility variation experiments
conducted with a pathological circulation assisted
with a tVAD set at a constant speed, which yields
to 5 L/min at rest. In that case, the influence of all
variations on the shape of the PV loops is differ-
ent, because the continuous unloading of the LV
with the tVAD reduces the SV (28,29).
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FIG. 2. Structure of the SP controller. First, the systolic pressure (SP) is extracted and its difference from the reference systolic pres-
sure SP is calculated. Second, the resulting SP difference is multiplied by the proportional gain kg, of the controller and the product
is added to the reference speed of the controller in order to define the desired pump speed Nyes. The reference speed N and the
corresponding systolic pressure SP, are obtained during the patient specific calibration process.

The influence of afterload on the SP is still large;
however, the shape of the PV loops in Fig. 1G
shows that this is not a direct influence. Unlike the
PV loops in Fig. 1A, those in Fig. 1G show a great
variation of the EDV, that is, the LV filling. This
means that the afterload has a direct effect on the
filling of the LV, which in turn dictates the SP. This
effect can be explained by the reduced and almost
constant SV. Vertical lines in the panels B, E, and
H in Fig. 1 indicate the difference between the
EDV and the LV at maximum pressure. Clearly,
with a small SV this difference is also small under
tVAD support. In this case, as long as the filling is
below the indicated plateau area, the SP directly
depends on the LV filling and can therefore be
seen as a measure of preload. Figure 11 shows that
the contractility of the LV also influences the SP,
which can therefore not be viewed as contractility
independent.

We developed our controller according to the
behavior of SP during after- and preload variations.
The limitation of such a controller during contrac-
tility variations is addressed and discussed in the
Results and Discussion sections. The use of the SP
value as physiological index for a tVAD controller
requires that the PV loops of the LV remain below
the plateau area and above the suction area (as
depicted in Fig. 1G,1H). This requirement can be
fulfilled by using a physiological controller to regu-
late the pump speed. The following section presents
the algorithmic steps of such a controller.

Systolic pressure controller

We developed a controller for tVADs based on
SP to restore the physiological hemodynamics by
increasing the tVAD assistance to the LV when SP
increases and vice versa. The SP controller is a pro-
portional controller which adapts the pump speed
proportionally to the SP. The measured PIP is the
input to the controller and the desired pump speed
(Nges) is the output. Figure 2 shows the structure of

the SP controller. It consists of two parts: First, the
PIP is low-pass filtered with a first-order infinite
impulse response (IIR) filter. The maximum pres-
sure, that is, the SP, is detected within a fixed time
interval of 2 s to ensure that an SP value is detected
even for low heart rates. Second, the SP control
algorithm is executed according to

Ndes: ksp(SP_SPref) + Nref7

where kg, is the proportional gain (rpm/mm Hg),
SP.t is the SP obtained during calibration (mm Hg),
and N is the pump speed during calibration (rpm).
The controller linearly relates a signal that varies
with after- and preload variations (the SP) to the
pumping work by controlling the Ny, and thus imi-
tates the Frank-Starling mechanism.

For this study, the parameters N,; and SP,e; of
the SP controller were identified with the following
calibration process. First, we manually identified
the constant pump speed that yielded a desired CO
at rest. The chosen speed was saved as Ny and the
corresponding SP was saved as SPrr. The gain kg,
was not identified during the calibration process,
but defined by conducting an in vitro sensitivity
analysis, which is presented in the Experiments and
Results sections.

Experiments

Figure 3 depicts the prescribed variations of car-
diovascular parameters for our experiments. The
parameters for after- and preload variations corre-
spond to the variations presented in (23), with a wid-
er range of parameters. We additionally conducted
experiments with a varying contractility. Specifically,
we varied the HR, the unstressed venous volume,
the systemic vascular resistance, and the contractility
in order to represent the after-, preload, and con-
tractility variations. The experiments were designed
not to mimic a specific daily situation, but to allow
for an independent investigation of the effects of the

Artif Organs, Vol. 40, No. 9, 2016
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FIG. 3. Defined cardiovascular parameters for the after-, preload, and contractility variation experiments. During the preload variation
experiment, the systemic vascular resistance was controlled by the baroreflex; during the afterload variation experiment, the
unstressed venous volume was controlled by the CO autoregulation. The contractility was maintained at 34 or 100% for both varia-
tions. For the contractility variations experiments, both, systemic vascular resistance and unstressed venous volume were fixed at the
values attained in the resting condition (corresponding to 0 s < t<5 s of after- and preload variation).

after-, preload, and contractility variations on the
performance of the SP controller. In addition, the
focus of the experiments was on fast and wide-
ranging variations of cardiovascular parameters,
which are challenging for a desired physiological
VAD controller.

For each experiment, the HMC ran for 20 s with a
constant pump speed and fixed physiological param-
eters to allow the system to reach steady state at the
resting condition. Then, one of the experiments was
started. The duration of after- and preload variations
was 45 s. For the contractility variation experiment,
the duration was increased to 100 s to reach steady
state after each variation. During the experiments,
the LV pressure was continuously measured
(PN2009, IFM Electronic GmbH, Essen, Germany).
This measurement was given as an input to the SP
controller.

Table 1 lists the specific configurations used for
the experiments. We conducted four different
studies to evaluate these configurations. Each
study included the comparison of different config-
urations of Table 1 and experiments of Fig. 3.
Table 2 lists the studies conducted, as well as the
corresponding configurations tested, and the varia-
tions applied. Configurations C1-C7 and C10-C11
were evaluated under after-, preload, and contrac-
tility variations whereas C8 and C9 were only eval-
uated under after- and preload variations and the
contractility was held constant. Further investiga-
tions of the performance of the SP controller
included various configurations, which are listed in

Artif Organs, Vol. 40, No. 9, 2016

Table 2. All four studies, listed in Table 2, are
described below:

1. Baselines and nominal SP controller: Comparison
of the performance of a pathological circulation
assisted with the nominal SP controller (C3) with
the performances of a physiological circulation
(C1) and with a pathological circulation assisted
with a tVAD running at constant speed (C2). The
gain kg, was set to 40 rpm/mm Hg, and the
desired CO was chosen to be 5 L/min, which
yielded a reference speed Ny; of 4180 rpm during
calibration.

2. Sensitivity of the SP controller on the controller
parameters: The second study analyzes the perfor-
mance of the SP controller for different values for
the controller parameters. Particularly, the influ-
ence of the SP controller’s gain kg, and reference
speed Ny on the CO and the SP was investigat-
ed. The high and low values for the N were
chosen such that a CO of 5.5 and 4.5 L/min,
respectively, resulted at rest. The high and low
values for kg, were identified based on different
limits. The high gain was identified by gradually
increasing it, until strong CO oscillations were
observed during the experiments, which occurred
at kg, =220 rpm/mm Hg. The low gain was iden-
tified by gradually decreasing it, until the pump
operates close to suction (SP close to 0 mm Hg),
which occurred at kg, =10 rpm/mm Hg. Both
configurations C6 and C7 were compared to the
nominal SP controller C3.
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TABLE 1. Settings of the different experiment configurations

Predefined parameters

Variables obtained during

calibration process -
p Contractility

Controller Reference Reference during after-
Configuration  tVAD CO at rest gain kg, speed SP SPy¢ and preload Sensor drift
#) support (L/min) (rpm/mm Hg) Nyt (rpm) (mm Hg) variations (%) (mm Hg)
Cl — 5 — — — 100 —
C2 Constant speed 5 — 4180 — 34 —
C3 SP controller 5 40 4180 91 34 0
C4 SP controller 45 40 3750 102 34 0
G5 SP controller 5.5 40 4500 73 34 0
C6 SP controller 5 10 4180 91 34 0
C7 SP controller 5 220 4180 91 34 0
Cc8 SP controller 5.85 40 4180 118 60 0
9 SP controller 47 40 4180 32 10 0
C10 SP controller 5.28 40 4180 91 34 +15
Cl1 SP controller 4.87 40 4180 91 34 -15

CO, cardiac output; SP, systolic pressure; tVAD, turbodynamic ventricular assist device.

3. Sensitivity of the SP controller on the contractil-
ity: The third study investigated the influence of
various contractility conditions on the circulation
assisted with a tVAD controlled with the SP
controller, during after- and preload variations.
Both experiments were conducted for different
constant contractility values from 10 to 60%.
The RMS values with respect to the nominal SP
controller at a 34% contractility (C3) were
calculated.

