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General introduction

1.1 HEART FAILURE
Heart failure is one of the fastest growing diseases in cardiovascular medicine. Heart failure 
is a complex clinical syndrome that can result from any structural or functional cardiac 
disorder that impairs the ability of the heart to fill with or eject blood.1 The left ventricle is 
the pump that generates both pressure and flow to the systemic circulation to an amount 
required to adequately deliver oxygen and nutrients to all cells in the body. However, its 
ability to fulfil this important vital task is impeded during heart failure. It can be caused by 
various disorders, such as myocardial infarction, hypertension, viral infection, exposure 
to toxins, chemotherapy, valvular disorders or genetically transmitted muscle diseases. 
Regardless of the etiology, these disorders eventually result in structural damage of the 
heart that causes functional and clinical deterioration. The cardinal manifestations of HF 
are dyspnea and fatigue, which may limit exercise tolerance and cause fluid retention, which 
may lead to pulmonary congestion and peripheral edema.1, 2 

Heart failure is known to progress in several stages for which a range of treatment options 
have been developed throughout the years. Pharmacological therapy using vasodilators, ACE 
inhibitors and beta-blockers, intends to improve cardiac performance while also relieving 
symptoms.3 However, for an increasing group of patients, heart failure continues to progress, 
refractory to maximized medical therapy. These patients have a very poor prognosis, and are 
bound to more rigorous surgical treatment options.4 In the case of ventricular asynchrony, 
cardiac resynchronisation applying cardioverter-defibrillators (CRT-Ds) and pacemakers 
are used as primary and secondary prevention of sudden cardiac death. Furthermore, 
percutaneous coronary intervention (PCI) or coronary artery bypass grafting (CABG) are 
examples of interventions that can be applied in the case of heart failure due to coronary 
artery disease. Surgical or non-surgical interventions on heart valves may be done in case of 
valvular dysfunction. Ultimately, cardiac transplantation has been the therapy of choice for 
patients who develop end-stage heart failure resistant to any other medical therapy. More 
than 100.000 heart transplants have been performed worldwide.5 

Unfortunately, there is a considerable donor shortage, leading to long waiting times 
for cardiac transplantation and subsequently to an increasing mortality. Worldwide, less 
heart transplantations are performed each year, resulting in more patients on transplant 
waiting lists in urgent need of a donor heart.6 Therefore, the need for an alternative therapy 
is evident and pressing. 

1.2 MECHANICAL CIRCULATORY SUPPORT
The growing need for strategies and alternatives to treat patients with end-stage heart 
failure has driven the development of mechanical circulatory support systems (MCS).7, 8 In 
general, these systems are mechanical blood pumps connected to the circulatory system. 
The main goal of these systems is to maintain blood circulation and vital organ perfusion, 
while also unloading the failing heart. Many devices for MCS are available, which can be 
divided into short-term extracorporeal devices and long-term intracorporeal systems. The 
latter systems vary from Left Ventricular Assist Devices (LVADs)9 to Total Artificial Hearts 
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1 (TAH).10 An LVAD will be connected to the heart, thereby functioning as a mechanical 
circulatory assistance, while the TAH replaces the diseased heart after it has been removed. 

LVADs have multiple indications for long-term use.11, 12 They can be used as a bridge 
to transplantation (BTT) when patients who are transplant candidates show considerable 
clinical deterioration and are unable to wait any longer for heart transplantation. Then, 
the LVAD would be implanted with the intention of improving the circulation and that of 
secondary organ function. Meanwhile, they are also meant to reduce mortality and improve 
quality of life for patients while they are on the heart transplant waiting list. A second 
indication for use of LVADs is as a bridge to recovery (BTR). Clinical experience with 
LVAD therapy has shown that it can reverse the complex process of chronic left ventricular 
remodelling to a point where the patients can be weaned from the device after restoration 
of basic cardiac function.13 A third indication is as an alternative for heart transplantation 
or destination therapy. This category of patients is often of an older age or is not eligible 
for heart transplantation, due to secondary comorbidities unrelated to the heart.14 In order 
to fulfil these indications of use, important advances in LVAD technology have been made 
over the past decade which have resulted into first, second and third generation LVADs.

1.3 FIRST GENERATION OF DEVICES
The first generation LVADs was based on pulsatile volume displacement pumps that 
generate pulsatile flow. The hydrodynamic performance of the pulsatile pumps was 
determined primarily by the pumping frequency (compressions per minute) and the 
amount of blood and pressure provided to the pump, the so-called preload. With each 
ejection, the pulsatile pumps imparted a stroke volume, producing a pulse pressure 
that mimics systole and diastole of the native heart. These pumps induced intermittent 
unloading of the ventricle, asynchronous with the heart. The presence of a unidirectional 
valve results in a flow into one direction. 

These first generations LVADs provided excellent hemodynamic support. The REMACH 
trial, which was published in 2001, compared the use of one of these devices, the Heartmate 
XVE (Thoratec, Pleasanton, CA, USA) (figure 1, left), with optimal medical therapy.15 This 
study demonstrated the superiority of this device compared to optimal medical therapy in 
patients with end-stage heart failure, one year after implantation. In the University Medical 
Center Utrecht (UMCU) the HeartMate I, and other types of pulsatile devices, has been used 
since 1993 and much experience has been acquired with these devices.16 However, many of 
these devices were, due to their large volume, only suitable for patients with a medium-
large body size (BSA >1.5 m2). There was a considerable incidence of major limitations and 
adverse events. The large dissection required for implantation of such devices led to a high 
incidence of bleeding complications. Moreover, the presence of a large pocket and a rather 
large and stiff percutaneous driveline also resulted in high rates of infections. This driveline 
also contained an air vent channel, which made the system quite noisy. Finally, because of 
device malfunction caused by multiple wear and tear of parts in these pumps, the survival 
benefit was decreased significantly after the second year of implantation.9, 11 
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1.4 SECOND AND THIRD GENERATION OF DEVICES
In the last decade, the second and third generation LVADs were introduced, based on 
continuous-flow blood pumps. The hydrodynamic performance of continuous-flow LVADs 
(cf-LVADs) is primarily determined by the speed of the rotor and the pressure difference delta 
P that exist across the pump.17 The blades of the impeller imparts kinetic energy to the blood as 
it spins, continuously generating flow from the left ventricle. Thus, the ventricle is continuously 
unloaded throughout the cardiac cycle. Because of a non-occlusive system, without any valves, 
the pump must generate sufficient flow to avoid negative pressure differentials. This especially 
occurs during diastole, when aortic pressure is higher than ventricular pressure. 18

Cf-LVADs are based on axial or centrifugal pumps.18 On one hand, an axial-flow pump 
in its basic form is a tube with an impeller suspended inside. It is attached at either end 
by blood-immersed bearings such in the Heartmate II (Thoratec Corp, Pleasanton, CA, 
USA) (figure 1, right) and the Jarvik 2000 ( Jarvik Heart, Inc., New York, NY, USA) or 
kept in place by mechanic levitation such as in the Berlin Heart Incor (Berlin Heart AG, 

Figure 1: Left, the Heartmate XVE, a pulsatile first generation LVAD and right, the HearMate 
II LVAD, a continuous-flow second generation LVAD (Courtesy Wilson et al, J Am Coll 
Cardiol. 2009 54:1647-59).
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1 Germany). When the impeller spins, it forces blood along the axis of the impeller. On the 
other hand, centrifugal pumps, such as the Heartware Ventricular Assist Device (HVAD, 
HeartWare, Inc., Framingham, MA, USA), are mechanically different from axial-flow 
pumps as centrifugal pumps generate flow by circumferentially forcing blood through 
a concentric cone. The impeller of the pump may be suspended either by magnetic or 
hydrodynamic bearings. Flow is generated perpendicular to the impeller and exits the 
pump in the direction in which the impeller spins, 90 degrees from the inflow cannula 
position. An important difference between the second and the third generation cf-LVADs is 
the site of implantation of the pump. The second generation LVADs are placed in a pocket 
below the left rectus muscle and above the posterior rectus sheath. Conversely, cf-LVADs of 
the third generation, due to their smaller size, are implanted in the pericardial cavity. Blood 
immersed or hydrodynamic bearings in second generation cf-LVADs generate nominal 
friction, while magnetically levitated bearings have absent friction, heat generation or wear, 
making them perhaps much more durable during long-term support. A combined picture 
of the second and third generation cf-LVAD is shown in figure 2.

The cf-LVADs have a number of major advantages over previous generation pulsatile-
LVAD (P-LVAD) technology.12, 19 In the first place, continuous-flow blood pumps eliminate 
the need for a blood pumping chamber and volume compensation. Secondly, the lighter, 
smaller cf-LVADs are better suited for patients with small body sizes. The simpler design, 
with the rotor as the only moving part and the absence of valves, affords markedly 
enhanced device durability. In contrast, P-LVADs have multiple moving components that 
are all susceptible to wear and failure. Another advantage of these cf-LVADs is their silent 
operation. Finally, potential benefits of the smaller percutaneous driveline of the cf-LVADs 
include a reduced risk for infections and greater patient comfort.

1.5 PATIENT FOLLOW-UP WITH CF-LVADS
There have been important advances in evaluation methods regarding patient follow-up 
and diagnostics while on MCS.20, 21 The use of cf-LVADs however, is characterized by 
continuous-flow physiology, which is in many respects incomparable with the normal 

Figure 2: (A) the second generation Heartmate II LVAD and (B) the third generation Heartware 
system. (courtesy Thoratec Inc. and Heartware Inc.)
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human physiology. In view of possible complications, many questions and concerns have 
been raised regarding the effect of continuous flow on the cardiovascular system and on 
post-implantation outcomes in spite of the advantages of this type of MCS systems. 

At this moment we are at the earliest stage of understanding the short and long-term 
effects of continuous-flow physiology on the cardiovascular system and end-organ function.15, 

22, 23 An evaluation of current experiences with cf-LVAD is required to state the effect of 
continuous flow physiology on survival, efficacy of support and end-organ function. In the 
second place, as arterial pulsatility is diminished, reliable measurement of blood pressure by 
conventional means is impossible, while blood pressure is one of the most vital parameters 
of the patient’s circulatory status.19 Non-invasive blood pressure monitoring is considerably 
important as systemic hypertension may reduce device performance. Furthermore, 
hypertension may also cause neurological complications and end-organ damage. Therefore, 
adequate measurement of blood pressure demands for novel strategies and special devices. 24

In addition, a cf-LVAD may exert abnormal physiological strains on the different 
structures of the heart, including the aortic valve.25 Accordingly, by unloading the left 
ventricular with these devices, opening of the aortic valve is diminished or even absent. 
Constant backward pressure on the aortic valve may induce adverse valvular remodelling, 
which can lead to valvular degeneration and incompetence. These negative effects may 
progress throughout mechanical circulatory support and also affect its efficacy. Moreover, 
cf-LVAD may provide volume and pressure unloading of the left ventricle, reversing the 
compensatory and stress responses on the myocardium and resulting in structural and 
functional reverse remodelling of the extracellular matrix and cardiomyocites.26 These 
tissue conditions are important in the process of recovery of the left ventricle during 
support to a stage where the device could be successfully explanted. However, assessment 
of the functional properties of the ventricle requires a reinterpretation of current evaluation 
strategies. Because of the difficulty to clinically assess intrinsic function properties, such as 
myocardial contractility and tissue stiffness, other methodologies might be helpful.

For cf-LVAD therapy to be successful and largely applicable, more knowledge about 
the clinical and technical aspects associated with this therapy should be obtained. For 
optimal application of this treatment it is necessary to appropriately combine clinical and 
technical knowledge. This may require the consideration of multi-source assessment and 
management strategies and the combined effort of these two fields of expertise. 

1.6 OUTLINE OF THIS THESIS
The aim of this thesis is to study the characteristics associated with the continuous-flow 
physiology with cf-LVADs. Key in this research is a multi-source approach based on intensive 
collaboration with multiple departments and institutions, including cardiothoracic surgery, 
cardiology, intensive care, pathology, medical technology, biomedical engineering and 
industry. Such collaboration is indispensable in realizing a united understanding of both 
clinical and technical aspects involving cf-LVADs. The four aspects that are addressed in 
this thesis are: clinical experience, non-invasive blood pressure measurement and patient 
follow-up, cf-LVAD-induced effects on the aortic valve, and mathematical simulation. 
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1 In chapter 2 the clinical results of using a commercially available cf-LVAD, the 
Heartmate II, as a bridge to heart transplantation are discussed based on the single center 
experience of the University Medical Centre Utrecht. 

One of the aspects that hamper clinical evaluation of cf-LVAD patients has been the 
difficulty of accurately measuring arterial blood pressure non-invasively. Chapter 3 initially 
describes the validation of a novel blood pressure monitor, the Nexfin, in a general heart 
failure population. Subsequently, Chapter 4 describes a feasibility study that was performed 
to evaluate the performance of the Nexfin under physiological conditions of reduced arterial 
pulsatility during cf-LVAD support with cardiopulmonary bypass. Also, data is presented 
on blood pressure responses after gradual reduction of the pump speed and flow in cf-LVAD 
patients, a so-called Pump Speed Change Procedure. In Chapter 5, we validated the blood 
pressure measurement using the Nexfin by comparing it with invasively measured blood 
pressure measurements in cf-LVAD patients. Its association with echocardiography was also 
evaluated. Chapter 6 describes blood pressure responses of patients with cf-LVAD support 
during exercise involving systemic cardiovascular parameters and pump performance. 

The abnormal physiological properties induced by cf-LVADs may also adversely affect the 
cardiovascular system, in particular, the aortic valve. Chapter 7 describes the phenomenon 
denoted as LVAD-related systolic aortic regurgitation and associates its occurrence with 
other manifestations of aortic regurgitation during cf-LVAD support. Chapter 8 discusses 
the development of aortic valve commissural fusion during cf-LVAD support. 

In reference to the inability to assess left ventricular function during cf-LVAD support, 
alternative “engineering” approaches may proof useful. Chapter 9 describes a mathematical 
simulation that evaluates the response of clinically assessable parameters on changes in 
myocardial contractility and tissue stiffness of the left ventricle during cf-LVAD support. 
Chapter 10 presents a general discussion in terms of the four aspects regarding cf-LVAD 
that combine the work presented in the different chapters. Themes discussed are long-term 
support, blood pressure assessment, patient follow-up strategies, the importance of aortic 
valve function and future engineering approaches. 
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ABSTRACT
Aims: We evaluated our single-centre clinical experience with the HeartMate II (HM II) 
Left Ventricular Assist Device (LVAD), as bridge to transplantation (BTT) in end-stage 
heart failure patients.

Methods and results: Survival rates, echocardiographic parameters, laboratory values 
and adverse events of 85 patients provided with a HM II were evaluated. Overall, mean 
age was 45±13 years, 62 (73%) were male and non-ischemic dilated cardiomyopathy was 
present in 60 (71%) patients. The mean duration of mechanical support was 469±404 days 
(range 1-1835). The 6 months, 1-, 2-, 3- and 4-year survival rates during HM II LVAD 
support were 85, 81, 76, 76 and 68% respectively, similar to mid-term survival after heart 
transplantation in our centre (p=0.29). Echocardiographic parameters demonstrated 
effective left ventricular unloading, while laboratory results reflected adequate organ 
perfusion. However, HM II support was associated with adverse events, such as major 
infections in 42 patients (49%; 0.67 events/patient-year), cardiac arrhythmias in 44 patients 
(52%; 0.86 events/patient-year), early major bleeding in 32 patients (38%; 0.43 events/
patient-year) and neurological dysfunction in 17 patients (20%; 0.19 events/patient-year). 

Conclusion: HM II LVAD support is considered a life-saving treatment in end-stage heart 
failure patients, with mid-term survival comparable to that after heart transplantation. Yet, 
treatment can be complicated by serious adverse events.

Keywords: cf-LVAD; HeartMate-II; survival; adverse events.

Sjoukje Lok1, ξ, Jerson Martina2, ξ, Tim Hesselink1, Eveline Sukkel2, 
Ben Rodermans3; Nelienke Hulstein2, Bjorn Winkens4, Corinne Klöpping1, 
J. Hans Kirkels1, Pieter Doevendans1, Faiz Ramjankhan2, Roel de Weger5, 
Nicolaas de Jonge1, Jaap Lahpor2

1 Department of Cardiology, 2 Department of Cardiothoracic Surgery, 3 Department of Medical 
Technology, University Medical Center Utrecht. 4 Department of Methodology and Statistics, 
University of Maastricht, 5 Department of Pathology, University Medical Center Utrecht, The 
Netherlands

ξ: Both authors contributed equally to this work

Paper submitted in 2012

26



2

UMCU experience with Heartmate II LVAD

2.1 INTRODUCTION
Left Ventricular Assist Devices (LVADs) are used as bridge to heart transplantation (BTT) 
in patients with advanced heart failure (HF). The first generation of LVADs consisted of 
large pulsatile flow LVADs (pf-LVADs) with limited mechanical durability. The second 
generation, continuous-flow LVADs (cf-LVAD), have demonstrated improved durability, 
long-term survival and exercise capacity 1-5. More recently, cf-LVADs have also been 
considered as an alternative for heart transplantation (HTx), so called destination therapy 
(DT). While results with cf-LVADs have consistently improved over time, several questions 
remain with regard to timing of device implantation, patient selection, management and 
timing of HTx. Adverse events, including bleeding, infection and stroke, also continue 
to pose challenges. This study describes a single-centre experience with the HeartMate ΙΙ 
(HM ΙΙ (HM ΙΙ; Thoratec, Pleasanton, CA, USA) LVAD as BTT over a 5-year period.

2.2 MATERIALS AND METHODS
Patient selection
From March 2006 until December 2011, 85 patients received a HM II as a BTT at the 
University Medical Center in Utrecht (UMCU) in the Netherlands. Patients were categorized 
according to the Interagency Registry for Mechanically Assisted Circulatory Support 
(INTERMACS), which is based on severity of illness at the time of device implantation 6,7.

HeartMate-II LVAD
The HM II, a cf-LVAD, has a titanium axial-flow pump with an inlet cannula that is placed in 
the left ventricular apex and an outlet cannula in the ascending aorta. It has a percutaneous 
lead that connects the pump to an external system driver and power source. The pump 
generates up to 10 L/min of flow at a mean pressure difference of 100 mmHg 8. Implantation 
is done through a median sternotomy using extracorporeal circulation on the beating heart 
and the device is placed in a small pre-peritoneal pocket. 

Anticoagulation therapy
The post-operative anticoagulation regimen included warfarin, ascal and heparin, targeting 
a heparin ratio of 1.8-2. Heparin was only considered if: 1) the total drain production 
during the first 3 hours post-implant did not exceed 100 ml, 2) pro-thrombin time less than 
18 seconds and 3) activated partial tromboplastin time less than 40 seconds. Heparin was 
stopped when INR > 1.5. 

From March 2006 until August 2009, warfarin was titrated to an INR of 2-2.5 after 7 days 
post-implant. With this anticoagulation regimen, reported incidence of bleeding events was 
high, for which a target INR range of 1.5 to 2.5 has been recommended 9. Therefore, our 
INR target was adapted to a range of 1.5-2 from August 2009 until December 2011. In 
case of major bleeding, all anticoagulation was temporarily stopped and continued on an 
individual basis after the bleeding episode.
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Patient and device management
All patients were seen after 1 week and 1, 3, 6, and 12 months in our out-patient department 
and every 3 months thereafter. Echocardiographic analyses were performed at 3, 6 and 
12 months after implantation. Baseline and follow-up data were collected prospectively, 
including patient characteristics, blood chemistry analysis, hematologic findings and 
neurological status.

Definition of adverse events
Each event was scored and defined according to the INTERMACS definitions 6,7 with the 
following adjustments;

Major infection was characterized as a clinical infection accompanied by pain, fever, 
drainage and/or leucocytosis with a positive culture from the infected site or organ, which 
was treated by anti-microbial agents. The general categories of infections were: sepsis, 
pocket, driveline and non-device related infections. 

Haemolysis was defined as elevated levels of LDH (>1500 U/L) and bilirubin (>21 mmol/), 
low haptoglobin (< 30 mg/dl) in combination with increased fatigue, muscle ache and dark 
urine, occurring after the first 72 hours post-implant.

Right HF was classified as symptoms and signs of persistent right ventricular 
dysfunction requiring RVAD implantation and/or inhaled nitric oxide ³ 48 hrs and/or 
inotropic therapy for a duration of more than 14 days at any time after LVAD implantation 
or LVAD replacement 10,11.

Statistical analysis
Categorical data are presented by number (%) and continuous data by median 
(interquartile range IQR, i.e. 25th - 75th percentile) or by estimated mean ± standard error, 
where appropriate. The laboratory and echocardiography parameters were analysed with 
linear mixed models, where data were checked for normality using histograms and log-
transformed if data were positively skewed. The estimated means and confidence interval 
were presented on the original scale. Survival was analysed based on Kaplan-Meier with 
patients censored for device explantation (recovery), HTx or study withdrawal. Moreover, 
we compared the survival during HM II support with the survival after HTx in our centre 
by the log-rank analysis. Adverse events are presented both as percentages of all patients 
as well as events/patient year (e/pt-y). A p-value < 0.05 was considered as statistically 
significant. All analyses were done with SPSS 20.0 software (SPSS Inc, Chicago, IL).

2.3 RESULTS
Baseline characteristics
Baseline characteristics are presented in table 1. Prior to HM II implantation, 21 patients 
(25%) were in critical cardiogenic shock (INTERMACS profile-I) and 64 patients (75%) 
experienced progressive hemodynamic deterioration (INTERMACS profile-II). The mean 
age of patients was 45±13 years (range 17-69). Sixty-two patients (73%) were male. The 
aetiology of HF was a non-ischemic dilated cardiomyopathy in 60 patients (71 %), ischemic 
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cardiomyopathy in 24 patients (28%) and hypertrophic cardiomyopathy in 1 patient (1%). 
The mean duration of support was 469 ± 404 days (range 1-1835).

Outcome
On December 31st 2011, 17 patients (20%) had died, 32 (38%) were still ongoing (LVAD 
duration 543 ± 411 days; range 33-1835), 3 (4%) had recovered and 33 (39%) were 
transplanted (LVAD duration 566 ± 386 days; range 85-1393). 

The 6-months, 1, 2, 3, and 4-year actuarial survival during HM II support were 85, 81, 
76, 76 and 68% respectively. There was no significant difference in survival after HM II 
implantation versus survival after HTx (p=0.29; Fig. 1). Of the 17 non-survivors, 10 died peri-
operatively (≤ 30 days after HM II implantation) due to major bleeding (n=2), pneumonia 
(n=2), ischemic CVA (n=1), haemorrhagic CVA (n=1), sepsis (n=1), irreversible multi-organ 
failure (n=2) and right HF (n=1). Late mortality (> 30 days) occurred in 7 patients due to 
pump thrombosis (n=2), right HF (n=1), recurrent myocarditis (n=1), ischemic CVA (n=2) 
and severe encephalopathy due to MELAS syndrome (n=1). After HM II implantation, 73 
patients (86%) were discharged after 40 ± 24 days. Rehospitalisation occurred 84 times in 39 
patients. The mean rehospitalisation period was 14 days (range 1–177).

Echocardiographic data
Echocardiographic data at baseline pump speed are presented in Figure 2. The left ventricular 
end-diastolic dimension (LVEDD) and the left ventricular end-systolic dimension (LVESD) 
decreased significantly after 3 months of mechanical support (overall trend for both p<0.0001) 
and the LVESD further decreased significantly after 12 months compared to 3 months (p=0.037). 

Table 1: Baseline demographic data of patient on the Hearmate II LVAD in the University 
Medical Center Utrecht.

Variable  

Mean age (years) ± SD 45 ± 12.8 (range 17-69)
Male/Female 62 (73%) / 23 (27%)
INTERMACS level
      I 21 (25%)
      II 64 (75%)
HF duration (days) 1413 ± 1790 (range 1-7386)
Aetiology of HF
      Ischemic 24 (28%)
      Non-ischemic DCM 60 (71%)
      HCM 1 (1%)
Diabetes mellitus 8 (9%)
Hypertension 5 (6%)
ICD 49 (58%)

HF, heart failure; DCM, Dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; ICD, intra-
cardiac defibrillator 

29



UMCU experience with Heartmate II LVAD

2

Laboratory parameters
Serum markers of end-organ function before HM II implantation and after 3, 6, and 12 
months of follow-up are shown in Figure 3. Mainly, BNP decreased rapidly after implantation. 
Kidney (creatinine and urea), hepatic (AST, ALT and GGT) and inflammatory markers 
(leukocytes, CRP) improved for up to 1-year post-implant. 

Adverse events
Adverse events amongst the 85 BTT patients are presented in Table 2. There were 509 
adverse events during a cumulative support time of 109.1 years (4.7 events/patient-year; 
e/pt-y). A total of 73 major infections occurred in 42 patients (49%; 0.67 e/pt-y) and were 
often non-device related infections and sepsis. Driveline infections occurred 14 times 
in 12 patients (0.13 e/pt-y) and 4 pocket infections were diagnosed in 4 patients (0.04 e/
pt-y). In particular, 7 patients with driveline and/or pocket infection received permanent 
antibiotic prophylaxes until HTx. Cardiac arrhythmias occurred 94 times in 44 patients 
(52%; 0.86 e/pt-y). In 1 patient, the ventricular tachycardias remained untreatable while the 
patient was hemodynamically compromised, despite HM II support. As a result, the patients 
had to be rehospitalised for several months and eventually underwent emergency HTx. 

A total of 47 major bleeding events were identified in 32 patients (38%; 0.43 e/pt-y), 
mostly early post-operatively and related to the surgery (<30 days after implantation). 

Figure 1: Actuarial survival (Kaplan-Meier analysis) of 85 patients undergoing HM II 
placement as BTT and HTx patients in our centre. The 6-months, 1, 2, 3, and 4-year actuarial 
survival during HM II support were 85, 81, 76, 76 and 68% respectively. There was no significant 
difference in survival after implantation versus Htx.
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Figure 2: Echocardiography during cf-LVAD support. LVEDD and LVESD decreased 
significantly during cf-LVAD support. Horizontal lines with stars indicate significance (p<0.0001) 
between indicated groups. 

Late bleeding, in particular, gastro-intestinal (GI) bleeding developed 5 times in 4 patients 
(onset GI bleeding after HM II implantation 211 ± 180 days). 

Twenty-seven right HF events occurred in 27 patients (32%; 0.25 e/pt-y), of which 25 
within the first 30 days after implantation. In case of right HF, patients were treated with a 
phosphodiesterase-3 inhibitor and nitric oxide. Yet, 4 patients required a RVAD. Of these, 
RVAD explantation was possible in 2 patients after 12 and 7 days respectively. The other 2 
patients died while on the RVAD due to right HF and severe encephalopathy, respectively. 

Furthermore, 21 neurological events (8 TIAs, 9 ischemic CVAs and 4 haemorrhagic 
CVAs) occurred in 17 patients (20%; 0.19 e/pt-y). The time to first neurological event was 
213 ± 316 days. Of the 13 CVAs, 4 led to death, 6 resulted in minor limitation and 3 in 
major limitations of daily life activities. Haemolysis was noted in 16 patients (21 episodes; 
19%; 0.19 events/patient-year), often after 30 days post-implantation. Device malfunction 
was due to driveline fractures in 4 patients (5%; 0.04 e/p-y). Of these, 1 fractured driveline 
was repaired, while the other three drivelines were irreparable and pump replacement 
was necessary. Pump thrombosis occurred in 7 patients (8%; 0.06 e/pt-y) and 4 patients 
received a pump replacement subsequently. Eventually, a total of 7 pump replacements were 
performed, 3 due to a fracture driveline and 4 due to pump thombosis, nevertheless, all 
without adverse outcome. Other adverse events were peri-operative renal failure requiring 
continuous veno-venous hemofiltration (CVVH) in 9 patients (11%; 0.08 e/pt-y) and 7 
venous thrombotic events (including 3 pulmonary embolism) in 7 patients (8%; 0.06 e/pt-y).

2.4 DISCUSSION
The discrepancy between the limited availability of donor hearts and the increasing number 
of end-stage HF patients has led to an increased use of LVADs as a bridge to transplantation. 
Over the last 6 years, there has been a transition from pf-LVADs to cf-LVADs. This study 
evaluated the outcome of 85 patients supported with a single type of cf-LVAD. Our 1- and 

31



UMCU experience with Heartmate II LVAD

2

Figure 3: Change in laboratory parameters during cf-LVAD support. Haemoglobin and sodium 
levels increased significantly during HM II support. BNP decreased significantly rapidly after 
HM II implantation and remained stable thereafter. Kidney (creatinine and urea), hepatic (AST, 
ALT and GGT) and inflammatory markers (leukocytes, CRP) improved for up to 1-year post-
implant. Horizontal lines with stars indicate significance (p<0.0001) between indicated groups.
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2-year actuarial survival rates during HM II as BTT were 83% and 76%, consistent with 
other recent experiences 12-16.

It is well known that patient selection and timing of implantation remain important 
issues in optimizing the results after device implantation, as shown by previous multi-
centre studies 17. In our study, 25% of the patients who received a device were classified as 
INTERMACS profile-I and 75% as INTERMACS profile-II, reflecting a population with 
severe HF. Yet, medium-term survival was comparable to other reported results from cohorts 
mostly based on less-sick patients (INTERMACS profiles III and IV) 6. Furthermore, survival 
on HM II support approximated our mid-term survival (2-4 years) after HTx. This may imply 
that LVAD support could also be considered as an alternative to transplantation. Yet, our 
survival analysis involves a small number of patients and should be interpreted with caution. 

As the left ventricle is unloaded by the HM II, LVEDD and LVESD as well as BNP plasma 
levels, decreased significantly compared with measurements before HM II implantation, 
suggesting effective unloading 18-21. The present study showed that this decrease still persists 
at one year after implantation. However, the effective unloading was often not accompanied 
by myocardial functional recovery. In this registry, only 3 patients recovered with subsequent 
removal of the device. 

Clinical studies have demonstrated that cf-LVAD support provides adequate perfusion 
leading to improved end-organ function for durations up to 15 months 22-24. Similarly, our 
experience showed improved electrolyte, liver and renal function for up to 1 year post-implant. 

In the present study, most common adverse events during HM II support were: infections, 
cardiac arrhythmias and peri-operative bleeding. The majority of the infections were either 
sepsis or non-device related, like urinary tract infections and pneumonia. In case of driveline 
and/or pocket-infection, antibiotic treatment until Htx was often necessary. In case of 
pocket-infection, all patients underwent surgical exploration of the tissue surrounding the 
external housing. None of the patients died of non-device and/or device related infections.

The prevalence of ventricular arrhythmias during HM II support is high 25, which was 
also demonstrated in the present registry. This high incidence may be related to the presence 
of arrhythmogenic substrate associated with the underlying cardiomyopathy as well as scar 
tissue surrounding the inflow cannula in the apex of the left ventricle. Considering the high 
incidence of ventricular arrhythmias together with the fact that some patients do undergo 
episodes of hemodynamic instability, a primary intervention with an ICD was suggested 25. 
However, this is not supported by current evidence, poses potential risks, and should be the 
subject of a clinical trial before it becomes standard practice 26. 

 The incidence of early post-operative bleeding was high and challenging to manage. 
Our post-operative anticoagulation regimen included heparin intravenously during the 
transition to oral warfarin and aspirin therapy. It has been suggested that this temporary 
use of intravenous heparin may not be necessary in patients with a low thrombotic risk 
since there was no short-term increased risk of thrombotic events 27. Patients supported 
by cf-LVAD might have a higher risk of late bleeding compared to pf-LVAD, mostly of 
gastrointestinal and nasal mucosal origin 28,29. This increased prevalence might be caused by 
acquired von Willebrand syndrome, which is thought to be the result of the high rotational 
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speed of the cf-LVAD impeller 30,31. Similarly, arteriovenous malformations that develop 
typically in the colon in elderly patients with calcific aortic stenosis 32, are also thought to be 
the consequence of low pulsatility and may contribute to higher incidence of GI-bleeding 29,33. 
Yet, GI-bleedings were not common in this single centre cohort. This low incidence of GI-
bleeding events may have several causes. First of all, this cohort consists of relative young 
patients (mean age 45 years). Furthermore, differences in anticoagulation regimens and the 
use of standard proton-pump inhibitors may affect the incidence of GI-bleedings. 

Cerebrovascular accidents may be considered as the most serious adverse events, since 
they could potentially delay or exclude patients from the transplant list and add major 
mortality and morbidity. In our cohort, CVA was the most common cause of death (4 
out of 17 patients) or resulted in major limitations of daily life activities. An incidence 
of CVA after LVAD placement of 8–25% has been reported in literature 2,34,35. Several risk 
factors have been associated with the development of neurological complication following 
LVAD implantation, such as history of stroke, low albumin, hyponatremia and post-LVAD 
infections 36. Further studies should focus on the identification of potential molecular and 
biochemical markers, which may allow better determination of thromboembolism and 
bleeding risk during LVAD support. 

In the present study, driveline fracture occurred in 4 patients. It is speculated that 
weight gain leading to increase of waist size could have caused progressive stretching and 
final fracture of the proximal driveline tract, resulting in device malfunction 37. The strength 
versus dynamic properties of the driveline primarily determines the probability of fracture. 
Secondly, the driveline surgical tunnel technique may also be of crucial importance in 
the prevention of driveline fracture and related complications. Yet, more investigation is 
warranted regarding this topic. 

Device related haemolysis has been recognized as a chronic complication of mechanical 
support 38,39. There was a high incidence of haemolysis in the present study. However, 
haemolysis was often temporary and self-limiting, except in those cases where pump 
replacement was necessary due to pump thrombosis. In this regard, previous studies have 
suggested that intravascular haemolysis together with fluctuating pump power may indicate 
pump thrombosis 39,40. 

Furthermore, peri-operative right HF following LVAD support has been a major cause 
of significant morbidity and mortality 11,41-43. For this reason, patients with pre-operatively 
severe right ventricular failure may not be eligible for LVAD implantation. Hemodynamically 
derived parameters, such as right ventricular stroke work index, may be used to identify 
those patients with high susceptibility for developing right HF. In these cases, aggressive 
preoperative optimization therapy (with a phosphodiesterase-3 inhibitor and nitric oxide) 
can be considered. In our centre, right HF occurred in 32% of the patients, which is within 
the 20-35% described in literature 44,45. Of the 27 patients with right HF, 2 died and 4 required 
RVAD implantation. In order to limit morbidity, indices which allow better prediction of 
right HF are under development 10,44,45 but still require validation in larger studies.

In conclusion, this analysis represents a single-centre experience of 85 end-stage HF 
patients with long-term HM II support as BTT. Based on echocardiographic and laboratory 
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evaluations, the HM II LVAD seems to provide sufficient ventricular unloading and 
circulatory support. Our post-operative mortality and morbidity are comparable with other 
recent experiences with this device. As the survival during HM II support approximates the 
medium-term survival after HTx, this therapy may become an alternative to HTx. Based on 
our experiences, HM II LVAD therapy can be considered as a successful life-saving therapy. 
Yet, there is a price to pay in terms of risk of serious adverse events during support. Future 
emphasis should be focused on minimizing adverse events while improving survival and 
quality of life while on HM II support.
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ABSTRACT
Background: If invasive measurement of arterial blood pressure is not warranted, finger 
cuff technology can provide continuous and noninvasive monitoring. Finger and radial 
artery pressures differ; Nexfin (BMEYE, Amsterdam, The Netherlands) measures finger 
arterial pressure and uses physiological reconstruction methodologies to obtain values 
comparable to invasive pressures.

Methods: Intra-arterial pressure (IAP) and noninvasive Nexfin arterial pressure (NAP) 
were measured in cardiothoracic surgery patients, since invasive pressures are available. 
NAP-IAP differences were analyzed during 30 minutes. Tracking was quantified by within-
subject precision (SD of individual NAP-IAP differences) and correlation coefficients. The 
ranges of pressure change were quantified by within-subject variability (SD of individual 
averages of NAP and IAP). Accuracy and precision were expressed as group average±SD of 
the differences and considered acceptable when smaller than 5±8 mmHg, the Association 
for the Advancement of Medical Instrumentation criteria. 