4. Sensitivity of the SP controller on sensor drift:
The performance of the nominal SP controller
during all three variations was evaluated when
the pressure sensor is affected from drift. The
drift was simulated by adding or subtracting a
constant offset to the actual LV pressure mea-
surement. The maximum offset was =25 mm Hg.

RESULTS
Baselines and nominal SP controller

Figure 4 shows the result of the baselines and
SP controller performance. Three configurations

are compared: the physiological circulation (C1),
the pathological circulation assisted with a con-
stant speed tVAD (C2), and the pathological cir-
culation assisted with a tVAD controlled by the
SP controller (C3). The CO response of the circu-
lation supported by the SP-controlled tVAD is
similar to that of the physiological circulation. In
contrast, when the tVAD is operated at constant
speed, the CO response is attenuated and suction
events occur (at t>38 s during preload variation
and at 20 s<r<28 s during afterload variation).
When the contractility increases, the CO of Cl
and C2 remains almost constant, while it slightly
increases when the SP controller is applied. During
the contractility decrease, the CO of Cl decreases
while the EDP increases up to 12 mm Hg. With C3,
the CO decreases even more than with C1, while the
EDP increases up to 25 mm Hg. Study 1 in Tables 2
and 3 shows the CO RMS values of C2 and C3 con-
figurations with respect to C1. The CO RMS values
of C3 for after- and preload variation experiments
are closer to zero compared to C2, proving the more
physiological response of the pump when the SP

TABLE 2. List of conducted studies, tested configurations, and applied variations

Configurations Preload Afterload Contractility
Study Description tested variation variation variation
1 Baselines and nominal C1-C3 v v/ v/
SP controller
2A Sensitivity of the SP C3-C5 v v/ 4
2B controller on the C3, C6, C7 v v v
controller parameters
3 Sensitivity of the SP C8,CY 4 v/ X
controller on the contractility
4 Sensitivity of the SP C10-C11 4 v v/

controller on sensor drift

Artif Organs, Vol. 40, No. 9, 2016
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FIG. 4. Experimental results of study 1. After-, preload, and contractility variation experiments for the physiological circulation (C1),
the pathological circulation assisted with a constant speed tVAD (C2), and the pathological circulation assisted with a tVAD controlled
by the SP controller (C3). The resulting signals for pump speed, cardiac output (CO), systolic pressure (SP), and end-diastolic pres-

sure (EDP) are depicted.

controller is applied. However, the C2 configuration
presents better CO results (based on RMS values)
than the C3 during the contractility variations.

Figure 5 shows the PV loops of C3 during all
three experiments. The LV volume remains within
a physiological range and the SP varies according
to the LV filling in both after- and preload varia-
tion experiments. During the strong contractility
variations, this is not the case. Figure 6 depicts the
detection of the SP from the PIP signal during the
preload variation according to the detection algo-
rithm presented in the Materials and Methods sec-
tion. The SP value is reliably detected every 2 s. A
delay is introduced due to the filtering and the
fixed time interval used.

Sensitivity of the SP controller on the controller
parameters

Figure 7 shows a comparison of two configura-
tions with a different value for the reference speed
(C4 and C5) in comparison with the nominal SP
controller (C3) during the preload experiment. SP
signals show that no overpumping events (suction)
occurred in both cases despite the maladjustment

Artif Organs, Vol. 40, No. 9, 2016

of the reference speed. Figure 8 shows a compari-
son of two configurations with a different value for
the controller gain (C6 and C7) in comparison with
the nominal SP controller (C3) during the preload
experiment. With kg, =220 rpm/mm Hg (C7), CO
and pump speed oscillations occurred during the
preload increase, which indicates small stability
margins. In contrast, with kg, =10 rpm/mm Hg
(C6), the controller dictates small speed changes
only, which resulted in very low SP values during
the preload decrease at ¢>40 s, similar to the con-
stant speed operation of the tVAD (C2). The calcu-
lated RMS values for various reference speeds and
gain parameters with respect to the nominal SP
controller are listed in Tables 2 and 3. The CO
RMS values for the two reference speeds tested in
C6 and C7 do not differ much. However, we
observed more aortic valve flow when the reference
speed was low (C4). The speed, and in turn CO,
oscillations shown in Fig. 8 during the preload vari-
ation, were also observed during the afterload and
the contractility variation. However, they already
occurred at lower controller gains, namely at
kg = 140 rpm/mm Hg during the afterload variation
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TABLE 3. Calculated root mean square values for cardiac output in Liters/minute for all studies conducted, all after-,

preload, and contractility variations implemented and configurations evaluated. For study 1 the configurations are com-

pared with the physiological circulation (C1), whereas for studies 2A, 2B, 3, and 4 the configurations are compared with
the nominal SP controller (C3). All labeled configurations (e.g., C3) are also presented in Fig. 4

Baselines and nominal SP controller

Study 1 Physiological (C1) Constant speed (C2) Nominal SP controller (C3)
Afterload variation 0 0.86 029
Preload variation 0 1.61 0.58
Contractility variation 0 0.31 0.54
Reference Speed Ny (rpm)
Study 2A 3750 (C4) 4180 (C3) 4500 (C5)
Afterload variation 0.42 0 0.39
Preload variations 1.02 0 1.04
Contractility variation 0.64 0 0.82
Gain parameter kg, (rpm/mm Hg)
Study 2B 0 10 (C6) 20 40 (C3) 60 80 100 120 140 200 220 (C7)
Afterload variation 0.65 0.36 0.24 0 0.17 0.33 0.46 0.74 0.88 - -
Preload variation 1.24 1.05 0.55 0 0.28 0.61 0.47 0.86 0.81 0.88 1.08
Contractility variation 0.78 0.46 0.24 0 0.27 0.56 - - - - -
Contractility parameter (%)
Study 3 10 (C9) 15 20 25 30 35 40 45 50 55 60 (C8)
Afterload variation 0.39 0.33 021 021 0.12 0.06 0.14 022 0.28 0.35 0.40
Preload variation 1.1 0.88 0.64 0.36 023 0.18 0.31 0.64 0.93 1.19 1.46
Contractility variation - - - - - - - - - - -
Pressure sensor drift (mm Hg)
Study 4 =25 =20 —15 (C10) -10 -5 0(C3) 5 10 15 (C11) 20 25
Afterload variation 0.61 0.39 0.35 023 0.14 0 0.12 0.20 0.24 0.30 0.33
Preload variation 1.38 1 0.64 0.38 0.16 0 0.34 0.47 0.67 0.78 0.93
Contractility variation 0.70 0.59 0.47 0.33 0.23 0 0.10 024 0.36 0.49 0.53
Afterload variation Preload variation Contractility variation
—~ i i i e // P -
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FIG. 5. Pressure-volume loops during after-, preload, and contractility variation experiments for the pathological circulation assisted
with a tVAD controlled by the SP controller (C3). The dashed lines indicate the end-systolic and end-diastolic pressure-volume rela-
tionship curves for different contractility values, which are indicated in percent of the physiological contractility.
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FIG. 6. The pump inlet pressure (PIP) and the extracted systol-
ic pressure (SP) during the preload variation experiment.

and at kg, =80 rpm/mm Hg during the contractility
variation. Suction only occurred at controller gain val-
ues below 10 rpm/mm Hg.

Sensitivity of the SP controller on the contractility

Figure 9 shows the influence of the contractility
on the performance of the nominal SP controller
during the preload variation. The contractility is
increased from 34% (C3) to 60% (C8) (e.g.,

Preload variation
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FIG. 7. Sensitivity analysis of the SP controller reference speed
Nt (C4, C5) in comparison with the nominal SP controller
(C3).
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FIG. 8. Sensitivity analysis of the SP controller gain ks, (C6,
C7) in comparison with the nominal SP controller (C3).

myocardial recovery) and decreases from 34% (C3)
to 10% (C9) (e.g., progressive heart failure). The
contractility increase (C8) led to an increase of the
CO up to nearly 10 L/min during the preload
increase, which even exceeded the CO of the physi-
ological circulation (Fig. 4, CO panel of preload
variation). The contractility decrease (C9) led to a
reduced CO during the preload increase. Further-
more, the pump was operating close to suction
(minimum SP=35 mm Hg at 1>40 s) during the
preload decrease. The CO RMS values of all con-
tractility values tested for both after- and preload
variations are listed in Tables 2 and 3 (study 3).
The contractility variations mainly influenced the
performance of the nominal SP controller during the
preload variations. Suction events (LV pressure <0
mm Hg) did not occur for any tested contractility
value during both experiments.