Results: NAP and IAP were obtained in fifty (34-83 yr, 40 men) patients. For systolic, diastolic, 
mean arterial and pulse pressure, median (25-75 percentiles) correlation coefficients were 
0.96 (0.91-0.98), 0.93 (0.87-0.96), 0.96 (0.90-0.97) and 0.94 (0.85-0.98) respectively. Within-
subject precisions were 4±2, 3±1, 3±2 and 3±2 mmHg, within-subject variations 13±6, 6±3, 
9±4 and 7±4 mmHg, indicating precision over a wide range of pressures. Group average±SD 
of the NAP-IAP differences were –1±7, 3±6, 2±6 and –3±4 mmHg, meeting criteria. 
Differences were not related to mean arterial pressure or heart rate. 

Conclusion: Arterial blood pressure can be measured noninvasively and continuously using 
physiological pressure reconstruction. Changes in pressure can be followed and values are 
comparable to invasive monitoring.

Keyword: Finger arterial pressure 
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3.1 INTRODUCTION
During surgical procedures, an arterial access is regularly required for continuous 
blood pressure monitoring and blood gas sampling. If no arterial line is required, blood 
pressure can be measured non-invasively with an upper arm cuff device, however only 
on an intermittent basis. Moreover, upper arm cuff devices have a low accuracy1 and do 
not reliably track large changes in arterial pressure.2 In critically ill patients oscillometric 
measurements are consistently lower than direct blood pressure measurements.3,4 
Noninvasive and continuous monitoring of blood pressure is of potential benefit during 
non-major surgical procedures. With the finger cuff technology5 blood pressure can be 
measured noninvasively and continuously. Devices using this technology, such as the 
Finapres (Ohmeda, Englewood, CO), have been clinically evaluated and used in a variety 
of settings.5-10 The ability to track changes in blood pressure was considered adequate5 but 
concerns about accuracy or precision were raised.11

The arterial pressure waveform changes gradually from the brachial artery to the finger 
arteries with a decrease in diastolic pressure and an occasional increase in systolic pressure 
due to the narrowing of the arteries. These effects explain the scatter that was sometimes 
seen with the Finapres11,12 and which thus far limited the clinical application of finger 
cuff technology based devices. The Nexfin (BMEYE B.V. Amsterdam, the Netherlands) is 
a new device using finger cuff technology. As opposed to the Finapres, brachial arterial 
blood pressure is reconstructed from the measured finger arterial blood pressure using 
previously published waveform filtering to approximate a brachial pressure wave, together 
with pressure level correction compensating for the proximal-to-distal pressure drop.13,14 
Appendix A describes the principles of finger arterial pressure measurement technology 
and finger-to-brachial pressure reconstruction in detail. We tested the hypothesis that with 
these implemented methodologies arterial pressure measured at the finger approaches more 
proximally measured pressures. To that purpose we compared Nexfin arterial pressure 
(NAP) with intra-arterial pressure (IAP) in cardiothoracic surgery patients, quantifying 
accuracy, precision, and tracking capability.

3.2 MATERIALS AND METHODS
This study was approved by the Medical Ethics Committee of the Academic Medical Center 
of the University of Amsterdam (Amsterdam, the Netherlands) and written informed 
consent was obtained from patients scheduled for cardiac surgery. Patients undergoing 
coronary artery bypass grafting or valve replacement or reconstruction were considered 
eligible for inclusion; (see flow diagram, fig. 1). All patients received standard monitoring 
(electrocardiogram, pulse oximetry, temperature, end-tidal carbon dioxide partial pressure). 
Anesthesia was induced with propofol and continued with morphine and sufentanil. 
Sedation was achieved with midazolam and neuromuscular blockade with pancuronium. 
Blood pressure was supported by pharmacological vasodilatation (nitroglycerine) or 
vasoconstriction (ephedrine and metaraminol).
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Measurements
IAP was measured at the radial artery through a 20 G catheter (Ref RA-04020, Arrow 
International Inc, PA USA) and pressure transducer (pressure monitoring set, Edwards 
Lifescience, Irvine, CA USA) connected to a module (HPM1006A, Hewlett Packard, Palo 
Alto, CA, USA) mounted in a Philips monitor system (Philips Medical Systems, Andover, 
MA, USA). The catheter system was pressurized and a small continuous flow prevented 
clotting. However, gas dissolved in the fluid may form into microscopic bubbles, or air 
may enter the system after turning an air-fluid interface stopcock. These bubbles, even 
though still very small, may introduce a resonant system, resulting in either overdamped or 
underdamped pressure recordings. Therefore the arterial lining was regularly flushed and 
maintenance of an adequate resonance frequency (range 12-25 Hz) was checked by the fast 
flush technique.15 

NAP was measured by the Nexfin monitor. The measurement method is based on the 
volume-clamp method using a finger cuff, proposed by Peňáz.16 Measurements are regularly 
and automatically calibrated during measurement with “Physiocal”, the physiological 
calibration developed by Wesseling.17 A detailed description of methods of measurement 
and the published finger-to-brachial pressure reconstruction, i.e. waveform filtering and 
level correction,13,14 can be found in Appendix A. An appropriate size finger cuff was applied 
to the mid-phalanx of the middle finger18 ipsilaterally to the intra-arterial catheter. The 
“heart reference system” measured and corrected the hydrostatic difference between the 
finger and the heart. The “finger side” was fixated next to the measurement finger and the 
“heart side” at the arterial pressure transducer level.18

The analog signals of IAP, the unreconstructed noninvasive finger arterial pressure 
(FAP) and the reconstructed arterial pressure (NAP; i.e. following application of finger-
to-brachial pressure reconstruction) measured by the Nexfin were sampled at 200 Hz and 
stored on a hard disk.

Blood pressure measurement commenced before the patient was sedated and continued 
throughout surgery (see Appendix B for details). Measurements have been obtained during 
induction and (off-pump) maintenance. The investigator was blinded to the pharmacological 
agents used, and pharmacological management was not considered in the data analysis. 

Analysis
FAP and NAP were compared with IAP on a beat-to-beat basis. Beats were matched (analysis 
software developed in-house) allowing a maximum time window of 80 ms between the start 
of the upstroke in the respective pressure waveforms. Matched signals that were recorded 
during Physiocal calibration of the NAP were not taken into account. Signals were visually 
inspected for any artifacts, such as beats detected during transients just after a fast flush. 
These artifacts were manually removed. The sets of matched IAP, FAP and NAP beats, the 
values for systolic, mean (obtained by integration of the pressure curve divided by the 
duration of the cardiac cycle), diastolic and pulse pressure were saved in a data file.

A detailed description and a graphical representation of the statistical procedures can be 
found in Appendix B. For each patient recording, matched beats over a 30 min period were 
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extracted. The starting point for including data in the analysis was chosen on the basis of the 
following criteria: the Nexfin monitor should have minimally reached a Physiocal interval 
of 50 beats and the arterial line must have been flushed. To compare systolic, diastolic, 
mean and pulse pressure from FAP and NAP with those from IAP in each patient a Bland 
and Altman19 approach was followed: the values of each pair of FAP and IAP beats, and of 
NAP and IAP beats, were averaged and their FAP – IAP and NAP – IAP differences were 
computed. Next, 10-second averages were calculated, resulting in 180 consecutive data sets 
per patient. The 10-second averages of systolic and diastolic NAP were plotted against the 
systolic and diastolic IAP as scatter plots for each individual patient. Also for these data the 
correlation coefficients (Pearson product moment correlation, separately for systolic and 
diastolic values) were calculated. Consistency was assessed by dividing the 180 points data 
sets in three sets of 60 points each. From the NAP – IAP differences in these sets, Cronbach’s 
alpha and intra-class correlation coefficients were calculated. Also the differences of these 
three sets were compared to their average difference in each patient. 

For each patient, the mean and SD of the 180 averages of NAP and IAP are shown in 
Bland-Altman19 plots as horizontal coordinate where the SDs express the range of pressures 
for each patient (“within-subject variability”). Similarly, the mean and SD of the 180 NAP 
– IAP differences of each patient represent the vertical coordinate in the Bland-Altman 
plot where the SDs are measures of the individual consistency (“within-subject precision”). 
These means and SDs of the 180 data sets for each patient were used in the group statistics. 

Mean ± SD of the FAP – IAP and NAP – IAP differences over the group were defined as 
accuracy and precision. Differences were compared to the 5 ± 8 mmHg criterion formulated 
by the Association for the Advancement of Medical Instrumentation.20 To investigate whether 
the differences are related to mean arterial blood pressure, respectively heart rate (see 
Appendix A), linear regression analysis was performed. Pressure dependency was evaluated 
by comparison of systolic, diastolic, mean and pulse NAP – IAP differences between the 
quartiles based on their corresponding pressures, mean arterial blood pressure and heart rate.

For data collection, statistical analyses and plotting, Microsoft Office Excel 2007 (Microsoft 
Corporation, Redmond, Wash, USA), SPSS 19 (IBM SPSS Statistics 19, IBM Corporation, 
Somers, NY, USA) and Sigmaplot 11 (Systat Software Inc., Chicago, IL, USA) were used. 

3.3 RESULTS
A total of 53 patients were included; data of three patients were excluded from analysis due 
to technical or operational problems (fig. 1). In one patient, the heart reference system was 
dislocated, causing an unknown offset in the NAP; in another patient the finger cuff was 
malfunctioning, and in the third patient finger blood flow was insufficient. Thus, data of 50 
patients were available for analysis (table 1). The ranges of IAP were 37 – 182 mmHg for 
systolic pressure, 25 – 110 mmHg for diastolic pressure, 33 – 133 mmHg for mean arterial 
pressure and 4 – 92 mmHg for pulse pressure. In total, 2.3% of the data was deleted owing 
to artifacts, of which more than 2/3 was related to the invasive measurement (damping and 
flushing of the catheter). Noninvasive measurements showed occasional oscillations in the 
finger cuff pressure apart from loss of data due to Physiocal calibration. 
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Figure 2 shows a representative example of varying IAP and NAP during surgery. The effect 
of the brachial pressure reconstruction by waveform filtering (reducing systolic peaking) 
and level correction (reducing pressure drop) is illustrated in figure 3.

Figure 4 shows the scatter plots of all patients. Correlation coefficients, within-subject 
variability, and within-subject precision are summarized in table 2. Table 3 gives measures 

Table 1: Patient characteristics of the patients in the validation study. Data of 50 patients were available for 
analysis

Average ± SD Range

Age (years) 63 ± 8 34 – 83
Height (cm) 174 ± 10 157 – 196
Weight (kg) 85 ± 15 56 – 130
Body mass index (kg/m2) 28 ± 4 21 – 39

Fifty patients: 40 men and 10 women. 

Figure 1: Flow diagram of patient inclusion.
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Figure 2: Noninvasive (A) and invasive pressures (B) during a period of hemodynamic 
instability. The start-up of Nexfin (A) is visible as a staircase; the gaps at regular intervals are 
caused by the Physiocal calibration, which is more frequently active at startup. Three short periods 
with simultaneous invasive (bold) and noninvasive pressures are shown in detail: a period around 
a Physiocal (C1), part of the hypotensive episode (C2) and cardiac arrhythmias (C3). 

of consistency of three consecutive periods of the pressure differences, showing good to 
excellent Cronbach’s alphas (see Appendix B for interpretation). When the differences 
of these three sets were compared to their average difference in each patient, group 
average ± SD were within 2 ± 4 mmHg for systolic pressure, within 1 ± 3 mmHg for mean 
pressure and within 1 ± 2 mmHg for diastolic and pulse pressure. Figure 5 shows Bland-
Altman plots of the individual patient averages plus SDs of systolic, diastolic, mean, and 
pulse pressure. Table 4 lists all IAP and NAP pressures and the NAP – IAP differences. NAP 
tracked changes in IAP over a wide range of pressures during cardiothoracic surgery (fig. 4). 
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This is quantified in the Bland Altman plots (fig. 5) and in tables 2 and 3, demonstrating that, 
although individual measurements may have a bias, the differences with IAP are constant. 

The group averaged NAP – IAP differences (n = 50), remained within the 5 ± 8 mmHg 
Association for the Advancement of Medical Instrumentation criterion. Regression analysis 
revealed no significant relation between the differences and mean arterial blood pressure 
and heart rate, respectively. When systolic, diastolic, mean, and pulse pressures were 
divided in quartiles, their respective NAP – IAP differences were not significantly different, 
nor did quartiles based on mean arterial blood pressure and heart rate show any differences. 

Values for unreconstructed finger arterial pressures, FAP and FAP – IAP are given in 
table 5. For unreconstructed pressures the bias in systolic and mean arterial pressure is too 
large for the Association for the Advancement of Medical Instrumentation criteria. 

Figure 3: The effect of pressure reconstruction in two patients (A and B). In the panels A1 and 
B1, the radial pressure (bold) is combined with the unreconstructed finger pressure; in the panels 
A2 and B2 radial pressure is combined with the reconstructed pressure. A sharp systolic peak 
in the radial pressure is increased in the raw finger pressure measurement (A1). This increase 
is reduced by waveform filtering; in addition to this, the level correction lifts the curve up (A2). 
Also a larger pressure drop from radial to finger (B1) is reduced by level correction (B2). Because 
there is no clear systolic peaking, waveform filtering has little effect in this patient. 

50



3

Nexfin validation study

Table 5: Group (n = 50) averaged pressures and pressure differences for 
unreconstructed finger measurements.

FAP FAP – IAP

Systolic 90 ± 13 –9.5 ± 7.4
Diastolic 51 ± 8 –5.0 ± 6.5
Mean 63 ± 9 –7.6 ± 6.4
Pulse 39 ± 9 –4.3 ± 5.4

FAP: unreconstructed finger arterial pressures; IAP: invasive arterial pressures. 
Data expressed as average ± SD; pressures in mmHg. 

Table 2: Correlation coefficients, within-subject variability, and within-subject precision of the patients in 
the study. Within-subject (n = 180) data averaged over the group (n,patients = 50)

r 
Median (25 - 75%)

within-subject  
variability

within-subject  
precision

Systolic 0.96 (0.91 - 0.98) 12.9 ± 6.1 4.4 ± 1.9
Diastolic 0.93 (0.87 - 0.96) 6.3 ± 2.7 2.7 ± 1.1
Mean 0.96 (0.90 - 0.97) 8.6 ± 4.0 3.4 ± 1.8
Pulse 0.94 (0.85 - 0.98) 7.4 ± 4.0 2.8 ± 1.6

r: coefficient of correlation (Pearson product moment); within-subject variability: average SD of individual averaged 
invasive and noninvasive pressures; within-subject precision: average SD of the individual differences between invasive 
and noninvasive pressures. Individual within-subject variability and precision are indicated in figure 5 as horizontal and 
vertical error bars, respectively. Group average ± SD; pressures in mmHg.

Table 3: Consistency of three periods of the pressure differences over the group (n = 50). 

Crombach’s alpha ICC (lower bound - upper bound)

Systolic NAP – IAP 0.89 0.73 (0.61 - 0.82)
Diastolic NAP – IAP 0.96 0.89 (0.84 - 0.94)
Mean NAP – IAP 0.95 0.86 (0.79 - 0.92)
Pulse NAP – IAP 0.86 0.67 (0.53 - 0.78)

ICC intra-class correlation coefficient (two-way mixed, single measures); IAP: invasive and NAP: noninvasive pressures.

Table 4: Group (n = 50) averaged pressures and pressure differences. 

IAP NAP NAP – IAP

Systolic 99 ± 13 99 ± 13 –0.5 ± 6.7
Diastolic 56 ± 8 59 ± 6 2.8 ± 6.4
Mean 70 ± 9 73 ± 9 2.2 ± 6.4
Pulse 43 ± 10 40 ± 9 –3.3 ± 3.7

IAP: invasive and NAP: noninvasive pressures. Data expressed as average ± SD; pressures in mmHg.
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Figure 4: Scatter plots for noninvasive arterial pressure versus invasive arterial pressure of all 50 
patients. Boxes are systolic pressures, circles are diastolic pressures. In each patient-panel 180 systolic 
and 180 diastolic values are given. Lines represent identity. For correlation coefficients see Table 2.
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Figure 5: Bland Altman plots for systolic, diastolic, mean, and pulse pressure; each with data 
of 50 patients. Individual averages ± standard deviations (SD) of the pressure ranges (X-axis) 
and errors (Y-axis). Drawn lines are averages and dashed lines indicate ±SD and ±2 SD (SD 
determined over the individual patient averages). X and Y axes have the same scale. Note that 
the X axis of the systolic pressure runs from 50 to 200 mmHg. The SDs in parallel to the x-axis 
(showing the individual variability in blood pressure) are larger than the ones parallel to the 
y-axis (showing the individual variability in the difference between noninvasive and invasive 
arterial pressure). This indicates that over a wide range of pressure levels invasive and noninvasive 
pressures give comparable values.
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3.4 DISCUSSION
The main finding of this study is that implementation of physiological models together with 
new finger cuff technologies renders noninvasive continuous blood pressure measurement 
feasible. Changes in IAP were tracked, maintaining precision over the wide ranges of 
pressure during cardiothoracic surgery.

The arterial pressure waveform changes when travelling from the brachial artery to the 
finger arteries. Systolic peaking results in higher pulse pressures which was noticed in earlier 
devices such as the Finapres. The transfer function in the Nexfin was able to reciprocate this. 
In the smaller arteries, such as those of the hand and fingers, resistance to flow becomes 
manifest, causing an overall decrease in pressure. The level correction method brings the 
pressure levels close to brachial values.13,14 Reconstructed brachial arterial pressure, here 
referred to as NAP, was compared with radial pressure which usually has a somewhat 
larger pulse pressure than brachial pressure. This explains the underestimation of the pulse 
pressure of NAP. Nonetheless, NAP – IAP differences remained small; the differences 
between unreconstructed finger arterial pressures and IAP were larger. The present study 
did not focus on the influence of pharmacological hemodynamic management on the 
NAP. However, pharmacological interventions, although not specifically identified, were 
included in the analysis. 

Moreover, the NAP – IAP differences did not depend on blood pressure and heart rate 
level, indicating that NAP is comparable to IAP in the presence of hemodynamic changes. 
This is supported by the close correlation over a wide range of pressures. 

The Association for the Advancement of Medical Instrumentation20 has suggested 
an average bias of maximal 5 ± 8 mmHg. These standards are applied when comparing 
measurements from noninvasive intermittent blood pressure devices with invasively-
determined arterial pressure measurements. However, there has been no agreement 
regarding accuracy criteria of noninvasive devices that assess the entire arterial pressure 
waveform compared with invasive blood pressure or noninvasive standards as Riva-
Rocci/Korotkoff.21 Nonetheless, reconstructed NAP was within these limits, whereas 
the unreconstructed finger arterial pressure was not. During only one measurement the 
plethysmographical signals were insufficient to obtain adequate blood pressure readings. 
Thus, in most patients measurements were possible and we attribute this to the high 
intensity / high sensitivity plethysmograph. Generally, use of Nexfin may be beneficial in 
cases when an arterial line is not indicated or feasible, while the surgical procedures still 
involve major fluid shifts or require monitoring for rapid hemodynamic changes. Nexfin 
application is not possible in case of insufficient or absent blood flow to the finger as in 
vascular disease e.g. M. Raynaud, and conditions with extreme vasoconstriction. 

Recently, Nexfin performance was assessed in a small group of critically ill patients.22 Although 
the authors suggested the opposite, mean arterial blood pressure appeared reliable as it was within 
the Association for the Advancement of Medical Instrumentation criteria. Measurements with 
the Nexfin do not need external calibration whereas other devices using finger cuff technology 
such as the Finometer (FMS, Amsterdam, the Netherlands)23,24 and the CNAP (CNSystems 
Medizintechnik AG, Graz, Austria) require calibration with an upper arm cuff.25 
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In conclusion: the Nexfin measures arterial blood pressure noninvasively and continuously 
using physiological pressure reconstruction. This reconstruction results in values comparable 
to those invasively obtained, in the presence of the considerable hemodynamic perturbations 
during cardiac surgery. This supports the feasibility of noninvasive continuous arterial 
pressure monitoring when invasive measurements are not indicated. 

3.5 APPENDIX A
Measurement of finger arterial pressure and finger-to-brachial pressure reconstruction 

Finger cuff technology
The Nexfin (BMEYE B.V. Amsterdam, the Netherlands, figure 6) is a device using finger 
cuff technology with high sensitivity optical components and digital control systems. The 
measurement method builds on the volume-clamp method as introduced by Peňáz.16 Arterial 
blood volume of the finger is measured by an optical plethysmograph which is mounted inside 
the cuff. The plethysmograph uses a light emitting diode and a sensitive photo-diode with a 
high signal-to-noise ratio. At measurement start-up, the finger cuff pressure is increased in a 
staircase-like fashion (see figure 2 in the main text) and an initial assessment of the pressure–
diameter relation of the artery is made. Then blood pressure measurement starts and a fast 
feedback system controls finger cuff pressure keeping arterial blood volume at a constant 
level (clamped). During measurement, the pressure in the cuff should equal real-time finger 
blood pressure so that the arterial wall is “unloaded”. The unloaded state is ascertained by 
applying a physiological calibration (“Physiocal”) as developed by Wesseling.17 A Physiocal 
is regularly and automatically performed during measurement to define and maintain the 
diameter at which the finger artery should be clamped, thus compensating for vasomotor-

Appendix A, figure 6: The Nexfin monitor system (in the background) with the finger cuff 
applied to the finger.
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related changes in finger arteries. The Physiocal algorithm includes the search procedure and 
criterion for the automated determination and periodic adjustment of the arterial unloaded 
volume. It explores part of the pressure–diameter relation by analyzing the plethysmogram 
at a number of steady pressure levels, and is able to track the unloaded diameter of a finger 
artery even if smooth muscle tone changes. To maintain the correct unloaded diameter of 
the finger artery Physiocals are performed at regular intervals.17,24 A consequence is that the 
measurement of blood pressure is temporarily interrupted for 2 or more beats. The interval 
between successive Physiocal periods of the NAP signal depends on the stability of the 
pressure–diameter characteristics of the finger artery and an interval of 50 beats or higher is 
considered to indicate stability of the NAP measurement,18 although shorter intervals do not 
necessarily indicate that a measurement is not reliable.

A “heart reference system” measures the hydrostatic difference between the finger and 
the heart and corrects for any changes in the height of the hand with respect to heart level.18 

Finger-to-brachial pressure reconstruction
When travelling from the brachial artery to the finger arteries, the arterial pressure waveform 
changes gradually in shape and in absolute levels. Specifically, diastolic pressure decreases 
from the brachial to the finger measurement site due resistance to flow resistance in the 
smaller arteries.14 In addition, when traveling from the brachial to the radial measurement 
site, the narrowing of arteries enhances arterial pressure wave reflection which results in 
peaking of systolic and thus pulse pressure (figure 7). This can be described as a resonance 
frequency in the transfer function (figure 8) and thus can be accounted for with an inverse 
model.14 This is referred to as waveform filtering. The waveform filtering is done with a 
digital filter which works on a series of the samples of the digitized signal, each sample 
with its own multiplication factor. In this way the filtering can be performed in the same 
rate as the samples come in. The development of a digital filter should be done with several 
precautions, notably sampling frequency exceeding the Nyquist frequency, removing the 

Appendix A, figure 7: Brachial (A), radial (B) and finger arterial pressure (C). Pulse pressure 
increases towards more distal sites; in the small arteries of the hand and fingers pressures are 
attenuated due to frictional losses. 
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transient response prior to the filter assuming the desired steady state frequency response, 
and reduction of unwanted side lobes in the filter frequency response by the use of Hamming 
weighting. Drifts in the baseline of the signals should be eliminated.14

Beyond the level of the radial artery down to the finger arteries, the frictional losses 
prevail, resulting in reduced pressure levels. A population based level correction formula 
can rectify this pressure reduction, as described by Gizdulich et al.14 Systolic (Psys) and 
diastolic (Pdia) values of the waveform filtered pressure are used as input to formula 1:

ΔP = – 13.3 – 0.194 Psys + 0.574 Pdias (1)

in which ΔP is the pressure over which the waveform needs to be shifted (ΔP should be 
subtracted). When large pulsations are superimposed on a low diastolic pressure, the 
waveform is shifted in an upwards direction. This can be interpreted as a high flow state 
(as indicated by large pulse pressure) and low vascular resistance (low diastolic values) 
associated with a large pressure decrement. Conversely, a small pulse pressure superimposed 
on a high diastolic pressure can be associated with a low flow state with high vascular 
resistance. Thus, by establishing the physiological state of the arterial hemodynamics a 
correction for the pressure decrement can be made.14 Each beat is corrected with its own 
“level correction”, which is based on the last 30 beats.26 

In the past, we constructed a model, representing the human subclavian, axillary, 
and brachial arteries, based on Womersley’s theory for an artery under stiff longitudinal 
constraint and including viscous fluid damping.27 The vascular wall was taken to be linear, 

Appendix A, figure 8: The transfer function (dotted) describing the relation between brachial 
and finger artery pressure in the frequency domain (adapted from Gizdulich et. al5). An 
approximation of the inverse model (drawn) is also shown. 
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and viscoelastic, wall viscosity was modeled with a second order polynomial; the constants 
were taken from an earlier study.28 The tube system was divided into seven segments, with 
length, radius, and wall thickness based on biological data.29 Wave propagation and damping 
followed directly from longitudinal impedance based on Womersley’s theory and from 
transverse impedance that is based on the (viscoelastic) wall properties. The distal part of 
the arm was modeled as a three-element Windkessel. The model was linear, allowing Fourier 
analysis and treatment per frequency. In this model we performed a sensitivity analysis to 
determine which arterial parameters have the largest effect of the pressure transformation 
when changed. We found that in particular those parameters which affect travel time have a 
large impact, i.e. arterial stiffness and radius of the trajectory over which the wave travels.30 
The effect of changes in local peripheral resistance was negligible. This corresponds with 
earlier findings by Bos et al31 that local infusion of vasoactive substances has little effect, 
while systemic infusion, affecting mean arterial pressure, does have an effect. This most 
likely results from different radius and stiffness due to changed distending pressures. 

The relation between proximal and distal pressure can be described by a relatively simple 
patient-averaged (generalized) transfer function. Application of such transfer functions 
gives good results and although extensive effort has been put in finding ways to achieve 
individualization, so far improvement has been limited.32 Therefore the use of a generalized 
transfer function in the Nexfin seems an adequate first approach. However, the transfer 
function will change in response to vasoactive medication – although, as mentioned 
above – as a result of systemic rather than local changes. Thus, not so much peripheral 
vasoconstriction in the fingers but total vasoconstriction will change the transfer function. 
This explains why the level correction formula is effective by using the relation between 
systolic and diastolic values. 

Developments from Finapres to Nexfin
The first device using finger cuff technology made commercially available by Wesseling’s 
research group BMI-TNO was the Finapres Model-5 in 1984. In 1996 Ohmeda introduced 
the Ohmeda Finapres 2300 (Ohmeda, Englewood, CO), based on the TNO Model-5. 
These devices reported the finger arterial pressure, without finger-to-brachial pressure 
reconstruction. As described above, finger arterial pressure differs from more proximal 
pressure such as brachial and even radial pressure, depending on the hemodynamic status 
of the patient. Developments in the modeling of the pressure transfer over the arterial 
system have resulted in improved pressure values by the Nexfin. Another improvement is 
measurement of the hydrostatic difference between the heart and the finger. A 13 cm height 
difference corresponds with a pressure difference of 10 mmHg. Before this hydrostatic 
difference was automatically corrected, such an error was easily introduced, even in a 
supine patient with the hand alongside the body. 

Besides the progress in modeling, improvements in hardware have been implemented. 
Since the introduction of the Finapres, the efficiency of infra-red LEDs has increased. 
Whereas in the past LEDs were driven to their maximum to obtain sufficient intensities, 
the large dynamic range of modern LEDs, together with the digital control system provides 
more flexibility in measuring. Since the LED driving current is smaller for the high-
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efficiency components, the cross-talk between LED current and plethysmographic signals 
is also less. Further, the new cuffs benefit from the smaller size of the optical components: 
the effective contact area between cuff and finger is larger, resulting in a better pressure 
transfer. After 8 hours operation the Nexfin automatically stops measuring and closes the 
recording file. Monitoring can be resumed; however a different finger should be selected 
for measurement. On theoretical grounds the reliability may be influenced by procedures 
involving temporary artery distortion by extreme upper limb anteflexion. 

3.6 APPENDIX B
Analysis and Statistics

Data inclusion
Preparations for the recording of invasive and noninvasive pressures were made shortly 
after the patient had taken place on the operation table. A Nexfin cuff was applied to the 
finger and the radial artery was cannulated, see figure 9 for a schematic overview. Recording 
began as soon as the Nexfin was started. Of the simultaneous recordings, 30 min periods 
of matched beats were selected for each patient. The same length of data was used for all 
patients, so that data from all patients carried the same weight in the analyses. This period 
commenced after the noninvasive pressure recording had sufficiently stabilized as indicated 
by a minimal Physiocal interval of 50 beats (see Appendix 1) and after the arterial line 
had been flushed. Depending on the achievement of these two requirements, recordings 
could comprise induction of anesthesia, pharmacological hemodynamic management and 
surgery, until the start of the extracorporeal circulation (fig. 9). Figure 10 illustrates the 
outlined period with actual recordings from one patient. 

Data typically excluded from the analysis is illustrated in figure 11, where damping (prior 
to catheter flushing) or even repetitive damping of the invasive pressure recording does not 
allow a meaningful comparison. In figure 12 an example is given of erratic noninvasive 

Appendix B, figure 9: Schematic overview of measurements during cardiothoracic surgery. 
After cannulation of the radial artery and application of Nexfin, invasive and non-invasive blood 
pressures were recorded. Nexfin was allowed to stabilize until the interval between Physicals 
was 50 or larger and analyses were started following flushing of the arterial line. The analyzed 
data can include periods before and after induction of anesthesia. Measurements were included 
irrespective of pharmacological hemodynamic management or surgical procedures. 
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Appendix B, figure 10: Example recording from startup of noninvasive arterial pressure 
recording with Nexfin (A) until the start of extracorporeal circulation after 8500 s. The interval 
between Physiocals was 50 beats was reached after 201 s. The radial artery catheter was flushed at 
1650 s and 6700 s. The flushes can be seen in the invasive arterial pressure recording (B). 

arterial pressure with unrealistically low pulse pressure due to a faulty cuff (see figure 1, the 
flow diagram of patient inclusion in the main text). 

We also calculated the accuracy and precision of NAP compared with IAP over all 
available data. This approach is scientifically objectionable since artifacts were not excluded, 
so that not the two methods were compared per se, but also the effect of errors present in 
either method. It should be acknowledged that IAP, which serves as a reference method, is 
commonly fraught with errors (fig. 11). Further, the included data per patient depended on 
the length of their respective recording. With these caveats, the findings for NAP – IAP were 
–1.2 ± 7.9, 3.3 ± 5.4, 2.4 ± 6.3 and –4.5 ± 3.7 mmHg for systolic, diastolic, mean, and pulse 
pressures, respectively, still meeting the criteria of the Association for the Advancement of 
Medical Instrumentation criteria. 

Patient statistics
Of each patient, a 30 min period of invasively measured radial pressures (IAP), noninvasively 
measured finger arterial pressures (FAP) and finger-to-brachial reconstructed pressures 
(NAP) were analyzed. For each beat systolic, mean, diastolic and pulse pressures were 
determined and also their respective (FAP + IAP)/2 and (NAP + IAP)/2 averages together 
with their FAP – IAP and NAP – IAP differences. Then, for each patient 10 s averages were 
computed, resulting in 180 data sets for systolic, mean, diastolic and pulse pressures of IAP 

60



3

Nexfin validation study

Appendix B, figure 11: Simultaneous recordings of noninvasive and invasive arterial pressure 
in two patients (A and B). Gaps at approximately 70 s intervals in the noninvasive pressure are 
caused by Physiocals (A1). Damping of the invasive arterial pressure wave (A2) is corrected 
by catheter flushing (around 2850 s). For another recording (noninvasive arterial pressure is 
given as reference, B1) the invasive arterial pressure (B2) showed repetitive damping of the wave 
notwithstanding frequent flushing of the catheter. 
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and NAP and similarly for IAP and FAP (fig. 13). The period of the averaging was chosen to be 
between 1 s (or approximately no beat averaging) and 1 min which we consider too slow for 
monitoring. Monitors generally apply such averaging, to avoid jumpy readings, without the 
risk of missing events. In figure 13 (“patient”) an example is given for IAP and NAP; systolic, 
mean, diastolic and pulse pressures were all treated in the same manner. The systolic and 
diastolic NAP 10 s values (column B, b1 … b180, fig. 13) were plotted versus the corresponding 
IAP 10 s values (column A, a1 … a180) as individual scatter plots (fig. 4 in the main text of this 
study) and Pearson’s correlation coefficients were calculated over these columns. Median and 
inter-quartile range of the correlation coefficients in the group were represented in table 2 
of the main text. Consistency of the data was assessed by dividing column D in three equal 
parts of a length of 60 NAP – IAP differences and calculating Cronbach’s alpha and the intra-

Appendix B, figure 12: In the magnified part (A) the oscillations in the unsuccessful recording 
of noninvasive arterial pressure (B) due to a malfunctioning finger cuff are clearly visible. 
Other warnings signs are of the problematic recording: very low pulse pressure, (if it had been 
an invasive measurement, the arterial line would be flushed), short interval between Physiocals 
and multistep Physiocal. 
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class correlation coefficient (ICC). Internal consistency by Cronbach’s alpha is considered 
Excellent for alpha ≥ 0.9, Good for 0.9 > alpha ≥ 0.8, Acceptable for 0.8 > alpha ≥ 0.7, 
Questionable for 0.7 > alpha ≥ 0.6, Poor for 0.6 > alpha ≥ 0.5 and Unacceptable for 0.5 > 
alpha. Since the ICC calculates contribution of the variability in the differences in a patient 
relative to the total variability, the ICC is sensitive to the range of values in the group. The 
variability in the differences is rather low, resulting in relatively low ICC values. 

Next, we followed a methodological approach, which is an extension of the traditional 
Bland and Altman representation of data.19 When two methods are compared, the 
average of each measurement pair is the x value and their difference is the y-value. For 
each patient the mean of the NAP and IAP averages is accompanied by an SD (in the x 
direction), and similarly, the mean of the NAP – IAP differences is accompanied by an SD 

Appendix B, figure 13: Statistical handling of data for each patient (left) and for the group 
(right) for systolic, mean, diastolic and pulse pressures of invasive (IAP) and noninvasive 
arterial pressure (NAP). For comparing IAP and unreconstructed finger arterial pressure (FAP) 
a similar approach was followed. The average (I) over column C, thus over the 10s averages of 
(NAP + IAP)/2, gave the x-coordinate of a patient in the Bland-Altman plot. The average (K) 
over the column D, thus over the 10 s averages of NAP – IAP differences, gave the y-coordinate. 
The error bars in the Bland-Altman plot were the SD’s over the same columns: J over column C 
for the x-coordinate, and L over column D for the y-coordinate. The values E, G and I, J, K and 
L of each patient were then used in the calculation of the group statistics.
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(in the y direction). In this way the individual data can be represented in Bland – Altman 
fashion,19 which allows assessment of both individual differences (patient related) and of 
group differences (measurement-system related) including the range over which these were 
determined. Work of Bland and Altman includes a method for calculating the confidence 
of the limits of agreement with multiple measurements per individual but did not focus 
on simultaneously displaying both individual- and group statistics.33 Thus, each patient 
contributed one point with horizontal and vertical error bars (fig. 5 in the main text). The 
x- and y-coordinates for each patient in the Bland-Altman plot were obtained as follows 
(fig. 13). The average (I) over column C, thus over the (NAP + IAP)/2 averages, gave the 
x-coordinate of a patient in the Bland-Altman plot. The average (K) over the column D, 
thus over the NAP – IAP differences, gave the y-coordinate. The error bars in the Bland-
Altman plot were the SD’s over the same columns: J over column C for the x-coordinate, 
and L over column D for the y-coordinate. The values E, G and I, J, K and L of each patient 
were then used in the calculation of the group statistics. 

Group statistics
The 50 patients all contributed their statistics mentioned above, see figure 13 (“group”). 
The average and SD over the IAP, NAP and NAP – IAP columns, thus over E (e1 … e50), G 
(g1 … g50) and K (k1 … k50) values of each patient were represented in table 4 in the main 
text. Of column K, the average (U) and SD (V) were used to assess the compliance with the 
Association for the Advancement of Medical Instrumentation criteria (average and SD over 
a group of patients smaller than 5 ± 8 mmHg).20 

The average (S) and SD (T) over the “SD (NAP + IAP)/2” column (J) gave the within-
subject variability; average (W) and SD (X) over the “SD (NAP – IAP)” column (L) gave the 
within-subject precision.21 These values are the group statistics describing what is visually 
represented in the Bland-Altman plots (fig. 5 in the main text) and are represented in table 2 
in the main text. Comparing tables 2 and 3 with table 4 gives insight into the performance 
in an individual and in a group, respectively. 