Sensitivity of the SP controller on pressure sensor
drift

Figure 10 shows the effect of a sensor drift on
the CO and the SP during the preload variation.
The sensor drift is implemented by a constant offset
in the LV pressure measurement. An offset of
+15 mm Hg, only has a small effect on the result-
ing CO. And even with =25 mm Hg, no suction
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FIG. 9. Influence of contractility increase and decrease on the
performance of the SP controller. The figure shows how CO
and SP change when the contractility of a specific pathological
LV increases (C8) or decreases (C9).

events occurred. Study 4 in Tables 2 and 3 lists the
calculated CO RMS values for various values for
the sensor drift with respect the values obtained
with 0 mm Hg offset. A drift of —25 mm Hg led to
a CO RMS value greater than 1 L/min.

DISCUSSION

A tVAD operated at constant speed is able to
restore the hemodynamics of a patient suffering
from severe heart failure to a physiological range.
However, variations of the physiological require-
ments can lead to over- or underpumping. Figure 4
shows that the SP controller is able to avoid such
events and yield a physiological adaptation of the
CO. The performance of the SP controller is based
on the strong dependence of the SP on after- and
preload, when a tVAD assists a pathological circu-
lation. During contractility variations, the SP con-
troller (C3) behaved similarly to the physiological
circulation (C1), with respect to CO changes, but
more aggressively, that is, greater CO changes were
observed when the contractility was changed.

We can categorize most published physiological
controllers in three groups, according to their

Preload variation
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m=== (C3: 0 mm Hg sensor drift
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= = ClI1: -15 mm Hg sensor drift

FIG. 10. Influence of sensor drift on the performance of the SP
controller. The figure shows how CO and SP change when the
measurement of the pressure sensor is affected by a drift of
+15 mm Hg.

concept. The first group consists of controllers that
are directly based on preload (23,25,34), that is,
they use a measure of preload as the input to the
controller, for instance EDV, EDP, or left atrial
pressure (LAP). These controllers are independent
of the contractility. The second group consists of
controllers which rely on an estimate of preload
(18,20,35), for instance the pump flow or pressure
pulsatility. These algorithms depend on preload as
well as contractility but they also aim at imitating
the response of the native heart, that is, the Frank—
Starling mechanism. The third group consists of
controllers, which aim at maintaining the perfusion
in a physiological range (21,24,30-32,36-38) for
instance through measurements of mean arterial
pressure, EDP, pump flow, or pump pressure dif-
ference. The SP controller can be assigned to the
second group, as the SP, just like most pulsatility
indices, depends on preload as well as contractility.

In (39), the authors evaluated various physiologi-
cal controllers from these three groups in vitro.
Their results show that among the pressure control-
lers, those based on EDP present the best physio-
logical performance (24,25). The performance of
the pump-flow-pulsatility-based controller (18) is
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slightly inferior, but still good (25,39). The SP con-
troller is based on the estimation of the preload
condition of the LV and therefore, it lacks preload
sensitivity compared to direct preload-based con-
trollers (23-25).

However, the novelty of the SP controller has a
few advantages over most other controllers. First,
only one pressure sensor at the inlet cannula of the
pump is required in order to implement the con-
troller, while the other pressure-based controllers
require an additional sensor to measure either the
pump flow (25) or the pressure at the outlet of
the pump (aortic pressure) (20,21,24,30-32). Thus,
the SP controller keeps the complexity of the sys-
tem low. Second, sensor drift constitutes a major
problem of implantable pressure sensors (33) and
the SP controller is very robust toward this drift.
Figure 5 shows that SP undergoes large variations
(55-110 mm Hg) during after- and preload varia-
tions and therefore the influence of noise and sen-
sor drift on the performance of the SP controller is
small. Figure 10 and Table 2 (study 4) justify this
statement by showing the influence of the sensor
drift on the CO. In contrast, EDP undergoes
small variations during after- and preload variations
(Fig. 4), which makes it quite sensitive when sensor
noise or drift are present. Third, the SP is the maxi-
mum value of the LV pressure signal, which is,
compared to EDP, easier to extract.

The SP controller is simple in structure. It has
only three parameters to be defined: the reference
speed N, the reference SP SPy; and the gain k.
The reference speed can be adjusted in the same
way as it is done in current clinical practice (40).
For the SP controller, the physician will adjust an
initial pump speed according to his or her clinical
guidelines. For every tVAD, the N, will be differ-
ent and based on the pressure-speed—flow charac-
teristics. After choosing the reference speed, the
SP. is automatically extracted, stored, and used in
the control algorithm. Figure 7 shows that the per-
formance of the SP controller when controlling the
DP2 can be influenced by setting different refer-
ence speeds. For the DP2, a range of the Ny
between 3500 and 4500 rpm results in a good physi-
ological performance without suction events.

In our study, we proposed a value of
40 rpm/mm Hg for the gain, which represents a
physiological performance and large stability mar-
gins. Table 2 and study 2B show that within a gain
range from 20 to 60 rpm/mm Hg the CO RMS val-
ue for all experiments is lower than 0.55 L/min and
suction can be prevented. This gain and its margins
would need to be redefined, when the SP controller

Artif Organs, Vol. 40, No. 9, 2016

is implemented on a clinically used tVAD. Howev-
er, contractility variation study (study 3) showed
that in case of a very low contractility (below 10%,
i.e., ejection fraction <10%) the SP controller with
a gain of 40 rpm/mm Hg will be unable to change
the tVAD speed sufficiently and suction events
may occur.

The occurrence of suction due to contractility
variations could be avoided with a separate suction
detection algorithm (22), which runs in parallel
with the SP controller. Suction events are detected
by such an algorithm and a separate algorithm to
release suction is activated. A suction detection
could also be implemented for a constant speed
tVAD. However, the lack of physiological adapta-
tion would still be present.

The parameter kg, represents the gain from the
SP to the pump speed. Due to the small stroke vol-
ume of tVAD supported patients, the contractility
can be regarded as the gain from EDV to SP,
defined by the slope of the ESPVR. The overall
gain from EDV to pump speed is therefore the
multiplication of kg, and the contractility. For the
overall gain from EDV to pump speed to be
approximately constant, large variations of the con-
tractility therefore require an adaptation of K.
Methods to assess the contractility or detect con-
tractility variations based on pump flow or LV
pressure have been proposed (41-43), which could
also be implemented in the SP controller to detect
contractility changes or even to automatically
adapt k. However, such an adaptation requires a
thorough investigation, which is not in the scope
of the current paper.

During an isolated acute contractility decrease,
the SP controller decreased the pump speed caus-
ing a reduced pump support to the native heart,
which in turn led to a strong increase in EDP (Fig.
4). The EDP increased due to the blood accumula-
tion in the pulmonary circulation ultimately leading
to a condition of decompensated heart failure. Such
a response of the SP controller is regarded as unde-
sirable and constitutes a limitation of the controller.
However, changes in contractility are typically
related to changes in after- and preload. The
Frank-Starling mechanism and Anrep effect (28)
(contractility increase following an afterload
increase) are known manifestations of this interde-
pendence and constitute parts of the compensatory
mechanisms of the heart.

The systolic dysfunction seen in the dilated car-
diomyopathies constitutes a result of reduced con-
tractility. Genetic or acquired pathophysiological
and biochemical disorders, such as ischemia, toxins,
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inflammation, infection, and tachycardia can lead
to an acute or chronic reduction of contractility and
heart failure. All these causes of decreased contrac-
tility can theoretically cause either a net reduction
in the preoperative myocardial contractility or a
relative reduction of the increased post-LVAD con-
tractility, compromising the unloading of the LV.
In our study, we investigated the response of the
SP controller against acute complications (Fig. 4
and Table 3), which could cause an abrupt
decrease, like acute ischemia, inflammation (septic
heart), or tachycardia. Such cases are life threaten-
ing and must be treated in the hospital anyway and,
therefore, not through the response of the SP
controller.