To determine pressure related differences in the NAP – IAP values (column D in fig. 13), 
systolic, diastolic, mean, and pulse pressures were divided in quartiles according to their 
respective levels (column C) as well as according to mean arterial pressure and heart rate 
and tested by ANOVA. No differences were detected (see Results of the main text). 
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ABSTRACT
Introduction: Noninvasive blood pressure measurements are difficult when arterial pulsations 
are reduced, such as in patients supported by continuous-flow Left Ventricular Assist Devices 
(cf-LVAD). We evaluated the feasibility of measuring noninvasive arterial blood pressure with 
the Nexfin monitor during conditions of reduced arterial pulsatility.

Methods: During cardiopulmonary bypass (CPB) in which a roller-pump-based or a 
centrifugal-pump-based heart-lung machine generated arterial blood pressure with low 
pulsatility, noninvasive arterial pressures (NAP) measured by the Nexfin Monitor were recorded 
and compared with invasively measured radial artery pressures (IAP). We also evaluated NAP 
in ten patients with a cf-LVAD during a Pump Speed Change Procedure (PSCP).

Results: During CPB in 18 patients, the NAP-IAP average difference was -1.3 ± 6.5 mmHg. 
The amplitude of pressure oscillations were 4.3 ± 3.8 mmHg measured by IAP. Furthermore, 
in the cf-LVAD patients, increase in pump speed settings led to an increase in diastolic 
and mean arterial pressures while the NAP acquired a sinusoidal shape as the aortic valve 
become permanently closed. 

Conclusion: NAP was similar to IAP under conditions of reduced arterial pulsatility. The device 
also measured the blood pressure waveform non-invasively in patients supported by a cf-LVAD. 

Keywords: Blood pump – rotary, ventricular assist device 
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4.1 INTRODUCTION
In recent years, continuous-flow Left Ventricular Assist Devices (cf-LVAD) have been 
applied as a bridge to heart transplantation (BTT) in end-stage heart failure patients. 
However, as these devices generate continuous flow, arterial pulsations are considerably 
reduced or completely absent, depending on the remaining cardiac function.1,2 Thus, even 
though invasive measurement of arterial blood pressure is considered standard procedure 
in the early postoperative stage, noninvasive measurement for long term evaluation in these 
patients has been challenging.3 

For subsequent evaluation of blood pressure after the early postoperative stage, 
noninvasive means of assessment are essential for proper patient care. In clinical practice 
the classical Riva-Rocci/Korotkoff method, based on the detection of audible sounds, 
and oscillometric methods that analyze pressure variations in an upper arm cuff during 
deflation, are used most frequently to obtain arterial blood pressures values. However, 
patients supported by cf-LVAD have reduced pulsatility which may fall below the sensitivity 
range of these blood pressure measurement devices. As a result, non-invasive blood pressure 
measurements become unreliable or even impossible to obtain. 

Recently, a new blood pressure measurement device was introduced that is based on 
the volume-clamp method of Peňáz using a finger cuff.4 This device, the Nexfin monitor 
(BMEYE B.V., Amsterdam, The Netherlands, Figure 1), allows noninvasive and continuous 
beat-to-beat brachial arterial pressure measurements. It was recently validated against the 
Riva-Rocci/Korotkoff method and is considered to be a reliable method for noninvasive 
continuous blood pressure measurement.5,6

In the present study we prospectively investigated the clinical feasibility of measuring 
noninvasive blood pressure during conditions of reduced pulsatility with the Nexfin monitor. 

4.2 METHODS
The study consisted of two parts. First, noninvasive arterial blood pressure measured by 
the Nexfin monitor was compared with invasive arterial pressure in conditions of reduced 
arterial pressure pulsatility during cardiac surgery. Second, the performance of the Nexfin 
monitor during the measurement of noninvasive blood pressure in patients with a cf-LVAD 
was evaluated during regular echocardiographic patient examination. 

Noninvasive arterial blood pressure by the Nexfin Monitor
The Nexfin monitor applies a fast feedback system to control pressure in a finger cuff, such 
that finger artery diameter is kept at a constant level (clamped) as measured by an optical 
plethysmograph in the finger cuff.7 The cuff has to equal real-time finger arterial blood 
pressure at any instant to achieve this clamped state. When the artery is in its unloaded 
state, cuff pressure equals continuous finger arterial pressure. The pressure is automatically 
calibrated using an algorithm that determines the unloaded state of the artery. To that end, 
the plethysmogram is analyzed during short periods of steady cuff pressure levels. The 
calibration procedure is referred to as “Physiocal” and is performed at regular intervals. 
Using software, a transfer function model is applied to reconstruct the brachial arterial 
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blood pressure waveform from the finger arterial pressure and to correct for pressure 
differences due to resistance to flow.8,9 Together these techniques provide a noninvasive 
arterial blood pressure waveform reconstruction of the finger arterial blood pressure 
waveform.10,11 Additionally, a heart reference system is used to measure and correct for 
hydrostatic differences between the finger and the heart.

Measurements during CPB
To investigate the noninvasive arterial blood pressure (NAP) measured by the Nexfin monitor in 
conditions of reduced arterial pressure pulsatility, the values were compared with invasive arterial 
pressure during cardiopulmonary bypass (CPB). This study was approved by the Medical Ethics 
Committee of the Academic Medical Center of the University of Amsterdam. Written informed 
consent was obtained from 21 patients scheduled for coronary artery bypass grafting or valve 
replacement or reconstruction. Figure 2 shows a flow diagram of patient inclusion. 

Figure 1: The Nexfin monitor showing the interactive screen and finger cuff. 
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All patients received standard monitoring (ECG, pulse oximetry, temperature, end-tidal 
carbon dioxide partial pressure). Anesthesia was induced with propofol and continued 
with morphine and sufentanil. Muscular blockade was achieved with pancuronium and 
sedation was achieved with midazolam. Blood pressure was regulated by pharmacological 
vasodilatation (nitroglycerine) or vasoconstriction (ephedrine and metaraminol). Heparin 
was given prior to CPB. The investigator was blinded for the number and quantity of 
pharmacological agents used per patient.

Mechanical circulation was achieved by means of a roller-pump-based or a centrifugal 
heart-lung machine (StockertTM, Irvine, CA, USA). At the initiation of CPB, paralysis of the 
heart was achieved by administration of cardioplegia in the ascending aorta, after which the 
heart-lung machine provided extracorporeal circulatory support. Pump flow data from the 
heart lung machines and blood gas levels during surgery were not considered in this study. 

Intra-arterial pressure (IAP) was measured in the radial artery (IAP) with a fluid filled 
20 G radial artery catheter (Ref RA-04020, Arrow international Inc, PA USA) connected to a 
standard transducer (Edwards Lifescience, Irvine, CA, USA). After zeroing the manometer 
system, its dynamic response was checked by the fast flush technique.12 The arterial line 
was flushed when considered necessary by the anesthesiologist. The IAP was displayed by 
a monitor (Philips Medical systems Andover, MA, USA) and acquired through an analog 
output (Hewlett Packard HPM1006A). Subsequently, an appropriate size Nexfin monitor 
finger cuff was applied to the mid-phalanx of the middle finger,13 ipsilateral to the invasive 

Figure 2: Patient inclusion flow diagram
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blood pressure measurement device. The heart reference system was set at the level of the 
pressure transducer of the arterial line.13

NAP and IAP were measured simultaneously during the CPB phase. Blood pressure 
signals were sampled at 200 Hz and the digital data were stored for analysis.

Analysis
During the CPB phase 10-second averages were calculated over a period of 30 minutes. The 
starting point of the data analysis was the moment when arterial pulsations disappeared 
from the IAP signal following administration of cardioplegia. The NAP periods during 
a Physiocal (calibration of NAP) were excluded from analysis. Pressure oscillations were 
computed as the difference between maximum and minimum pressure within a 1 second 
interval. Individual and group averaged NAP – IAP differences were determined over the 
30 minute time range. Bland-Altman plots were made of all data, and XY-plots (NAP vs 
IAP) were made for each patient. 

Measurements during cf-LVAD support
Blood pressure was measured with the Nexfin monitor during regular echocardiographic 
analyses of 10 patients on a cf-LVAD. All patients were supported by a Heartmate II LVADs 
(Thoratec Corp, Pleasanton CA, USA). During these evaluations, a Pump Speed Change 
Procedure (PSCP) was performed evaluating ventricular properties at different pump 
speed settings. After blood anticoagulation with heparin was administered to the patient, 
the pump speed setting of the Heartmate II LVAD was reduced from the baseline setting 
to 6000 RPM in steps of 1000 RPM for 1 minute per step. At each step, anatomical and 
functional properties of the heart were visualized with echocardiography. Thereafter, the 
pump speed was set back to the baseline settings of the LVAD. Systolic, diastolic and mean 
arterial pressures were determined from the pressure waveform as 10 second averages for 
each pump speed setting during the procedure. 

4.3 RESULTS
NAP vs IAP during CPB
Twenty-one patients gave informed consent (Table 1). Eighteen of these patients underwent 
coronary artery bypass graft surgery and 3 patients received an aortic valve replacement. 
Three patients were excluded from the study due to operational or technical problems 
involving a dislocated heart reference system and a malfunctioning cuff (Figure 2). In a third 
patient, the Nexfin failed to register blood pressure despite continuous startup attempts after 
initiation of CPB. Ultimately, 18 patients were considered for further analysis. A frequency 
plot of all IAP and NAP data (3240 comparisons) showed normal distribution (data not 
shown). Mean arterial pressure (MAP) expressed as mean ± SD was 56.4 ± 10.5 mmHg 
for IAP and 55.2 ± 11.4 mmHg for NAP. One (1) patient was supported by a centrifugal 
pump based heart-lung machine and 17 patients were supported by a roller-pump-based 
heart-lung machine. The roller-pump-based heart-lung machine generated small pressure 
oscillations in arterial pressure. The centrifugal-pump-based heart-lung machine generated 
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pressure with less pulsatility which can be regarded as constant pressure. Mean amplitude of 
the Pressure oscillations was 4.3 ± 3.8 mmHg for IAP and 3.8 ± 3.5 for NAP. Mean pressures 
and Pressure oscillations measured by the two techniques were not significantly different 
(P=0.53 and P=0.61, Table 2). NAP-IAP differences were displayed in Bland-Altman 
fashion (Figure 3).The correlation between NAP and IAP for each individual patient was 
represented in XY-plots (Figure 4) with R2 values between 0.65 and 0.99 (Table 3). NAP - 
IAP average difference of all patients together was -1.3 ± 6.5 mmHg (Table 2). The average 
difference in pulse oscillations was -0.5 ± 1.0 (Table 2). 

NAP in patients with cf-LVAD
The Nexfin monitor was applied to measure noninvasive arterial blood pressure in 10 
outpatients (Table 1) during a PSCP. All measurements were successful. NAP was assessed 
at all pump speed settings without any measurement difficulties throughout the procedures. 

Averages of the pressures recorded during the PSCP are shown in Figure 5. The pressure 
recordings displayed characteristic physiological changes in arterial pressure waveform 
induced by changes in pump speed settings of the cf-LVAD. Systolic pressures remained 
relatively constant, while diastolic and mean arterial pressures increased with increase in 
pump speed settings. As a result, the pulse pressures decreased in response to an increase in 
pump speed. Furthermore, the pressure waveform acquired a sinusoidal shape at high pump 
speed settings (Figure 6). At these pump speed settings, simultaneous echocardiography 
visualization of the heart revealed that the aortic valve was permanently closed. When the 

Table 1: Patient characteristics

CPB patient characteristics  
N = 21, 16 men and 5 women

Heartmate II LVAD  
patient characteristics 

N = 10, 7 men and 3 women.

Age (years) 62 ± 11 (34 – 77) 44 ± 11 (26 – 62)
Height (cm) 175 ± 10 (157 – 191) 176 ± 11 (158 – 190)
Weight (kg) 85 ± 12 (63 – 113) 71 ± 15 (50 – 93)
Body Mass Index (kg/m2) 28 ± 4 (21– 39) 23 ± 3 (17 – 27)

Data expressed as mean ± SD (range).

Table 2: Blood pressures of patients during cardiopulmonary bypass surgery

IAP NAP NAP – IAP p-value

MAP 56.4 ± 10.5 55.2 ± 11.4 –1.3 ± 6.5 p = 0.53

PO 4.3 ± 3.8 3.8 ± 3.5 –0.5 ± -1.0 p = 0.61

Data expressed as mean ± SD; pressure in mmHg. Mean arterial pressure (MAP) is 
obtained by integration of the pressure curve for a 10 second interval and dividing 
by this interval. Pulse oscillations (PO) were obtained by computing the difference 
between the maximum and the minimum pressure within 1 second interval.

75



Nexfin during reduced arterial pulsatility

4

Table 3: Correlation coefficients for NAP vs IAP

Patient nr R2 Patient nr R2

1 0.77 10 0.76
2 0.98 11 0.86
3 0.92 12 0.84
4 0.91 13 0.90
5 0.73 14 0.85
6 0.74 15 0.99
7 0.65 16 0.91
8 0.95 17 0.95
9 0.94 18 0.91

R2 (linear fit) for NAP vs IAP values (n=180) for each patient during CPB. 

Figure 3: Bland-Altman scatter plot and mean ± SD NAP – IAP for a total of 180 averages of 
10 s periods for all 18 patients (top). Patient averages with mean ± SD of the pressure ranges 
(X-axis) and errors (Y-axis) during CPB (bottom). 
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Figure 4: XY- plots for individual patients. In Patient 1, a centrifugal-pump based heart-lung 
machine was applied, while in patients 2 through 18 a roller-pump-based heart-lung machine 
was used. 
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Figure 5: Noninvasive arterial blood pressure by the Nexfin monitor during a PSCP. The 
average of the systolic pressure, diastolic pressure, mean arterial pressures and pulse pressures 
are determined for 10 patients. 

pump speed was reduced, the dictrotic notch reappeared on the blood pressure waveform, 
while the aortic valve started opening. Hence, the notch appeared at the upper part of the 
waveform and the waveform acquired a letter M-shape. Further decrease in the pump speed 
caused the dicrotic notch on the pressure waveform to shift towards the diastolic pressure. 

4.4 DISCUSSION
This study showed that noninvasively assessed absolute arterial pressure values with the 
Nexfin monitor under hemodynamic conditions of reduced pulsatility were similar to 
those measured invasively using a pressure catheter. Furthermore, the Nexfin monitor 
appropriately reproduced the arterial pressure waveform in patients supported by 
a cf-LVAD. Studies performed during the early development of the Finger pressure 
methodology already suggested that noninvasive measurement of continuous arterial 
pressure might become possible in humans by applying this technology14. Even though 
no requirements exist regarding the accuracy of noninvasive continuous blood pressure 
measurements under reduced pulsatility, NAP-IAP differences fell within the general 
guidelines of the Association for the Advancement of Medical Instrumentation15 with an 
average bias of ± 5 mmHg and an standard deviation of 8 mmHg. However, these guidelines 
are based on comparisons between the Riva-Rocci/Korotkoff and invasive arterial blood 
pressure measurements.5 Therefore, such guidelines may be less appropriate in determining 
the efficacy of devices that measure continuous blood pressure non-invasively such as the 
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Figure 6: Noninvasive blood pressure waveform of a cf-LVAD patient measured by the Nexfin 
Monitor during a PSCP. Pressures are shown for pump speed settings of 9000, 8000, 7000 and 
6000 rpm. It can be observed that the pressure waveform at 9000 rpm did not feature a dicrotic 
notch. This resembled permanent aortic valve closure during simultaneous visualization through 
echocardiography. At 8000 rpm, the waveform acquired a letter M-shape and further decrease of 
the pump speed caused the notch to decrease towards the diastolic pressure. 

Nexfin monitor.5 Furthermore, the T-Line Tensymeter (Tensys Medical, Inc., San Diego, 
CA, USA), is also used to measure continuous noninvasive arterial blood pressure in regular 
patients. However, the capability of this device to assess blood pressure measurements 
under reduced arterial pulsations has yet not been investigated. Another approach based 
on a modified Riva-Rocci method combined with a wrist watch ultrasound sensor was 
suggested in the past to measure blood pressure during reduced arterial pulsatility in 
patients with cf-LVADs.3 However, such approach, even if feasible, would only provide 
pressure approximations based on intermittent measurements of the blood pressure.
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Regular and reliable monitoring of arterial blood pressure is considered important 
during the postoperative care of continuous-flow pump recipients and further management 
after discharge from the hospital. For example, monitoring the ventricular afterload is 
important as it affects the flow through a cf-LVAD during support. A high afterload reduces 
pump flow and may compromise unloading of the ventricle. Furthermore, the noninvasive 
nature of measurement with the Nexfin monitor is not associated with complications 
related to invasive cannulation. The device is easy to apply, making it especially appropriate 
to measure blood pressure during clinical evaluations. 

The arterial pressure waveform may be applied to assess both ventricular and LVAD 
function during mechanical circulatory support. Pressure pulsatility in these patients is 
determined by the relative contribution of the remaining ventricular function and the 
flow through the cf-LVAD. During the PSCP, we observed distinct changes in the arterial 
pressure waveform. At high pump speed settings, the pressure waveform became a sinusoid 
wave, without a dicrotic notch. As the pump speed setting was decreased, the dicrotic notch 
reappeared. Initially, the pressure waveform acquired a letter M-shape, while further decrease 
in pump speed caused the notch to shift towards the diastolic pressure. This observation 
may be associated with increased duration of aortic valve opening with decrease in cf-LVAD 
speed.2 Thus, opening or permanent closure of the aortic valve can by identified by assessing 
the dicrotic notch on the arterial pressure waveform. Furthermore, as the arterial pressure 
waveform can now be obtained non-invasively, NAP may be applied to assess the maximum 
positive time derivative of the arterial blood pressure (dPart/dt)max. As LVADs are also applied 
as bridge to recovery ,16, 17 the (dPart/dt)max may become a potential measure to assess possible 
recovery of the ventricle. The possibility of applying the (dPart/dt)max to quantify left ventricular 
function during cf-LVAD support is an interesting subject for future investigation. 

In this study, we used simultaneous ipsilateral measurements to compare IAP and 
NAP. If the finger cuff is placed ipsilateral to the pressure catheter, interference with NAP 
measurements may occur as the finger cuff is located distal to the pressure catheter. Contra-
lateral measurement of IAP and NAP would have avoided this potential problem. On the 
other hand, when using this method, measurements may be affected by physiological 
pressure differences between the left and right arm. The approximation of IAP by NAP 
suggests that the influence of the catheter is probably small.

During blood pressure measurement with Nexfin, the arterial diameter of the finger is 
clamped at a constant value. If pulsations in the blood pressure disappear after the measurement 
has started, Nexfin will show a constant pressure waveform. Such a measurement can be 
continued for hours. For the proper determination of the diameter at which the finger arteries 
should be clamped, some pulsation is needed to assess the pressure – diameter relationship 
of the arteries (Wesseling method) and start the measurement.7 If blood pressure changes are 
very small at measurement startup, this volume clamp diameter cannot be determined and 
measurement cannot start. The same occurs when the device suspends a measurement after 
an error and tries to resume after a few seconds during a period without pulsations or with 
very small pulsations. This was observed in only one patient during CPB but in none of the 
patients on cf-LVAD support. In the aggregate, pulse pressures higher than 5 mmHg seem to 
be well within the range of measurement of the Nexfin monitor. 
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Low arterial pulse pressures, as observed in the cf-LVAD patients, did not appear to 
be a limitation in acquiring noninvasive arterial blood pressure measurements. However, 
vasoconstriction of the finger arteries manifested by cold hands may limit measurement of 
finger arterial pressure. Nevertheless, the blood pressure waveform was assessed in patients 
with a cf-LVAD during a PSCP without difficulties. During measurement, the arteries 
are never occluded, so that arterial blood flow to the finger is always maintained. Some 
discoloring of the fingertip may occur, since the venous flow is impeded. This discoloring 
disappears as soon as the cuff is released. Most subjects soon get accustomed to the cuff 
pressure on the finger, however, some might experience discomfort. Finally, we chose not to 
compare noninvasively- with invasively-measured blood pressures during the PSCP since 
these patients were anti-coagulated with heparin to avoid possible thrombotic complications 
resulting from a decrease in the number of revolutions of the cf-LVAD. 

In conclusion, this study shows that noninvasive continuous arterial blood pressure 
measurement is possible in patients with reduced pulsatility due to continuous-flow 
mechanical circulatory support. During CPB, NAP was similar to IAP. The Nexfin monitor 
also successfully measured blood pressure in patients supported by a cf-LVAD. Therefore, 
we expect that the Nexfin monitor will enable clinicians to measure the arterial blood 
pressure waveform noninvasively in patients supported by cf-LVADs without the risks 
related to invasive measurements. 
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ABSTRACT
Background: Arterial blood pressure and echocardiography may provide useful 
physiological information regarding cardiac support in patients with continuous-flow Left 
Ventricular Assist Devices (cf-LVADs). We investigated the accuracy of non-invasive blood 
pressure during cf-LVAD and its association with echocardiography data. 

Methods and Results: Noninvasive arterial pressure waveforms were recorded with 
Nexfin (BMEYE, Amsterdam, the Netherlands). First these measurements were validated 
simultaneous with invasive arterial pressures in 29 ICU patients. Next, the association 
between blood pressure responses and echocardiographically derived left ventricular end 
diastolic dimensions (LVEDD), systolic dimensions (LVESD) and shortening fraction 
(LVSF) were determined during changes in pump-speed in 30 outpatients. Noninvasive-
invasive differences (mean ± SD) of systolic-, diastolic-, mean - and pulse pressure were 
–7.6±5.8, –7.0±5.2, –6.9±5.1 and –0.6±4.5 mmHg respectively (all < 10%). These blood 
pressure responses did not correlate with LVEDD, LVESD or LVSF, while LVSF correlated 
weakly with both pulse pressure (r=0.24;p=0.005) and (dPart/dt)max (r=0.25;p=0.004). The 
dicrotic notch in the pressure waveform was a better predictor of aortic valve opening 
(AUC=0.87) than pulse pressure (AUC=0.64) and (dPart/dt)max (AUC=0.61). Patients with 
partial support rather than full support at 9000 rpm had a significant rise in systolic, pulse 
pressure and (dPart/dt)max without changes in echocardiographic measures after pump speed 
reduction. 

Conclusions: Non-invasive arterial blood pressure waveforms were reliable during 
cf-LVAD support. Arterial blood pressure and echocardiographic measurements showed 
no correlation. Therefore, blood pressure provides complimentary information regarding 
cardiac support with cf-LVADs.
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5.1 INTRODUCTION
Continuous-flow Left Ventricular Assist Devices (cf-LVADs) are the latest generation 
mechanical circulatory support systems in the treatment of end-stage heart failure.1-3 These 
devices are used as bridge to heart transplantation, recovery or as destination therapy. 
Presently, they can provide long term mechanical circulatory support allowing patients to 
be completely ambulatory. 

For the evaluation of patient cardiovascular status during cf-LVAD support, 
echocardiography has been the primary assessment strategy, in term of ventricular size, 
cardiac hemodynamics such as left ventricular (dP/dt)max and myocardial recovery 
assessment.4-6 Often, these evaluations are done based on a so-called pump speed change 
procedure, in which the pump speed is reduced in steps. Such a procedure is associated with 
characteristic echocardiographic responses.7, 8 

However, also knowledge of arterial blood pressure is important in the management of 
patients with cf-LVADs as it gives valuable information on organ perfusion pressure and 
about the interaction between the cf-LVAD and the cardiovascular system. Since cf-LVADs 
generate flow continuously throughout the cardiac cycle, blood pressure pulsatility is 
reduced compared to patients without a cf-LVAD. Both the flow through the cf-LVAD and 
the degree of arterial pulsatility depend on the preload and afterload pressures, pump speed 
and left ventricular contractility. As the pressure difference between preload and afterload 
affects pump output, arterial hypertension can reduce cf-LVAD flow and thereby the degree 
of ventricular unloading provided by the cf-LVAD. Maintaining an appropriate range of the 
mean arterial pressure could also prevent stroke due to hypertension.9, 10 

Currently, there is a lack of knowledge regarding the association between multiple 
assessment modalities to evaluate physiological responses during cf-LVAD support. 
Particularly, measurement of blood pressure in patients with a cf-LVAD is difficult, since the 
pulsatility is usually below the level required to measure blood pressure with auscultatory or 
automated methods. Therefore, the present study evaluates the accuracy of the arterial blood 
pressure waveforms as measured by a non-invasive device and comparing these with invasive 
arterial pressure after cf-LVAD implantation. Furthermore, we sought to investigate the 
association between changes in echocardiographically-derived cavity dimensions and arterial 
blood pressure responses in patients with a cf-LVAD during a pump speed change procedure. 

5.2 METHODS
The study was conducted at the University Medical Center Utrecht. The investigation 
conforms to the principles outlined in the Declaration of Helsinki. The study was approved 
by the medical ethical committee of our hospital and all participating patients provided 
written informed consent. Two cohorts of patients were investigated. Cohort A consisted 
of patients in the intensive care unit (ICU) after receiving cf-LVAD as a bridge to heart 
transplantation. Of these patients, most (n = 29) received a Heartmate II LVAD (“HM II”, 
Thoratec Corp, Pleasanton, CA) while 2 patients received a Heartware LVAD (“HVAD”, 
Heartware, Inc., Miramar, FL, USA). Both devices are continuous-flow pumps and have 
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similar pump characteristics, resulting in similar physiology during circulatory support. 
Arterial blood pressure was measured invasively, which served as a reference for the 
noninvasive measurements. Additionally, cohort B consisted of outpatients (n = 30) with 
a HM II cf-LVAD who underwent a pump speed change procedure 6 months post-HM II 
implantation. This procedure is based on a protocol in which the pump speed of the HM II 
is reduced in stepwise fashion from 9,000 - 10,000, to 6,000 rpm by steps of 1,000 rpm for 
1-minute per step. Patients were heparinized to limit the risk of pump thrombosis. 

Arterial blood pressure waveform validation 
Patients in cohort A received invasive arterial pressure (IAP) monitoring in the ICU with 
a radial artery catheter connected to a pressure transducer (PMSET 1DT-XX 1 Safedraw 
Argon Critical Care Systems, Singapore) and a monitoring system (Spacelabs Healthcare, 
Issaquah, Washington, USA). To avoid inadequate invasive arterial blood pressure wave 
shape, the invasive arterial catheter was periodically flushed. Simultaneously, noninvasive 
arterial pressure (NAP) was measured beat-to-beat by the Nexfin monitor (BMEYE B.V. 
Amsterdam, the Netherlands, Fig. 1).11, 12 

NAP is based on a brachial reconstruction from the finger arterial pressure measured by 
the finger cuff. To obtain NAP, an appropriate size finger cuff was applied to the mid-phalanx 
of a finger of the hand on the side of the invasive measurements. To compensate for hydrostatic 
errors due to level differences between the finger and the heart, the heart reference system of 
the Nexfin monitor was used. The finger side of the heart reference system was fixated next to 
the measurement finger and the heart side at the arterial pressure transducer level.13 In the first 
minute of measurement the positions of the finger cuff and pressure transducer were checked 
for possible level errors and signal quality, and if necessary, readjusted. If no NAP signal could 

Figure 1: The finger cuff of the Nexfin Monitor positioned at the mid-phalanx of a finger. 
Multiple finger cuffs sizes were available to fit the appropriate finger size. The monitor (shown in 
the background) displays beat-to-beat arterial blood pressure waveforms and derived parameters. 
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be obtained, the cuff was switched to another finger and NAP measurement was reinitiated. 
NAP is periodically calibrated by the Physiocal algorithm.14 During these short calibrations, 
NAP is temporarily interrupted for 2 (or more if required) beats. The analog signals of NAP 
and IAP were sampled at 200 Hz and stored on a hard disk. For each patient recording, 600 
seconds periods of matched NAP and IAP values were selected. Systolic- (SYS), diastolic- 
(DIA), mean arterial- (MAP) and pulse pressure (PP) values were determined for subsections 
of 2 seconds (since pulsatility may or may not be present in the blood pressure) of the IAP and 
NAP recordings, resulting in 300 consecutive data sets per patient. 

Pump Speed Change Procedure
Patients in cohort B underwent a pump speed change procedure, 6 months post-LVAD 
implantation. Throughout the procedure, blood pressure responses were measured 
at each pump speed, including changes in SYS, DIA, MAP and PP and the maximum 
arterial pressure derivative (dPart/dt)max based on the NAP waveform. Meanwhile, patients 
underwent simultaneous 2-dimensional echocardiographic, examination using a Philips 
iE33 machine (Philips Electronics, Eindhoven, The Netherlands). Left ventricular end-
diastolic and end-systolic dimensions (LVEDD and LVESD) were obtained from the 
parasternal long axis of the left ventricle at the level of the chordal mitral valve junction. 
Based on these measurements, left ventricular shortening fraction (LVSF) was computed 
as percentage change in the LV diastolic dimensions with systole ((LVEDD-LVESD)/
LVEDD). Images were stored digitally for offline analysis using Phillips Xcelera analysis 
software R3.2L1 (Phillips Healthcare, Amsterdam, the Netherlands). Furthermore, aortic 
valve opening or continuous closure was assessed at all pump speed settings. As long as 
the aortic valve still opened, patients were denoted as being on partial support. When the 
aortic valve remained closed permanently, patients were denoted as being on full support. 
Measurements were done routinely by 4 experienced laboratory technicians and verified 
by an independent cardiologist.

Data analysis and statistics
To compare SYS, DIA, MAP and PP from NAP and IAP in cohort A, the Bland-Altman 
approach was followed. For each patient, the mean and Standard Deviation (SD) of the 300 
averages of NAP and IAP were represented as horizontal coordinate where the SD expressed 
the range of pressures for each patient (“within-subject variability”). Similarly, the mean 
and SD of the 300 NAP-IAP differences of each patient represent the vertical coordinate in 
the Bland-Altman plot where the SD were measures of the individual consistence (“within-
subject precision”).11 The Pearson product moment was used to compute coefficients of 
correlation. To evaluate the accuracy and precision of the NAP, mean ± SD of the differences 
between NAP and IAP were computed based on the data of the group. 

Blood pressure measurements after pump speed change in cohort B were analysed based 
on 10 second averages of NAP for each speed setting. Furthermore, the NAP waveform 
was evaluated for the presence of a dicrotic notch at each pump speed setting. The dicrotic 
notch was indicated as a slight pressure increase on the descending limb following the 
maximum arterial pressure. 
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To examine the association between the echocardiographic and arterial blood pressure 
parameters correlation analysis was performed. Receiver operating characteristic (ROC) 
curves were made to evaluate the specificity and sensitivity of the presence of a dicrotic 
notch, PP and (dPart/dt)max to reflect the dynamics of the aortic valve. A Student-t test was 
performed to compare parameters based on patients with partial support at 9000 rpm 
(partial support group) and patients with full support at 9000 rpm (full support group). 
A one-way repeated measure ANOVA was performed to analyze the differences between 
blood pressures and echocardiography parameters at multiple pump speeds. Statistical 
tests were performed using SPSS 17 (IBM SPSS Statistics 19, IBM Corporation, Somers, 
NY, USA). A p-value of less than 0.05 was considered significant. Normally distributed 
continuous data were presented as means ± SD. 

5.3 RESULTS
NAP compared to IAP 
Cohort A consisted of 23 men and 8 women (total of 31 patients), of 50 ±11 years of age. Other 
patients’ characteristics were a height of 177.8 ± 9.5 cm, weight of 76.5 ± 13.7 and Body Mass 
Index of 24.1 ± 3.5 kg/m2. The mean cf-LVAD flow during measurement was 5.3 ± 1.0 L/min at 
baseline pump speed (9,500 ± 260 rpm in patients with a HM II device (n=29), and 3,000 ± 0 rpm 
in the patients with a HVAD (n=2). Noninvasive measurements failed in two patients (1 HM II 
and 1 HVAD). Thus, data of 29 patients were available for analysis (93% success rate). 

The ranges of IAP were 89 - 116 mmHg for SYS, 62 - 84 mmHg for DIA, 76 - 93 mmHg 
for MAP and 14 - 48 mmHg for PP. The Pearson coefficients of correlation, within-
subject variability and within-subject precision are represented by Table 1. The individual 
patients’ averages and SDs are shown in the Bland Altman plots for SYS, DIA, MAP, and 
PP respectively (Figure 2). NAP underestimated IAP by less than 10% as shown by Table 2. 

NAP compared to echocardiography 
Patient characteristics and medication in cohort B are shown in Table 3. All characteristic 
and medication were similar, except for the (dP art/dt)max and the pulsatility index of the 
HM II LVAD, which were higher in the patients with partial support. None of the patients 
showed hemodynamic deterioration during the pump speed change procedure.

In general, correlation analysis showed no association between LVEDD, LVESD or LVSF 
and non-invasively assessed arterial blood pressure data (Table 4). LVSF correlated poorly 
with pulse pressure (r=0.24; p=0.005) and (dPart/dt)max (r=0.25; p=0.004).

The arterial blood pressure waveform showed characteristic changes in the course of the 
pump speed change procedure (Figure 3). When the aortic valve did not open, no dicrotic 
notch was observed on the NAP waveform (specificity >0.99). Subsequently, when the aortic 
valve truly opened, a dicrotic notch was observed on the NAP waveform in 74% of these 
cases (sensitivity = 0.74), considering all pump speed settings. The ROC curves of Figure 
4 show the relation between the presence of a dicrotic notch, PP and (dPart/dt)max and true 
opening of the aortic valve. The area under the curve (AUC) for the presence of the dicrotic 
notch was 0.87, which can be categorized as a good predictor of aortic valve opening. 
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Figures 2: NAP - IAP Bland Altman plots for systolic (SYS), diastolic (DIA), mean arterial 
(MAP) and pulse pressure (PP). Individual means ± standard deviations (SD) of the pressure 
ranges (X-axis) and errors (Y-axis). Drawn lines are averages and dashed lines indicate ± 1 SD 
and ± 2 SD. X and Y axes have the same scale. 
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Table 1: Within-subject data averaged over the group

r 
Median (25 - 75%)

within-subject  
variability

within-subject  
precision

SYS 0.76 (0.53 - 0.88) 4.8 ± 2.1 4.8 ± 4.8
DIA 0.64 (0.39 - 0.78) 3.0 ± 1.3 3.5 ± 2.8
MAP 0.76 (0.54 - 0.82) 3.4 ± 1.5 3.5 ± 3.2
PP 0.69 (0.45 - 0.90) 3.8 ± 2.1 3.9 ± 4.0

r: coefficient of correlation (Pearson product moment); within-subject variability (n = 29): average SD of individual 
averaged invasive and noninvasive pressures of the group; within-subject precision (n = 300): average SD of the 
individual differences between invasive and noninvasive pressures. Individual within-subject variability and precision 
are indicated in Figure 2 as horizontal and vertical error bars, respectively. Data expressed as average ± SD. SYS, systolic 
pressure; DIA, diastolic pressure; MAP, mean arterial pressure; PP, pulse pressure; pressures in mmHg.

Table 2: Group A (n = 29) averaged pressures and pressure differences

IAP NAP NAP - IAP
NAP – IAP  

% difference

SYS 97 ± 9.5 89 ± 9.6 –7.6 ± 5.8 –7.8%
DIA 76 ± 9.0 69 ± 7.1 –7.0 ± 5.2 –9.2%
MAP 84 ± 8.6 78 ± 7.4 –6.9 ± 5.1 –8.2%
PP 21 ± 9.0 20 ± 7.5 –0.6 ± 4.5 –2.9%

IAP: invasive and NAP: noninvasive pressures, data expressed as average ± SD. SYS, systolic pressure; DIA, diastolic 
pressure; MAP, mean arterial pressure; PP, pulse pressure; pressures in mmHg.

However, the AUC for PP was 0.64 and (dPart/dt)max was 0.61 respectively. This indicates 
that both PP and (dPart/dt)max were poor indicators of aortic valve opening. 

When comparing the partial support group (n=10) with those in the full support 
group (n=20), LV dimensions and LVSF responses were not significantly different (figure 
5). Nevertheless, patients with partial support had significant rise in systolic pressure 
(p<0.01), while DIA and MAP were reduced in both groups. In addition, pulse pressure 
and (dPart/dt)max showed a much more prominent rise (both p<0.001) in the partial support 
group compared to the full support group at lower pump speed settings.