In a possible clinical implementation, the SP con-
troller must perform properly during all clinical
conditions. Arrhythmic events, such as premature
ventricular contractions (44), are frequently
observed in VAD patients. Furthermore, acute and
strong variations in their LV pressure due to
breathing or strain events may occur during their
daily life. The performance of the SP controller has
been investigated under such conditions and none
of the aforementioned conditions caused a problem
for the SP controller. Suction events were avoided
and a physiological CO response was observed.

In this study, we do not address the lack of a
pressure sensor at the inlet of the clinically used
tVADs. A biocompatible, durable, and accurate
blood pressure sensor has not yet been developed
but is likely to be realized in the near future
(33,45-47). Furthermore, the first implantable
blood pressure sensor was approved by the Food
and Drug Administration (FDA) after a premarket
approval application (PMA) in 2014 (48). This
pressure sensor developed by St. Jude Medical,
named CardioMEMS HF System aims at monitor-
ing the pressure of the pulmonary artery in heart
failure patients and includes a method to recali-
brate the pressure measurement in case of sensor
drift. In addition, several groups have recently
focused on the development of physiological con-
trollers for tVADs based on pressure measure-
ments (25,34,49).

The goal of the current study is to present the
structure of a new physiological controller for
tVADs. The controller was evaluated in vitro and
it showed promising improvements over the con-
stant speed operation of the tVAD. Acute in vivo
experiments have recently been conducted using
the exact structure of the nominal SP controller
(C3) in order to further evaluate its performance
and improve upon its limitations. However, the

results of these experiments are not in the scope of
the current paper.

CONCLUSION

The systolic pressure controller enables a physio-
logical adaptation of the speed of a turbodynamic
ventricular assist device to the perfusion require-
ments of a patient. The desired speed for the
tVAD is generated based on a measurement of the
pump inlet pressure. In vitro, a mimicked patholog-
ical circulation assisted with a tVAD controlled by
the SP controller performed similarly to a physio-
logical circulation with respect to the cardiac out-
put. At the same time, over- and underpumping
were eliminated. Physiological control is believed
to improve the quality of life of tVAD patients and
to reduce adverse event rates by providing appro-
priate perfusion of the organs. Therefore, the SP
controller will in the future promote the tVAD
treatment as a viable alternative to heart
transplantation.
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Abstract

To date, only invasive monitoring methods are available for continuous monitoring of the volume
status of heart failure (HF) patients. The literature suggests that left ventricular (LV) volume status can
in part be deduced from the electrocardiogram in healthy individuals in the experimental setting. The
aim of this study was to evaluate if short-term changes in cardiac preload can be deduced from the
QRS amplitude in advanced HF patients. We examined 19 non-decompensated advanced HF patients,
listed for heart transplantation or in the process of evaluation for advanced HF treatment, during a leg

raising maneuver. Electrocardiac (leads I, IT, and V6) data was collected continuously in all patients
along with preload indicators available in every specific patient: central venous pressure (n = 11),
pulmonary arterial pressure (n = 9), pulmonary wedge pressure (n = 9), mitral inflow Doppler wave
velocity (E- wave) (n = 17),and LV volume (n = 7). During leg raising, the increase of cardiac
preload was significant with an increase in the E wave of0.09 ms ' (p = 0.029), but a change in LV
volume or the QRS amplitude was not observed. In patients with a Swan-Ganz catheter, however, a
statistically significant negative correlation between the mean pulmonary arterial pressure and the
QRS amplitude in V6 and IT was found with correlation coefficient (R) and 95% confidence intervals
of R = —0.28 (—0.49, —0.04) and R = —0.29 (—0.50, —0.05), respectively. Although the identified
correlation is not very strong, the findings of this study in advanced HF patients are in accordance with
experimental data recorded in healthy individuals. The findings support the further investigation in
settings where greater, acute LV volume changes are probable, such as in HF patients with mechanical

circulatory support.

1. Introduction

Hemodynamic monitoring forms the basis of clinical
decision-making in patients with cardiovascular dis-
ease. Cardiac preload is defined as the stretching of the
cardiomyocytes directly before contraction and influ-
ences the cardiac output, according to the Frank-
Starling law (Sequeira and van der Velden 2015). In
the clinical setting, it is equivalent to either left
ventricular (LV) end-diastolic volume or pressure.
Therapeutic interventions, such as diuretic therapy,
aim at optimizing cardiac preload, as a means of

augmenting cardiac output and relieving symptoms.
Goal directed therapy (Dellinger et al 2013, Stephens
and Whitman 2015, Chong 2018) stresses the signifi-
cance of hemodynamic monitoring; Interventions on
fluid management should be based on objective,
reliable and preferably continuous parameters in
patients with critical conditions, such as sepsis,
cardiogenic shock or after cardiac surgery (Osawa et al
2015, Levy et al 2018). Current clinical methods, used
in the in-patient setting, typically evaluate preload at
one specific point in time or with invasive measure-
ments only (Fischer etal 2013, Bednarczyk et al 2017).
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Invasive methods provide continuous hemody-
namic data such as central venous pressure (CVP),
pulmonary capillary wedge pressure (PCWP), pul-
monary arterial pressure (PAP), or respiratory arterial
pulse pressure variations. Unavoidably, the pressure
catheter needs to be inserted invasively before the
investigation via central veins or in arteries. Recent
examples include the measurement of the PAP with
the implantable pressure sensor CardioMEMS™ HF
System (Abbott, Atlanta, GA, USA) (Magalski et al
2002). Patients whose treatment was based on data
provided from CardioMEMS had lower re-hospitali-
zation rates (Abraham et al 2011). Furthermore, con-
tinuous echocardiographic LV volume measurement
has become available through a miniaturized transeso-
phageal probe (Begot et al 2015).

Non-invasive methods are well established, but
provide mostly non-continuous data, and thus, are
limited in their usefulness for continuous monitoring.
Among them are transthoracic or intermittent echo-
cardiographic measurements of the end-diastolic LV
volume or the diameter of the inferior vena cava
(Yavasi et al 2014). Bio-impedance spectroscopy is
non-invasively measured on the body surface, pro-
vides a continuous measurement, and hence is a pro-
mising candidate for the monitoring of volume status
in heart failure (Weyer et al 2014, Saporito et al 2017).
Its clinical utility remains limited, since the measure-
ment method is not widely available in clinics
and practices. On the contrary, the measurement
of the thoracic impedance through pacemaker (PM)
leads (OptiVol—Medtronic, Minneapolis, MN, USA)
(Porterfield et al 2011) has been used as a remote
monitoring parameter in heart failure (HF), but it
requires the implantation of a device. Clinical studies
have investigated automated data-driven monitoring
techniques based on existing non-invasive hemody-
namic parameters, which have yet to be widely applied
(Vakily et al 2017). A clinically available method for
non-invasive, continuous measurement of the volume
status remains to become established.

The QRS amplitude has been previously investi-
gated as a monitoring parameter for the long-term
course of heart failure (HF) (Madias 2007) and trans-
plantation (Eubel et al 2001), which is associated with
but not limited to changes in volume status. A physics-
based relationship between the QRS amplitude of the
electrocardiogram (ECG) and the LV end-diastolic
volume was first proposed in the 1950s by Brody et al
(Brody 1956). Previous experimental studies in heal-
thy animals and healthy humans have found contra-
dicting results. Some studies suggest a correlation
between the LV volume and the amplitude of the QRS
complex or of the R-wave (Ishikawa et al 1979,
Ishikawa et al1983, Feldman et al 1985, Vitolo et al
1987, Vancheri and Barberi 1989); others could not
confirm the correlation (Caiani et al 2013). Further,
the directionality of the correlations was negative in
some cases (Ishikawa et al 1979, Ishikawa et al 1983,
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Vitolo et al 1987, Vancheri and Barberi 1989, Giraud
et al 2013, Fresiello et al 2014) and positive in others
(Feldman et al 1985). In all studies, the relationship has
only been assessed in the short term and within subject; as
the Brody effect appears to be based on a physical rather
than physiological effect. The limited reproducibility of
these results raises questions regarding the impact of
confounders such as the position and movement of the
heart in the thorax, the respiratory artefacts, the overall
thoracic impedance, and the hematocrit.