5.4 DISCUSSION
The current study shows the feasibility of simultaneous measurement of non-invasive arterial 
blood pressure waveforms and echocardiographic parameters in patients with cf-LVAD support. 
The Nexfin monitor provided beat-to-beat noninvasive arterial pressure data that moderately 
underestimated IAP, while pulse pressures were accurate. Furthermore, echocardiographic and 
blood pressure responses were not correlated while one another, to the LVSF only showed 
a weak correlation with pulse pressure and arterial (dPart/dt)max. The dicrotic notch on the 
noninvasive blood pressure waveform was a good predictor of aortic valve opening and better 
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Table 3: Patients characteristics, echocardiographic data, blood pressure, medication and pump data at 6 
months after implantation of HeartMate II LVAD

AV open n=10 AV closed n=20 P* All patients n=30

Male 100%(10) 73%(12) 0.03 72%(22)
Age (years) 39.9 ± 12.3 41.9 ± 14.8 0.57 41.2 ± 13.8
Duration of Heartfailure (months) 22.8 ± 30.1 63.5 ± 79.4 0.13 49.5 ± 68.8
DCM 90%(9) 70%(14) 0.37 77%(23)
Body mass index (kg/m2) 25.6 ± 4.5 24.0 ± 3.9 0.33 24.6 ± 4.1

Laboratory values
Sodium (mol/L) 139 ± 2 139 ± 2 0.99 139 ± 2
Urea (mol/L) 6.8 ± 2.8 5.7 ± 1.9 0.21 6.1 ± 2.3
Creatinine (μmol/L) 109 ± 59 86 ± 27 0.15 94 ± 41
Total bilirubin (μmol/L) 18 ± 6 15 ± 6 0.25 16 ± 6
GGT (U/L) 42 ± 19 74 ± 59 0.13 64 ± 51
AST (U/L) 40 ± 28 39 ± 17 0.89 39 ± 20
ALT (U/L) 69 ± 87 38 ± 31 0.17 48 ± 55
LD (U/L) 488 ± 347 451 ± 294 0.77 462 ± 306
HB (mmol/L) 8.0 ± 1.3 7.8 ± 0.9 0.56 7.9 ± 0.4
HT (L/L) 0.40 ± 0.04 0.4 ± 0.04 0.05 0.4 ± 0.04

Echocardiography values (LVAD on)
LVEDD (mm) 60 ± 20 54 ± 14 0.4 56 ± 16
LVESD (mm) 50 ± 20 47 ± 15 0.76 48 ± 17
LVSF (%) 0.19 ± 0.08 0.15 ± 0.09 0.18 0.16 ± 0.09
AI> moderate 0 (0%) 0 (0%) 0 (0%)

Hemodynamics 
SYS (mmHg) 95 ± 10 90 ± 13 0.34 92 ± 12
DIA (mmHg) 75 ± 7 75 ± 8 0.9 75 ± 7.9
MAP (mmHg) 83 ± 8 81 ± 10 0.51 82 ± 9.4
PP (mmHg) 20 ± 5 15 ± 8 0.08 17 ± 7.2
HR (bpm) 77 ± 15 75 ± 11 0.76 75 ± 12
(dP/dt)max (mmHg/s) 183 ± 61 121 ± 54 0.01 143.9 ± 63

Medication 
Antiarrhythmics 4(40%) 8(40%) 1 12(40%)
Ace inhibitors 4 (40%) 6 (30%) 0.69 10(33%)
Beta-blockers 3(30%) 0(0%) 0.03 3(10%)
Diuretics 4(40%) 8(40%) 1 12(40%)

Pump characteristics
baseline (rpm) 9520 ± 193 9470 ± 192 0.55 9490 ± 190
Flow (L/min) 5.9 ± 0.7 5.4 ± 0.5 0.06 5.6 ± 0.6
Power (Watts) 7.0 ± 0.6 6.7 ± 0.7 0.4 6.8 ± 0.7
Pulsatility index (-) 5.6 ± 0.5 4.8 ± 0.7 0.01 5.1 ± 0.8

Data are presented as mean ± standard deviation or number of patients. 
* For between-group comparison of Aortic valve (AV) open or AV closed Student t test was used for all scaler variables 
and pearson chi-square test for all ordinal variables.
HB, hemogolobine level, HT, hematocrit, GGT, Gamma-glutamyl transpeptidase, AST, aspartate transaminase, ALT, 
Alanine transaminase, LD, lactate dehydrogenase, LVSF, left ventricular shortening fraction, LVEDD, left ventricular end 
diastolic dimensions, LVESD, left ventricular end systolic dimension, AI, aortic regurgitation, SYS, systolic pressure, DIA, 
diastolic pressure, MAP, Mean Arterial pressure, PP, pulse pressure, HR, heart rate, (dPart/dt)max, maximum arterial blood 
pressure time derivative.
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Figure 3: Examples of noninvasive arterial blood pressure waveforms during the pump speed 
change procedure. The pump speed setting and true opening of the aortic valve assessed by 
echocardiography are indicated. In patient 1, the aortic valve opened and closed at pump speeds 
lower than 7 103 rpm, which was reflected by an M-wave on the NAP waveform. In patient 2, 
the aortic valve was opening and closing at all pump speed settings, and the notch was moving 
further towards the minimum (diastolic) pressure as the pump speed decreased. In patient 3, 
the aortic valve was opening and closing at all pump speed settings, however, the dicrotic notch 
is less obvious resulting in a decreased sensitivity of the notch to reflect aortic valve dynamics. 

Table 4: Pearson correlation between echocardiographic and hemodynamic parameters.

SYS DIA MAP PP (dPart/dt)max

LVEDD r=0.05 p=0.56 r=-.01 p=0.93 r=-.02 p=0.81 r=-.07 p=0.42 r=0.09 p=0.29
LVESD r=-.01 p=0.95 r=.03 p=0.72 r=-.02 p=0.80 r=-.03 p=0.72 r=-.01 p=0.90
LVSF r=0.09 p=0.28 r=-.16 p=0.07 r=-.04 p=0.68 r=0.24 p=0.005 r=0.25 p=0.004

LVSF, left ventricular shortening fraction, LVEDD, left ventricular end diastolic dimensions, LVESD, left ventricular end 
systolic dimension, AI, aortic regurgitation, SYS, systolic pressure, DIA, diastolic pressure, MAP, Mean Arterial pressure, 
PP, pulse pressure, HR, heart rate, (dPart/dt)max, maximum arterial blood pressure time derivative.
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Figure 5: Echocardiography and Arterial blood pressure response to a pump speed change 
procedure for patients with full support (continuous aortic valve closure) and partial support 
(with aortic valve opening): left ventricular end diastolic dimension (LVEDD), left ventricular 
end systolic dimensions (LVESD), left ventricular shortening fraction (LVSF), systolic (SYS), 
diastolic (DIA), mean arterial (MAP) and pulse pressure (PP); maximal slope of the pressure 
curve (dPart/dt)max. Parameters are present for increasing pump speed settings, while Baseline 
pump speed (B) was the initial pump speed setting.

Figure 4: ROC curves showing the ability of blood pressure measures to reflect opening of the 
aortic valve during cf-LVAD support: Dicrotic notch (dotted line) with an AUC of 0.84, pulse 
pressure (dashed line) with an AUC of 0.63 and (dPart/dt)max (thick solid line) with and AUC of 
0.61. A rough guide for classifying the quality of the test is based on the following boundaries: 
0.90 - 1 = excellent, 0.80 - 0.90 = good; 0.70 - 0.80 = fair; 0.60 - 0.70 = poor; 0.50 - 0.60 = fail.
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than pulse pressure and (dPart/dt)max. Meanwhile, patients with partial support at 9000 rpm had 
more prominent rise in SYS, PP and (dPart/dt)max compared to those at full support. 

The Nexfin monitor allowed reliable continuous noninvasive assessment of the 
arterial blood pressure waveform. Previously, we demonstrated that the Nexfin monitor 
was capable of accurately measuring arterial blood pressure with reduced pulsatility 
during cardiopulmonary bypass.15 The Association for the Advancement of Medical 
Instrumentation has suggested an allowed average pressure difference of ± 5 mmHg and 
a standard deviation of 8 mmHg for comparison between the upper arm cuff devices and 
invasive arterial blood pressure.16 Up till now, no guidelines are available for comparison 
between invasive and noninvasive continuous blood pressure waveform measurements, but 
with above standards in mind the noninvasive device gives acceptable results.

In this study, NAP underestimated IAP, while PPs were similar during cf-LVAD support. 
The differences in continuous noninvasive pressures observed may be related to structural 
properties within the arterial blood pressure reconstruction algorithm used by the Nexfin 
monitor. Arterial blood pressure reconstruction involves three basic features.11 First, NAP 
is generated based on pressure reconstruction. Waveform filtering by an inverse model 
compensates for arterial blood pressure amplification, caused by pressure wave reflections 
due to narrowing of arteries of the arm. Second, a population based level correction formula 
compensates for frictional losses between the radial arteries down to the finger arteries. 
Third, pressure calibrations are performed regularly to compensate for changing properties 
of the vasculature. Calibration procedures were developed with models and criteria derived 
under (patho-) physiological conditions and for a general population, however not for 
patients with cf-LVADs. A reason for the differences between IAP and NAP could be that the 
reduced pulsatility in patients with cf-LVAD causes vascular structural changes which need 
to be accounted for within the pressure reconstruction algorithms applied to generate NAP. 
However, the presence and cause of such changes in vascular properties are yet unknown and 
have to be investigated in future studies. Until recently, noninvasive blood pressure assessment 
was often impossible in cf-LVAD patients because the reduced pulsatility would be below the 
sensitivity range of standard blood pressure measurement techniques. Doppler ultrasound of 
a peripheral artery has been considered an alternative to assess noninvasive blood pressure 
during cf-LVAD support and showed a relatively high success rate of 94.3% compared to the 
automatic blood pressure cuff (52.9%), auscultation (14.3%) and palpation (2.9%).17 When 
compared to invasive blood pressure, MAP by Doppler differed by 0.2 ± 10.5 mmHg while 
SYS was overestimated by 8.6 ± 9.5 mmHg. In a study in patients with the Jarvik 2000 axial-
flow LVAD reported by Myers et al,18 pressures using the automatic pressure cuff were not 
obtained in 24 of the 108 occasions (success rate of 78 %). The systolic, diastolic, and mean 
arterial pressure values of the arterial catheter did not correlate with values of the automatic 
cuff. Nevertheless, pulse pressure, when high enough to be detected by the automatic cuff, was 
not significantly different from invasively measured pulse pressure. In comparison to these 
results, the Nexfin monitor had a success rate of 93%. Meanwhile, NAP reflects the entire 
waveform, with good predictability of aortic valve dynamics through the dicrotic notch. 

Both arterial blood pressure assessment and structural characteristics by 
echocardiography provide vital information to optimize cardiac support in cf-LVAD 
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patients. On one hand, adequate blood pressure levels should be maintained to preserve 
tissue perfusion, while avoiding high blood pressure, as higher afterload limits pump flow 
and ventricular unloading and may also induce cerebrovascular events.10 On the other 
hand, echocardiography allows structural evaluation of the ventricle, including ventricular 
unloading, right ventricular function, and valvular pathology, all which play an important 
role in achieving optimal cardiac support on cf-LVADs.5, 9, 10, 19 Thus this suggests that both 
measurements provide complementary information.

Blood pressure and echo-derived characteristics may also be considered to assess 
suboptimal cf-LVAD support.19 A flat arterial blood pressure waveform with a low pulse 
pressure indicates that left ventricular function is extremely poor or that the pump speed 
is close to exceeding the available left ventricular volume. However, a sudden increase 
of arterial pulsations accompanied by increased ventricular dimensions may reveal the 
presence of an obstruction in the cf-LVAD. Additionally, LVAD-induced myocardial 
recovery is a desirable outcome and a multi-source assessment strategy to determine the 
ventricular function is desirable. The weak association of LVSF and pulse pressure and 
(dPart/dt)max response found in this study perhaps suggests some complementary relationship 
in reflecting left ventricular systolic functional status. The ability of the ventricle to open 
the aortic valve at a fixed pump speed, for example at 9000 rpm, may be a novel surrogate 
of left ventricular systolic performance.20 It is plausible that patients with partial support 
and aortic valve opening may have a better left ventricular function compared to those 
showing continuous aortic valve closure at the same rotational speeds. Finally, the choice of 
the pump speed should be such that the ventricle is maximally unloaded; however, not to 
an extent that the aortic valve remains permanently closed, since aortic valve insufficiency 
and/or fusion of the cusps may ensue.21 Altogether, these facts underline the importance of 
functional evaluation of the aortic valve during cf-LVAD support, which may incorporate 
both blood pressure waveforms as well as echocardiography. 

A limitation of this study is that NAP was not compared with IAP during the pump 
speed change procedure since invasive measurements are not part of standard practice. 
Additionally, echocardiography data were limited to ventricular dimensions rather than 
ventricular volume. Due to the lack of an appropriate measure for left ventricular function 
on cf-LVAD support, we did not consider the effect of left ventricular function in this study. 

5.5 CONCLUSIONS
The Nexfin monitor provided reliable blood pressure measures during cf-LVAD support 
and reflected hemodynamic responses to pump speed changes. Additionally, arterial 
blood pressure showed no correlation with echocardiographic measures. Moreover, 
these waveforms reflected properties of the aortic valve dynamics, while showing 
characteristic responses in patients with different degrees of cf-LVAD support. Additional 
to echocardiographic measurements, these features may assist in the diagnostics of device-
related hypertension, left ventricular systolic function and pump dysfunction. Thus, 
combined blood pressure and echocardiographic assessment may provide complimentary 
information in regards to optimal cardiac support in cf-LVAD patients. 
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ABSTRACT
Introduction: Patients on continuous-flow Left Ventricular Assist Devices (cf-LVADs) are 
able to return to an active lifestyle and perform all sorts of physical activities. This study aims 
to evaluate exercise hemodynamics in patients with a Heartmate II cf-LVAD (HM II). 

Material & Methods: Thirty (30) patients underwent a bicycle exercise test. Along with 
exercise capacity, systemic cardiovascular responses and pump performance were evaluated 
at 6 and 12 months after HM II implantation.

Results & Conclusion: From rest to maximum exercise, heart rate increased from 
87 ± 14 to 140 ± 32 beat/minute (p<0.01), while systolic arterial blood pressure increased 
from 83 ± 7 to 116 ± 21 mmHg (p<0.01). Total Cardiac Output (TCO) increased from 
4.1 ± 1.1 to 8.5 ± 2.8 L/min (p<0.01) while pump flow increased less, from 5.1 ± 0.7 to 
6.6 ± 0.64 L/min (p<0.01). Systemic Vascular Resistance (SVR) decreased from 1776 ± 750 
to 1013 ± 383 dynes.s/cm5 (p<0.001) and showed the strongest correlation with TCO 
(r=-0.72; p<0.01). Exercise capacity was affected by older age, while blood pressure increased 
significantly in males compared to females. Exercise capacity remained consistent at 6 and 
12 months after HM II implantation, 51% ± 13% and 52% ± 13% of predicted VO2max for 
age and gender. In conclusion, pump flow of the HM II may contribute partially to TCO 
during exercise, while SVR was the strongest determinant of TCO. 

Keyword: rotary blood pump, blood pressure, cardiac output
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6.1 INTRODUCTION
Left Ventricular Assist Devices (LVADs) have become a life-saving therapy for patients with 
end-stage heart failure, either as a bridge to transplantation or destination therapy.1-3 Following 
LVAD implantation, patients have shown improved survival, hemodynamic characteristics 
and quality of life. Accordingly, this technology enables patients to return to an active life 
and perform all sorts of physical activities.4-8 

Several studies have evaluated exercise capacity after LVAD implantation, some 
considering the older generation pulsatile LVADs as well as the newer generation continuous 
flow LVADs (cf-LVADs).7, 9, 10 Pulsatile LVADs are based on a fill-to-empty mode. This enables 
the pump to increase its output when venous return increases by an automatic increase in 
pump rate, with a constant stroke volume. However, cf-LVADs are designed to operate at a 
fixed rotor speed that does not automatically adjust for changes in left ventricular pre-load. 
The hydraulic performance of the cf-LVAD is inversely proportional to pressure gradient 
across the pump, termed as the delta P. Despite these differences in pump design, patients 
with either LVAD seem to perform similarly in terms of exercise capacity. 11, 12

During regular exercise in normal subjects, both chronotropic and inotropic responses are 
triggered which cause the cardiovascular system to adapt.13-15 Yet, the hemodynamic responses 
in cf-LVAD patients have yet to be elucidated, as little is known of the contribution of the 
cf-LVAD during exercise. Therefore, the aim of this study was to evaluate exercise capacity and 
hemodynamics in association with systemic cardiovascular responses and pump performance in 
patients with a Heartmate II cf-LVAD (Thoratec, Pleasanton, CA, USA) (HM II). 

6.2 MATERIAL & METHODS
Patient inclusion and characteristics
This study was a single-centre, prospective study which included thirty patients (n=30) who 
received a HM II as a bridge to heart transplantation. All patients underwent an exercise 
evaluation at 6 months after the HM II implantation. A subset of patients evaluated at 12 months 
after implantation were included to assess effects of prolonged cf-LVAD support (n=20). In 
general, pump settings were optimized by echocardiography at the time of implantation, 
before discharge and later, if necessary, based on clinical events. Patients’ medication, including 
b-blokkers, was not withheld during the study. All patients were in stable condition and were 
ambulatory. The study was approved by the Ethics Committee of the University Medical Center 
Utrecht (the Netherlands) and all patients signed informed consent. 

Echocardiography 
Prior to exercise, patients underwent 2-dimensional and Doppler echocardiographic 
examination using a Philips iE33 machine (Philips Electronics, Eindhoven, the Netherlands). 
Images were stored digitally for offline analysis, using Phillips Xcelera analysis software 
R3.2L1 (Phillips Healthcare, Amsterdam, the Netherlands). Ventricular dimensions were 
obtained from the parasternal long axis of the left ventricle at the level of the chordal mitral 
valve junction, where possible. The degree of LVAD support was determined at baseline 
based on the mobility of the aortic valve, and denoted as either partial support (with the 
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aortic valve opening) or full support (with continuous aortic valve closure). The degree of 
aortic valve insufficiency (AI) was graded on an interval scale as mild (grade I), moderate 
(grade II) or severe (grade III) based on the classification of severity of AR by the ACC/
AHA practice guidelines.16 All measurements were part of a routine evaluation protocol at 
3, 6 and 12 months to assess ventricular function in case of potential myocardial recovery. 