The Brody effect has yet to be measured and eval-
uated in advanced HF patients. Advanced HF patients
have altered hemodynamics compared to healthy
individuals: LV and intravascular volume, myocardial
contractility, and electrophysiological characteristics,
e.g. paced rhythm. If the physics-based relationship
described was confirmed in advanced HF patients in
the acute setting, the relationship found could aid the
continuous assessment of the volume status. The ECG
is most widely available in the in-patient setting of
every hospital as well as in most practices, while the
recent integration in wearable accessories presents
with future possibilities (Turakhia et al 2019). Data-
driven algorithms, as described before (Meyer et al
2018), currently portray little understanding on which
data is used for the prediction. The integration of the
correlation between the volume status and the QRS
amplitude has the potential to augment the efficacy of
these automated surveillance systems.

This study investigated the relationship between
acute changes in cardiac preload and the QRS ampl-
itude measured with surface ECG in advanced HF
patients, listed for heart transplantation or in the pro-
cess of evaluation for advanced heart failure treatment.
A passive leg raising (PLR) maneuver was performed
in a group of advanced HF patients, during which elec-
trocardiographic (ECG leads I, II and V6), hemody-
namic and respiratory data were recorded. The
maneuver was intended to provoke a volume shift
from the lower half of the body into the thorax, there-
fore causing an increase in cardiac preload. Positive
results would support the introduction of this para-
meter as a monitoring modality for the volume status
of HF patients. This study is the first to show a sig-
nificant correlation between cardiac preload as expres-
sed through mean pulmonary arterial pressure
(mPAP) and QRS amplitude from the surface ECG in
nine HF patients.

2.Methods

2.1. Study design and population

The present study is a prospective, single-center
clinical study involving 19 advanced HF patients. The
study was approved by the ethics committee of the
Charité Universtititsmedizin Berlin, Germany (EA2/
092/17) and informed consent was given by all
participants. Patients were enrolled while presenting
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Table 1. The three phases of the experiment.
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Phase Legangle Duration
‘ 0 Neutral, supine position 0° 4—6 min
v 1 Passive leg raising 45° 3—6 min
u 2 Neutral, supine position 0° 3—5min

with non-decompensated advanced HF in the German
Heart Center Berlin (DHZB). All patients were either
in the evaluation process for heart transplantation and
left ventricular assist device (LVAD) implantation, or
already on the waiting list for a heart transplantation.
Independent of the present study, in some patients a
Swan-Ganz catheter (PAC) (Edwards Lifesciences
Corporation, Irvine, CA, USA) was placed as part of
the evaluation procedure such that its recordings were
included in the study. A PAC is a soft catheter with an
expandable balloon tip, placed in the pulmonary artery
through the right heart and used for measuring
pressures continuously in the right atrium and the
pulmonary artery. The pulmonary capillary wedge
pressure (PCWP), regularly used as an equivalent to
the LV filling pressure is measured intermittently.

The experiment consisted of an adapted form of
passive leg raising (PLR). The PLR is a positioning
maneuver for autotransfusion, intended to provoke a
volume shift from the lower half of the body into the
thorax. As long as the right ventricle can adapt to the
increased preload, the LV volume increases. Depend-
ing on the volume status of the patient’s venous reser-
voir a shift of 150-450 ml of blood can be achieved
(Monnet and Teboul 2015). As described by Pozzoli
et al (Pozzoli et al 1997), a significant increase in LV
volume in HF patients is possible by the PLR. The PLR
was adapted slightly from its original form, with the
intention of minimizing the relative movement of the
heart in the thorax, bearing in mind the risk of being
less effective in terms of volume displacement from
the lower half of the body to the thorax. Traditionally
the PLR is performed with a tilt of the patients’ bed, so
that the lower half of the body including the abdomen
can be elevated in regard to the upper half. In our
study, only the legs of the patients were raised and
were placed on pillows. The main benefit of PLR is that
it keeps the overall volume status and the blood com-
position constant, compared to previous studies of the
QRS amplitude during hemodialysis (Ishikawa et al
1979, Vitolo et al 1987), hemorrage (Giraud et al 2013)
or visits to the sauna (Ishikawa et al 1983).

The study design had three phases (table 1). In
Phase 0, the patients laid on the patient bed on their
back with a slight tilt to the left side in order to optim-
ize echocardiographic conditions. The upper body was
elevated from the horizontal position (~30°) during

the entire study. In Phase 1, only the lower extremities
of the patients were raised by 45°, allowing the thorax
and abdomen to stay in a stable position. In Phase 2,
the lower extremities of the patients were returned to
the initial position. Data recording was synchronized
over the three phases between all devices. In every
phase, three datasets were collected with a total of nine
measurements for most parameters (continuously
recorded parameters and LV volume data). The goal
was to complete all three sets of measurements and
achieve steady state by the last measurement of each
phase. Therefore, the examiner aimed for a total dura-
tion of five minutes per phase. Considering the hemo-
dynamic stability and well-being of the patient, slight
differences in the exact duration of the phases occur-
red, with a duration range among the patients as
reported in table 1.

2.2. Data acquisition

2.2.1. Echocardiography

The echocardiographic recordings of the LV end-
diastolic volume (n = 7) were performed transthor-
acically in the 4-chamber and 2-chamber view. During
collection of the echocardiographic data, the upper
body of the patients remained stable. At the end of
each phase, the following additional data was collected
(n = 17): distance between the LV apex and the
thoracic body surface (Feldman et al 1985) as an
indicator of the stable position of the heart relative to
the thorax; the ratio of peak velocity blood flow over
the mitral valve in early diastole (E wave) to peak
velocity flow in late diastole (E/A ratio); and the ratio
of the E wave to the wall velocity at the lateral mitral
valve annulus (E/E’) as an indicator of mitral flow and
LV filling. An additional optimized 4-chamber view
for the right ventricle was recorded at the end of
each phase for the measurement of the right ventricu-
lar end-diastolic diameters (RVEDD,;, RVEDD,).
Further, we measured the diameter of the inferior vena
cava (VCI) during normal breathing at the end of each
phase. The echocardiographic recordings were taken
with a Vivid S70 ultrasound device (GE Healthcare,
Milwaukee, WI, USA). Maintaining a constant echo-
cardiographic axis and thorax position in all phases of
the study was favored over the echocardiographic data
quality. The measurements were conducted by a

3
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second examiner using IntelliSpace Cardiovascular 2.2
(Philips Medical Systems, Best, The Netherlands).

2.2.2. Electrocardiography

Continuous ECG of the leads V6, I and I was recorded
during all phases at a frequency of 300Hz at a
resolution of 1 V. A 10-lead ECG was placed at
standard locations on the patient’s thorax. The periph-
eral leads of the lower extremities were placed on the
lower thorax in order to reduce movement artefacts,
which could arise during PLR. All continuous data was
acquired using a GE Patient monitor B850 (GE
Healthcare, Milwaukee, W1, USA), which was con-
nected to a laptop via USB. The signals were recorded
with two simultaneously running versions of Collect
(Datex-Ohmeda, S/5 Collect-System, GE Healthcare,
Milwaukee, WI, USA). The number of recordable
ECG leads was restrained to three by the data
transmission rate of the hardware connection between
monitor and laptop. The normal QRS axis in healthy
individuals is between —30° and +90° generating large
positive QRS amplitudes in Leads I (0°) and II (60°)
(Surawicz and Knilans 2008); these two leads have also
been successfully used in previous studies regarding
changes in the QRS amplitude (Vancheri and Barberi
1989, Madias 2007, Kataoka and Madias 2011). We
chose these two leads, as it was impossible to anticipate
the incidence of axis deviations and bundle branch
blocks in our cohort of mostly paced HF patients. Lead
V6 was chosen as the third lead, because the QRS
amplitude in the precordial leads is more influenced
by the relative movement of the LV wall to the thorax
(Feldman et al 1985), and because of the proximity of
V6 to the cardiac apex.

Relative thoracic impedance (AZ) was derived by
the GE monitor using both electrodes of Lead II and
the signal was sampled at 25 Hz. The heart rate (HR)
was computed by the GE module every 10 s. Addition-
ally to the surface ECG, print-outs of the ECG recor-
ded by the PM leads were obtained in each phase for all
patients with such a device. The printouts typically fea-
tured 9-10 QRS complexes, which were manually
measured to obtain the intra-thoracic QRS amplitude
collected from the leads of the implanted PM devices
(Medtronic, Minneapolis, MN, USA; BIOTRONIK
GmbH & Co. KG, Erlangen, Germany).

2.2.3. Hemodynamic and respiratory data

Hemodynamic and respiratory data was acquired
continuously from a PAC, if applicable (n = 9), and
from a respiratory module (E-sCOVX-Modul, GE
Healthcare, Milwaukee, WI, USA) for all patients
(n = 17). Patients were asked to breathe through the
mouthpiece of the respiratory module during the
entire experiment. Tidal volume (TV,,) was acquired
at 0.1 Hz, while the concentration of carbon dioxide
(CO,) was recorded at 100 Hz. The availability of a
PAC was independent of the study and the PAC was
inserted prior to the study in patients who required it
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as part of the (re-)evaluation process for heart
transplantation. The reference pressure was measured
at constant chest height, which was not altered
between the phases. The PAC obtained systolic (sPAP),
diastolic (dPAP) and mean pulmonary arterial pres-
sure (mPAP), and central venous pressure (CVP) by
measuring continuously at 0.1 Hz. PCWP was
obtained once, at the end of each phase. Manual blood
pressure (BP,,,.q) values were obtained in every phase
with a cuff attached to the left upper arm.

2.3. Data processing

Time-series data of the continuous recordings were
post-processed semi-automatically with MATLAB
(R2018a, The Mathworks Inc., Natick, MA, USA). The
beat-wise QRS amplitude was derived from the peak
maxima and peak minima of the QRS complex. If
either maxima or minima was undefined, its value was
replaced by the value of the isoelectric line. The
detection of the QRS amplitude for each patient was
verified by a clinical practitioner in one heart-beat and
subsequently repeated automatically for the remaining
heartbeats. Figure 1 shows two examples for QRS
amplitude detection in a patient with and a patient
without PM. Beat-wise QRS amplitudes were subse-
quently averaged over 10s. The thoracic impedance
signal was filtered with a Gauss filter of the 6th order
and a cut-off frequency of 0.05 Hz. All other contin-
uous data such as CO,, HR and hemodynamic
parameters were averaged over 10s, provided their
sampling frequency exceeded 0.1 Hz.

2.4. Statistical analysis

All statistical analyses were conducted with R, Version
3.3.1 (R Core Team 2016. R: A language and environ-
ment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria). Categorical
variables are presented as numbers and percentages, and
continuous variables as median and interquartile range
(IQR) unless otherwise stated. Differences between two
independent groups were examined by the x2-test and
Fisher’s exact test for categorical variable, and by the
Mann-Whitney U test for continuous variables. The
Friedman test was used for differences among the three
phases (Phase 0, 1 and 2). The correlation between
mPAP and QRS amplitude was analyzed by means of
repeated measures correlation (Bakdash and Marusich
2017) per individual for each phase and tested against
the null-hypothesis of the slope being zero. All tests are
two-sided and explorative in nature. Therefore, p-values
were not adjusted for multiple testing and were
considered significant at p-value < 0.05.

3. Results

3.1. Patient characteristics
Nineteen advanced HF patients in the process or
already being listed for heart transplantation were

4
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Figure 1. Extraction of the beat-wise QRS amplitude in (a) native heart rhythm and (b) paced heart rhythm. In (a) the QRS amplitude
was derived from the peak maxima (circle) and peak minima (cross) of the QRS complex and in (b) between the peak minima (cross)
and the isoelectric line (double circle). (c) Example of continuously collected data (unbroken) over a time period of 20 s. The average
value for relative impedance (AZ) is shown (dashed). ECG: electrocardiogram leads I, ITand V6, C0,: carbon dioxide.

Patient completed study
(n=19)

QRS-complex evaluation
not applicable

(=1

| Patients with complete set of continuous data
(n=18)

| |

Patients with good Patients with

Patients with Patients with Patients with

measurements of measurements of measurements of LV volume measurements of
mPAP (n=9) E-wave (n=17) PCWP (n=9) measurements CVP(n=11)
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Figure 2. Study flow chart regarding the availability of data for each patient. Nineteen patients were enrolled in the study. One patient
was excluded due to a change in the QRS morphology during the experiment. Nine patients had a Swan-Ganz catheter during the
experiment. mPAP: mean pulmonary arterial pressure, E-wave: peak velocity blood flow over the mitral valve in early diastole, PCWP:
pulmonary capillary wedge pressure, LV: left ventricular, CVP: central venous pressure.

included in this study. One patient had to be excluded
from the analysis because of a sudden change in the
heart rhythm during the experiment. A PAC was
available in nine of the remaining 18 patients. LV
volume data from seven patients was incorporated
into the analysis (figure 2), considering the limited
quality of the echocardiographic data in the other
cases.

Table 2 lists the most relevant demographics. Fif-
teen patients were male and four female. Their median
and interquartile range age was 53 [43, 60] years. All

patients had dilated cardiomyopathy, in 26% of
ischemic etiology. The majority of the patients had a
normal to mildly reduced right heart ejection fraction
(49%). In 68% of the patients, the rhythm was trig-
gered by a pacemaker.

3.2. Preload

An increase in all pressure measurements, as well as
the mitral inflow (E wave) was observed during PLR
(see table 3), while the geometric echocardiographic
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Table 2. Patient characteristics: demographics, heart failure and electrocardiogram (ECG). Assessments in percentage (%) with respect to all

19 patients. We depict median and interquartile range.

Patient characteristics

Demographics
Sex (number) Female 4
Male 15
Age(y) 5343, 60]
BMI (kg m %) 28.1[25,31.2]
Heart failure
Etiology
Dilated cardiomyopathy (%)
Idiopathic 36.8
Inflammatory 31.6
Toxic 5.3
Ischemic cardiomyopathy (%) 26.3
RVEF (%)
Normal 47
Mildly reduced 42
Moderately reduced 11
Pro- BNP (ng ml™") 2060 [855,3659]
Creatinine (mg dl™") 1.2[0.9,1.45)
Hematocrit (%) 42.9[40.9, 46.8]
Beta-blocker (%) 78.9
Amiodarone (%) 52.6
ECG
Pacemaker triggered rhythm (number) 12
Biventricular pacing 11
Atrial sensing and univentricular pacing 1

BMI: Body mass index, NYHA: New York Heart Failure Association, RVEF: right ventricular ejection fraction, CRT: cardiac

resynchronization therapy.

Table 3. Effect of the passive leg raising (PLR) on all collected preload indices. Statistically significant changes in mPAP, CVP, PCWP, E

Wave, E/A and E/E‘. We depict median and interquartile ranges.

Phase 1

Phase 0 Phase 2

N Panl Po1 P12 Po2
Swan-Ganz catheter
mPAP (mmHg) 10 30.3[16.4,35.8] 32.8[20.9,38.6] 31.7[19.2,40] 0.014 0.011 ns ns
CVP (mmHg) 11 6[0,10] 9(2,12] 5(L,8] 0.009 ns 0.011 ns
PCWP (mmHg) 9 11[8,21] 17[12,28.5] 11[9.5,22] 0.001 0.003 0.003 ns
Transthoracic echocardiography
LVV (mL) 8 251[216,283] 233[213,262] 247[227,283] ns ns ns ns
EWave(ms ) 17 0.72[0.61,0.94] 0.81[0.66,1.13] 0.75[0.54,1.02] 0.015 0.029 0.012 ns
E/A(~) 16 1.55[0.75,2.02] 1.71[0.8,2.4] 1.36[0.74,2] 0.002 ns 0.003 0.020
E/E (~) 17 12.9[8.4,16.8] 11.8[9.3,18] 13.5[9.3,19.3] 0.047 ns ns 0.029
VCI (mm) 13 13[10.5,17] 14[10.5,16] 14[11.5,16.5] ns ns ns ns
RVEDD, (mm) 12 38.5[33,48.8] 40(35.8,53.3] 36[30,46.5] ns ns ns ns
RVEDD, (mm) 10 28[22.8,32.5] 27(23.8,33] 25.5[18.8,27.3] ns ns ns ns

Ppan: p-value over all three phases, py;: p-value between Phase 0 to Phase 1, p;,: p-value between Phase 1 to Phase 2, p,: p-value between
Phase 0 and Phase 2. mPAP: mean pulmonary arterial pressure, CVP: central venous pressure, PCWP: pulmonary capillary wedge pressure,
VCI: vena cava inferior, RVEDD): right ventricular end-diastolic diameter one, RVEDD,: right ventricular end-diastolic diameter two, N:

number of patients, ns: not significant.

measurements, for example LV volume, remained
unchanged (see table 4). In the entire patient cohort,
the statistically significant increase of the mitral inflow
of 0.09ms ' suggests an increase in LV volume
(po1 = 0.029) (see figure 3(a)). In the subgroup of
patients with a PAC, a statistically significant increase
in mPAP of 1.5 mmHg (py ; = 0.011) (see figure 3(b))

and in PCWP of 6mmHg (py; = 0.003) (see
figure 3(c)) from Phase 0 to Phase 1 was noted, and a
significant change was also noted for CVP over all
phases (p,; = 0.009). All changes were reversible since
there was no significant difference in these values
between Phase 0 and Phase 2. On the contrary, no
increase was noted in the LV volume among the
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Figure 3. Parameters indicating a change of LV preload (a) magnitude of the E wave, (b) mean pulmonary arterial pressure (mPAP),
and (c) pulmonary capillary wedge pressure (PCWP), including the statistically significant differences between Phase 0 and 1 as well as
1and 2. Results are shown as mean values over all patients with 95% confidence intervals.

Table 4. The possible confounders of the relationship between the QRS amplitude and cardiac preload. No changes were seen in any

parameter during passive leg raising (PLR). We depict median and interquartile ranges.

Phase 1

Phase 0 Phase2
N au -’ ‘a
Monitoring data
HR (bpm) 19 73[66.2,82] 73.2[66.3,81.8] 70.3[66,81.5]
Impedance (m§2) 18 —20[-92,49.3] —51.1[—328.3,17.7] 121.1[—-136,312.7]
TVingp (mL) 14 438.6[275.7,664] 371.2[286.8,499] 292.8[267.8,493.1]
BP e (mmHg) 16 75[66.8,82.8] 74 (65, 84] 75[63.3,84.3]

Transthoracic echocardiography

Thorax-apex distance (mm) 18 30.5[26,35.5]

31[27.8,34.5] 29.5[26.8,36.3]

HR: heart rate, TV, inspiratory tidal volume, BP,;,.q: mean blood pressure, N: number of patients.

patients included in the analysis. Further echocardio-
graphic parameters of volume status, such as
RVEDD;, RVEDD, and VCI remained unchanged,
indicating that the additional volume coming from the
legs during PLR does not accumulate in the right
ventricle or vena cava.

3.3. Physiological monitoring

The evaluated confounding factors remained unchanged
during the experiment. HR, impedance, TViygp, BPreq
and echocardiographic thorax-apex distance did not
differ with statistical significance after PLR (table 4). One
patient with a sudden increase in HR was excluded from
the analysis, due to a rapid change in heart rhythm.

3.4. QRS amplitude

The data processing for the QRS amplitude was
straightforward and the signals were stable over the
time period of the experiment in all but one patient.
Over all patients, no significant changes were notice-
able between the Phases 0, 1 and 2 of the PLR in the
QRS amplitude in any of the leads I, II or V6 (see
table 5). In several patients, reversible changes of the
QRS amplitude occurred in Phase 1, but the changes
mostly remained within the natural variation (noise)
of the QRS amplitude. Finally, yet importantly, no
significant difference, but a slightly lower median

value in the QRS amplitude of the intra-thoracic PM
ECG (QRS,y, table 5) was noted in Phase 1.

The repeated measures correlation per individual
between mPAP and QRS amplitude showed a negative
correlation for the two leads V6 and 11 in the subgroup
of patients with PAC (see figure 4). The correlation
coefficient (R) with 95% confidence intervals for the
leads V6 and II was R = —0.28 (—0.49, —0.04) and
R = —0.29 (—0.50, —0.05), respectively, with statis-
tical significance of p = 0.024 (V6) and p = 0.016
(I). The negative changes in QRS amplitude were as
high as one milli Volt, which is equivalent to a 20%
change for low QRS amplitudes. Six of the nine
patients with a PAC also had a triggered rhythm,
which could have supported a uniform distribution of
values of the QRS amplitude. In lead I, no significant
correlation was found. Although changes in the
PCWP and E wave were more pronounced than those
in the mPAP no statistical significance was seen in the
repeated measures correlation analysis. Since there is
no apparent physiological explanation for this dis-
crepancy, the reason is probably the single PCWP
value and E wave value, compared to three mPAP
values, mitigating the level of statistical significance.

3.5. Beat-to-beat analysis
A beat-to-beat analysis was performed to show (1) the
natural variability of the QRS amplitude compared to
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Table 5. The QRS response to the PLR. No significant changes were seen in any of the leads V6, I and II.

Phase 1

-/

Phase 2

a

Phase 0
N aa
QRS amplitude V6 (mV) 18 9.33[4.99,11.23]
QRS amplitude [ (mV) 18 6.55(4.30,7.65]
QRS amplitude IT (mV) 17 7.82[4.74,10.20]
QRSamplitudeI + II(mV) 17 13.09[11.21,16.79]
QRS (mV) 6 6.59(3.19,11.52]

8.93[5.25,10.69]
6.44[4.12,7.97]
7.73[4.79,9.97]
13.65[10.75,16.50]
6.36[3.5,11.3]

9.65[5.12,10.69]
6.31(3.85,7.24]
7.53[4.37,9.29]
13.05[10.66, 15.50]
6.7[3.56, 11.06]

QRS QRS amplitude from pacemaker electrocardiogramm.

the observed changes in QRS amplitude during the
PLR and (2) the effect of averaging five consecutive
heartbeats to account for respiratory changes. The
natural variability of the QRS amplitude is similar for a
paced and an unpaced rhythm (see figure 5). The
variability of the measured QRS amplitude is greater
than the changes in QRS amplitude over time in this
patient. Averaging the QRS amplitude over five
consecutive beats (dark circles) improved the predic-
tion intervals by a factor of two with respect to the raw
QRS amplitude (bright circles), as it eliminated
artefacts due to the respiration.

3.6. Subgroup analysis

Insertion of the PAC was completely independent of
this study. Since the correlation between mPAP and
QRS amplitude could only be evaluated in the patients
with a PAC, we performed a descriptive subgroup
analysis to investigate possible differences between the
two groups (see table Al in the appendix). To
summarize the results, the PAC group was ten years
older (p = 0.043) and had a five more breaths per
minute respiratory rate (p = 0.019) than the group
without a PAC. Both are not considered relevant
regarding the hypothesis investigated. No difference
was found between the two groups regarding their
anti-arrhythmic  medication (Amiodarone, Beta
blocker).

4. Discussion

The study evaluated the effect of acute preload changes
on the QRS amplitude of the surface ECG in advanced
HF patients. An increase in cardiac preload was
achieved with the PLR, as filling pressures and mitral
inflow increased. No change in the QRS amplitude was
observed, which might be due to the small relative
changes in LV volume induced. However, in the
subgroup of patients with a PAC, a negative correla-
tion was detected between mPAP and QRS amplitude
in leads V6 and II. Based on these findings, further
investigations are foreseen that assess the correlation
in HF patients with the potential for bigger LV volume
changes than the patient cohort in this study.

The PLR maneuver induced a change in cardiac
preload that significantly increased cardiopulmonary
pressures as well as mitral inflow. The increase in
mitral inflow suggests an augmentation of absolute LV
volume (Pozzoli et al 1997). However, the echocardio-
graphic measurements of LV volume did not detect a
significant increase. Compensatory tachycardia could
leave the LV volume unchanged despite higher mitral
inflow. No change in the HR was noted, which was
expected because of the failing compensatory mechan-
isms in the advanced stages of HF (Eckberg and
Sleight 1992). Considering the advanced dilatation of
the ventricles (LV end-diastolic volume = 251 ml),
the added volume was probably not sufficient to cause
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a detectable relative augmentation of the LV volume.
Furthermore, advanced HF patients mostly have con-
gested cardiovascular systems that operate at the steep
part of the Frank-Starling curve. Hence, large increa-
ses in cardiopulmonary pressures result in small
increases in LV volume only (Sequeira and van der
Velden 2015). Indeed patients with a PAC showed
reversible changes in mPAP, CVP and PCWP, which
confirm the increase in cardiac preload, despite no
measurable LV volume increase.

No change in QRS amplitude was seen over all
patients during PLR. Since the Brody effect describes
the reaction of the QRS amplitude to changes in LV
volume, a small or absent relative volume change
could explain why there were no observable changes in
QRS amplitude. In congested patients, the induced
preload changes correlate more with pressure changes
than with LV volume changes, such that it must
become difficult to use the QRS amplitude as an indi-
cator for preload. Thus, the variability of the QRS
amplitude shadowed the small changes in the QRS
amplitude induced by the PLR in these patients. In
summary, pressure measurement, such as Cardio-
Mems, should be preferred over LV volume depen-
dent measurements, such as the QRS amplitude, as a

monitoring modality for acute preload changes in
advanced HF patients.

Still, in the nine patients with PAC, the QRS ampl-
itude and the mPAP in leads V6 and II correlated nega-
tively. These results compared well with previous
experimental findings in healthy individuals. The detec-
tion of a correlation in lead V6 and lead II only, is unex-
pected as lead I and lead V6 measure in similar direction.
Because V6 is measured in close vicinity to the heart, this
measurement might therefore be influenced heavily by
the positioning of the heart with respect to the thorax.
Indeed, Vancheri et al (Vancheriand Barberi 1989) have
previously omitted the precordial leads, claiming them
to be strongly influenced by the position of the heart
with respect to the thorax in an attempt to eliminate the
positioning effect. Feldmann et al (Feldman et al 1985)
measured full 9-lead ECG and found a correlation of V5
and V6 only, which they explain by the positioning
effect, in particular, by a change in the distance of the LV
to the thoracic wall. In contrast to Feldman et al our
study is the first to find a significant correlation in lead
II. In summary, the findings in these nine patients pro-
vide further evidence of a correlation between preload
indicators and QRS amplitude in advanced HF patients
and of the effect being observable in precordial and limb
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leads. The applicability of this correlation in the clinical
setting still remains uncertain, since in this specific
patient population the acute LV volume variations are
too small to easily be detected by changes in the QRS
amplitude.

Since the 1950s many efforts have been made to
separate the physical Brody effect (Brody 1956) from
possible confounding factors. Our study adressed a
series of confounding factors previously described in
the literature, such as respiration, impedance, hema-
tocrit, potassium and the positioning of the heart.
Impendance did not change before and after PLR: only
a transient effect was observed during the movement
of the legs. HCT and potassium were very unlikely to
change because PLR does not influence blood compo-
sition. The positioning of the heart is most difficult to
assess, yet the QRS amplitude is highly sensitive to it.
An increase in LV volume could lead to changes in the
surface ECG through the approximation of the heart
walls to the thoracic chest wall. Madias et al (Madias
2007, 2014) argue that changes seen in the QRS ampl-
itude of the surface ECG in HF patients are related to
the changes of total blood fluid or myocardial edema.
Our findings offer an alternative explanation, since the
acute preload change should not affect the total body
fluid, or the consistency of the myocardial tissue. In
summary, the correlations we found can be explained
by either the physical Brody effect, the location of f the
heart in the thorax or a combination of the two. For
the clinical application, however, the most important
factor is the observability and reliability of the effect,
which could not be confirmed in this heavily con-
gested cohort of advanced HF patients.

This study had the following limitations. The
patient selection, although random, happened from a
HF patient pool, which is not representative for the
entire advanced HF population. The patients, present-
ing routinely for (re-) evaluation for heart tranplanta-
tion or LVAD implantation, fulfill selection criteria
outside the scope of our investigation. Overall, we did
not see a significant change in QRS amplitude during
PLR, since the relative volume changes were small and
the non-invasive study design was limited to a preload
reference from transthoracic echocardiography, omit-
ting a pressure-volume catheter. As the experiment
required the position of the thorax to remain stable,
the quality of the echocardiographic data was not opti-
mal. Finally, the ECG derived from print-outs of the
PM provided very limited resolution of the QRS ampl-
itude, which might have shadowed any effects in the
intra-cardiac ECG.

The correlation between LV volume and QRS
amplitude should further be investigated in HF
patients where substantial LV volume changes occur
and maximum benefit is expected. Such patients are
HEF patients with less congested cardiovascular systems
and patients with mechanical circulatory support, e.g.
left ventricular assist devices (LVADs). In HF patients
with less congested cardiovascular systems, under
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diuretic therapy and HF medication and probably in
earlier stages of the disease, larger LV volume changes
are expected. Volume overload can usually be seen
under acute deterioration of the heart function or
hypovolemia occurs because of HF therapy. The
detection of such changes using the widely available
surface ECG could enhance the monitoring of both
the course of the disease and the course of treatment,
allowing further, targeted adjustments of the ther-
apeutic intervention. However, the experimental
investigation in this patient group can be very compli-
cated, because of the many confounders that would
have to be controlled for and regarding patient safety.

Currently, LVADs operate at a constant speed and
lack continuous preload monitoring as well as physio-
logic feedback control. According to clinical and echo-
cardiogaphic data the pump speed is set by the
physicians, opting at the best hemodynamic status
regarding the goal of the therapy. Variations in LV
volume and cardiac contractility can lead to under-
pumping or overpumping, since the pump speed is
constant and consequently, may cause serious adverse
events, like suction or pulmonary edema. Early detec-
tion of such changes could alert the treating physicians
or activate an automated response from the control
system leading to a manual or automatic targeted
adjustment of the pump speed. For physiological feed-
back control of LVADs, integrated pressure or volume
sensors are necessary (Ochsner ef al 2016, Petrou et al
2018), but they are not commercially available as yet
(Tchantchaleishvili et al 2017, Dual et al 2018). Simply
by integrating electrodes in the cannula of an LVAD,
an ECG-based preload estimate could provide the
input variable needed for physiological control in the
future. Given the manifold determinants of the QRS
amplitude, a robust measure of preload will likely
require a combination with additional signals.

An experimental setting, where controlled and
easily reversible, acute and substantial changes in LV
volume can be induced, like in patients with an LVAD,
would enable to bring the correlation under invest-
igation forward. The loading status of the LV of LVAD
patients mainly depends on the pump speed of the
device, thus the LV volume is largely affected and
easily manipulated through pump speed changes
(Addetia et al 2018). Protocols for the assessment of
the patients” hemodynamics are regularly used in the
clinic to further adjust their therapy. Therefore, an
experimental protocol including LV volume manip-
ulations through pump speed changes could be
applied quite safely as a next step in the investigation
process and even combined with protocolls already in
use in the clinical setting. Pump speed changes in an
experimental setting lead to significant changes in LV
volume, and hence most probably induce bigger chan-
ges of the QRS amplitude. In summary, not only
would LVAD patients greatly profit from the applica-
tion of this correlation, but they also provide the most
optimal conditions for the further investigations.
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In conclusion, this study supports existing litera-
ture on the correlation between cardiac preload and
QRS amplitude of the surface ECG (Brody 1956) and
extends its application to the complex ECG waveform
of advanced HF patients. Patients with mildy con-
gested cardiovascular systems and especially HF
patients with mechanical circulatory support could
profit from this correlation. This could be an aid for
adequately setting the pump speed, an input method
for a preload estimator for physiological control algo-
rithms or a monitoring technique to prevent possible
complications resulting from LV volume changes. Yet,
further investigations in HF patients with mechanical
circulatory support are required.
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Appendix

Table Al. All variables that were investigated to characterize the difference between the PAC group and the no-PAC group. Only age and the
respiratory rate were statistically significant. The Exact Fischer test was used for nominal, not normally distributed variables and the Mann-

Whitney-U test for continuous, not normally distributed variables.

Variables

Previous cardiothoracic operations
Sex

Ischemic etiology

Pacemaker device implanted

CRT- D device implanted
Ventricular tachycardia in the past
Ventricular ablation (EP)
Advanced CKD (KDOQIIIL IV, V)
Betablocker

Amiodarone

NYHA IT versus NYHA III

Weight gain during the previous 4 weeks

Admission to a hospital over 3 times in the previous 6 months (equal to/over)

Clinical edema

Sinus rhythm

PM-triggered ECG

RV function moderately or severely reduced
Mitral valve insufficiency moderate or severe
Tricuspid valve insufficiency moderate or severe
Age(p = 0.043)

Weight

Height

BMI

Weight gain in percentage during the previous 4 weeks
Weightloss in percentage during the previous 4 weeks
Respiratory rate (p = 0.019)

Systolic blood pressure

Diastolic blood pressure

Mean blood pressure

Hematocrit

Potassium

Pro-BNP

Creatinine

Heart rate

QRS duration

QRS amplitude in external basis ECG

QTctime

PQ time

LVEDD

RVOT
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