Exercise protocol
Subjects wore a tightly fitting face mask which was connected to a capnograph and a sample 
tube, enabling online ventilation and metabolic gas exchange measurements. The heart rate 
was continuously measured based on a standard 12-lead electrocardiogram. Respiratory 
gasses were measured by either Oxycon, (Jaeger, The Netherlands) or ZAN-600, (Ergo 
Spiro, Germany). Respiratory exchange ratio (RER) was computed based on the carbon 
dioxide production (VCO2) divided by the oxygen consumption (VO2). Exercise capacity 
was characterised as the highest VO2 measure during exercise (VO2max; expressed 
as mL/min, VO2max* expressed as mL/kg/min). The percentage of the predicted values 
was calculated according to Jones, correcting for age and gender.17 Based on measures of 
VO2 and VO2max, Total Cardiac Output (TCO) was retrospectively calculated according 
to Stringer18 as TCO = 0.1 VO2/ (5.721 + (0.1047 (VO2/VO2 max); (VO2 in mL/min). This 
technique provides an indirect estimation of the TCO, rather than a real flow measurement. 

Bicycle ramp incremental cardiopulmonary exercise testing was conducted in all 
patients, starting at 25 watt with increments of 10 watt every minute. Patients were 
encouraged to exercise maximally and achieve a respiratory exchange ratio >1.0, if possible. 

Hemodynamic parameters included non-invasive arterial blood pressure waveforms 
assessed by the Nexfin monitor (BMEYE B.V. Amsterdam, the Netherlands). This device 
uses a finger cuff that measures finger pressure, and applies blood pressure reconstruction 
to reproduce brachial blood pressure as described previously.19, 20 Based on the arterial 
blood pressure waveform, systolic (Sys), diastolic (Dia), mean arterial pressure (MAP) 
and the maximum arterial blood pressure derivative (dPart/dt)max were determined. Pulse 
pressure was computed by Sys-Dia. Arterial blood pressure waveforms and derivatives 
were measured beat-to-beat throughout the entire exercise test and retrospectively 
matched at each workload as 10 second-averages. Finally, the Systemic Vascular Resistance 
(SVR) was determined based on the physiological relationship between MAP and TCO: 
SVR = (MAP-CVP)/TCO, while CVP was assumed to be ~ 0 mmHg in all computations 
(SVR in dyns.s/cm5).

Pump performance of the HM II was obtained from the device console for each level 
(increase in bicycle load) and included pump flow, power consumption and pulsatility index 
(PI). The pump flow provided by the device console is a flow estimation based on power 
consumption of the pump and rotational speed (rpm). All exercise tests were performed at 
a fixed pump speed. 

Data and statistical analysis
Measurements of systemic cardiovascular parameters and pump performance were 
compared at the start of exercise and maximum exercise for all patients, between ages 
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higher and lower than 50, and between males and females. Data and statistical analysis 
was performed using Microsoft excel 2007 (Microsoft Corporation, Redmond, WA, USA) 
and SPSS version 20 for Windows software (SPSS Inc, Chicago, IL, USA), with two-tailed 
paired or unpaired Student’s t-test as appropriate. Systemic cardiovascular parameters and 
pump performance were also related graphically to the duration of exercise. Here, it has to 
be taken into account that sample sizes at each time point might be different, as patients 
may reach different durations of exercise. Furthermore, the relationships between TCO 
and hemodynamic or exercise-derived variables were determined using Pearson’s product 
moment coefficient of correlation (r). The meaningfulness of the coefficient of correlation 
was evaluated by calculating the coefficient of determination (R2). A two-sided p-value 
<0.05 was considered statistically significant. All data were presented as mean ± standard 
deviation (SD) unless otherwise indicated. 

6.3 RESULTS
The characteristics of the study population are presented in Table 1. This overview includes 
baseline echocardiographic, hemodynamics, pump settings and performance data, and 
patient medication. The cohort consisted of 20 males and 10 females. The cause of heart 
failure prior to HM II implantation was non-ischemic cardiomyopathy in 22 patients 
(73%), and ischemic cardiomyopathy in 8 patients (27%). One patient had undergone a 
central suture closure of the aortic valve with a single buttressed stitch because of severe AI 
pre-LVAD implantation, as demonstrated previously by others.21 After HM II implantation, 
all patients demonstrated an improvement in general well-being and complete recovery of 
organ function as shown by laboratory markers.

Echocardiographic evaluation prior to exercise revealed that the HM II LVAD provided 
full cardiac support in 24 patients (80%), and partial support in 6 patients (20%), as judged 
by the mobility of the aortic valve. Echocardiograms were inconclusive in assessing AI 
in 3 patients. Eventually, 8 patients showed no aortic valve insufficiency (AI), while 19 
patients had an aortic valve insufficiency grade 1. Pump speed was 9517 ± 197 rpm (range 
9200 – 10000 rpm) and mean pump flow was 5.1 ± 0.7 L/min at rest. TCO at the start of 
exercise was 4.10 ±1.12 L/min which was significantly lower than the pump flow (p<0.001). 

Hemodynamic parameters were compared at the start of exercise and at maximum 
exercise for all patients. The heart rate increased from 87 ± 14 to 140 ± 32 bpm (p<0.001). 
Similarly, arterial blood pressure waveform tracings showed that Sys increased from 83 ± 7 
to 116 ± 21 mmHg (p<0.001), while Dia increased from 76 ± 5 to 83 ± 13 mmHg (p<0.05) 
resulting in an increase in MAP from 76 ± 5 to 97 ± 15 mmHg (p<0.001). In addition, 
pulse pressure increased from 17 ± 8 to 33 ± 17 mmHg (p<0.001) and (dPart/dt)max increased 
from 163 ± 104 to 528 ± 312 mmHg/s (p<0.001) respectively. Pump flow increased from 
5.1± 0.7 L/min to 6.6± 0.64 L/min (p<0.001). Pump power increased from 6.6 ± 0.6 Watts 
to 7.5 ±0.6 Watts (p<0.001), while the PI decreased from 5.6 ± 0.7 to 4.4 ± 0.6 (p<0.001) 
respectively. Meanwhile, TCO increased from 4.1± 1.1 L/min to 8.5 ± 2.8 L/min (p<0.001). 
Eventually, SVR was elevated at the start of exercise, but decreased from 1766 ± 750 to 
1013 ± 383 dynes.s/cm5 (p<0.001) at maximum exercise. 
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Table 1: Patient characteristics and medication during cf-LVAD implantation (n=30)

Male (%) 20(67%)
Age (years) 43 ± 14
Length(cm) 178 ± 9
weight(kg) 79 ± 16
BMI (kg/m2) 25 ± 4,4
Duration of heart failure (months) 21 [1 - 246]*
Cause of heart failure 

Non-Ischemic 22(73%)
Ischemic 8(27%)

Echocardiography prior to exercise at baseline rpm
LVEDD (mm) 57 ± 15
LVESD (mm) 49 ± 17
LVSF 0.16 ± 0,10
AV opening at baseline rpm (%) 6(20%)
no AI / AI grade 1 / AI ≥ grade II (n=27) 8 / 19 / 0

Laboratory
HB (mmol/L) 7.95 ± 0.97
Sodium (mol/L) 139 ± 2
Urea (mol/l) 5.8 ± 1.9
Creatinine(μmol/L) 87 ± 22
Total bilirubin (μmol/L) 15 ± 5.2
Gamma GT (U/L) 48 ± 37
ASAT (U/L) 37 ± 19
ALAT (U/L) 47± 55
LD (U/L) 426 ± 252

Hemodynamics (at rest)
Sys (mmHg) 93 ± 12
Dia (mmHg) 76 ± 5
MAP (mmHg) 83 ± 7
PP (mmHg) 17 ± 8
HR (bpm) 87 ± 14
(dPart/dt)max (mmHg/s) 163 ± 104
Total cardiac output (L/min) 4.1 ± 1.1
SVR (dynes.s/cm5) 1776 ± 750

Pump characteristics (HM II)
Baseline rpm HM II 9517 ± 197 
Flow (L/min) 5.1 ± 0.7
Power HM II (Watts) 6.6 ± 0.6 
Pulsatility index 5.4 ± 0.7
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As shown in Figure 1, hemodynamic parameters were also related graphically to the 
duration of exercise. In general, all hemodynamic parameters increased gradually, except for 
the SVR, which decreased moderately as exercise duration increased. Meanwhile, pump flow 
increased slightly and approximated 8 L/min. Contrarily, TCO showed a substantial increase, 
and reached a maximum output of 15 L/min in patients with the longest duration of exercise. 

All patients performed exercise with satisfactory effort (RER > 1). Reasons for terminating 
exercise were subject fatigue or exercise limiting breathlessness. Mean VO2max was 
1390 ± 436 mL/min and Mean VO2max* was 18 ± 6.2 mL/kg/min (Table 2). Predicted VO2max 
values corrected for age and gender were 55% ± 12% of the normal values (in mL/min) or 
51%± 12% (in mL/kg/min). Furthermore, VO2max was significantly higher in cf-LVAD patients 
younger than 50 years compared to those patients older than 50 years. Meanwhile, Sys, MAP, 
pulse pressure and (dPart/dt).max, were significantly higher in males compared to females. 

The correlations between TCO and hemodynamic or exercise-derived variables are 
shown in Table 3. SVR had the strongest correlation with TCO (r=-0.72; R2 =0.52). In 
comparison, the correlation with pump flow was less strong (r=0.68; R2 =0.46) followed 
by heart rate (r=0.63; R2 =0.40) and (dPart/dt)max (r=0.56; R2 =0.31) respectively. Finally, 
systemic cardiovascular parameters at maximum exercise and VO2max at 6 months and 
12 months after HM II implantation were not significantly different, as shown in Table 4. 

6.4 DISCUSSIONS
In this study exercise capacity, systemic cardiovascular parameters and pump performance 
was evaluated during exercise in patients supported by a HM II. It was shown that pump flow 
increased initially, but stabilized at a moderate level while TCO may increase much more until 
maximum exercise, suggesting additional output by the heart itself. This was accompanied by 
an increase in systolic blood pressure and pulse pressure, with an overall decrease in SVR. 
Furthermore, exercise capacity was affected by older age, while blood pressure increased 
significantly in males compared to females. Exercise capacity remained subnormal, around 

Medication 
Antiarrhythmics 17 (57%)
Ace-inhibitors 12 (40%)
Beta-blockers 4 (13%)
Digoxin 1 (3.3%)
ARBs 1 (3.3%)
Diuretics 6 (20%)
Aldosterone antagonist 11 (37%)

BMI, Body Mass Index; LVEDD, left ventricular end diastolic dimensions; LVESD, left ventricular end systolic dimension; 
LVSF, left ventricular shortening fraction; AI, aortic insufficiency; HB, hemogolobine level; GGT, Gamma-glutamyl 
transpeptidase; AST, aspartate transaminase; ALT, Alanine transaminase; LD, lactate dehydrogenase; Sys, systolic pressure; 
Dia, diastolic pressure; MAP, Mean arterial pressure; PP, pulse pressure; HR, heart rate; (dPart/dt)max, maximum arterial 
blood pressure time derivative; SVR, Systemic Vascular Resistance ; ARBs, Angiotensin Receptor Blocker.

Table 1: continued
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Figure 1: Systemic cardiovascular parameters and pump performance related to the duration 
of exercise. A: heart rate (HR); B: Total Cardiac Output (COtot) and cf-LVAD output (Pump 
flow); C: systolic (Sys) and diastolic (Dia) arterial blood pressure; D: Mean arterial pressure 
(MAP) and pulse pressure (PP); E: maximum arterial blood pressure derivative (dPart/dt)max; F: 
Systemic vascular resistance (SVR). A total of 29, 18 and 3 patients reached 5, 10 and 15 minutes 
of  exercise, subsequently. 

half of predicted for normal subjects corrected for age and gender. Nevertheless, sequential 
evaluation at 6 and 12 months after HM II implantation supported consistency in exercise 
capacity and hemodynamics. These results support previous studies which considered 
hemodynamic responses at sub-maximum exercise and short-term support with a HM II.22-24 

The results of this study and those of others are combined to elaborate on the physiology 
of exercise hemodynamics in combination with HM II support. At rest, the HM II often 
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Table 3: Correlation of Hemodynamic parameters against Total Cardiac Output (n=30)

  TCO

HR (bpm) r=0.63** (R2=0,40)
Sys (mmHg) r=0.42** (R2=0,18)
Dia (mmHg) r=0.19** (R2=0,04)
MAP (mmHg) r=0.36** (R2=0,13)
PP (mmHg) r=0.48** (R2=0,23)
 (dPart/dt)max (mmHg/s) r=0.56** (R2=0,31)
Pump flow (L/min) r=0.68** (R2=0,46)
SVR (dynes.s/cm5) r=-0.72** (R2=0,52)

**p<0,01
TCO, Total Cardiac Output; HR, heart rate; Sys, systolic arterial pressure; Dia, diastolic arterial 
pressure; MAP, mean arterial pressure; PP, pulse pressure; (dPart/dt)max, maximum arterial 
blood pressure time derivative; SVR, systemic vascular resistance. 

provides full support with a permanently closed aortic valve. At the beginning of exercise, 
heart rate and left ventricular pressure (preload) will start to increase,11, 24 while MAP 
remains fairly constant. As a result, the pressure drop, delta P across the LVAD, characterized 
by the difference between left ventricular pressure and mean arterial pressure, will start to 
decrease proportionally. The decrease in delta P is predominantly caused by an increase in 
left ventricular pressure, enabling a spontaneous increase of the flow through the pump and 
improvement of TCO at a fixed rpm.23, 24 Subsequently, left ventricular contractility increases 
and ventricular contraction may cause left ventricular pressure levels to become higher 
than aortic pressure. If so, the aortic valve will start to open, resulting in additional output 
through the aortic valve. Meanwhile, this also increases Sys, MAP and pulse pressure.22 At 
this stage, TCO may have become higher than the flow through the HM II. 

The former cardiovascular responses constitute a shift from preload to afterload of the 
pump. On one hand, left ventricular pressure is dissipated directly into the aorta through 
the opening aortic valve. On the other hand, the increase in MAP results in the diminution 
of the decrease in delta P of the pump, which will inhibit further increase of pump flow. As 
a result delta P does not decrease further, and flow through the device will stabilize and not 
improve further. Meanwhile, SVR decreases moderately due to exercise-induced peripheral 
vasodilatation enabling more flow through the aortic valve. Hence, TCO continues to 
increase, while pump flow is restricted to a maximum output level at the designated pump 
speed. Eventually, the heart rate reaches its maximum, while the SVR is at its lowest, under 
which circumstance, SVR depicts an important role in the amount of TCO that is reached. 

The moderate contribution of pump flow to TCO at maximum exercise was an important 
finding in this study. Despite unchanged rotational speed, increase of left ventricular preload 
does enable some additional increase in pump flow. The maximum amount of flow through 
the pump will be generated during the systolic phase of the cardiac cycle, when delta P is at 
its lowest. For example, a constant delta P of 20 mmHg, under static conditions in a mock 
circulation, results in flows as high as 10 L/min at a pump speed of 10.000 rpm in the HM II.25 
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However, as the delta P would vary periodically due to ventricular contraction and relaxation, 
pump flow is lower under physiological conditions in humans. Furthermore, the performance 
of a cf-LVAD is also regulated by its preload and afterload sensitivity. The preload or afterload 
sensitivity of a blood pump refers to its ability to generate changes of flow based on minor 
changes in preload or afterload. A study by Salamonsen et al, presented data suggesting that 
preload sensitivity in commercially available rotary blood pumps was about twice as low as 
that of the human heart, while afterload sensitivity of these pumps was approximately three 
times as high.26 In that way, it is expected that these properties cause more prominent flow 
through the aortic valve rather than through the rotary blood pump during exercise. 

Previous studies have demonstrated that the maximum pump flow during exercise 
was lower in cf-LVADs than observed in pulsatile LVADs. In a study by Mancini et al, 
patients supported by the Heartmate VE pulsatile LVAD reached maximum pump flows 
of 8.0 ± 1.3 L/min during exercise.27 In the study of Jonge et al, pump flow on the Heartmate 
XVE (HM XVE) pulsatile LVAD reached a maximum values of 7.6 ± 1.1 L/min at maximum 
exercise, 12 weeks after LVAD implantation.9 Maybaum et al evaluated multiple pulsatile 
LVADs and recorded peak LVAD flows of 8.7 ± 1.5 L/min at 120 days post LVAD implantation.7 
Harft et al compared the HM II cf-LVAD with the HM XVE, and demonstrated that pump 
flow at peak exercise in the HM II was significantly lower compared to the HM XVE.11 

Table 4: Hemodynamic responses and exercise performance at maximum exercise 6 months and 12 months 
after cf-LVAD implantation (n=20)

   6 months 12 months P-value

Exercise time (min) 11.0 ± 2.9 11.1 ± 3.3 0.8
RER 1.21 ± 0.13 1.15 ± 0.10 0.11
VO2max (ml/min) 1404 ± 416 1418 ± 391 0.79
VO2max* (ml/kg/min) 18.7 ± 5.8 18.8 ± 5.7 0.87
% VO2maxpredicted (ml/min) 55% ± 14% 56% ± 12% 0.72
% VO2maxpredicted (ml/kg/min) 51% ± 13% 52% ± 13% 0.79

TCO (L/min) 8.6 ± 2.5 8,7 ± 2,4 0.75

Pump flow (L/min) 6.6 ± 0.6 6,6 ± 0,6 0.8

HR (bpm) 145 ± 28 148 ± 27 0.33
Sys (mmHg) 113 ± 17 111 ± 19 0.6
Dia (mmHg) 81 ± 11 82 ± 9 0.55
MAP (mmHg) 95 ± 12 94 ± 12 0.68
PP (mmHg) 32 ± 14 28 ± 13 0.23
(dPart/dt)max (mmHg/s) 503 ± 262 483 ± 347 0.69
SVR (dynes.s/cm5) 934 ± 194 935 ± 334 0.99

RER, Respiratory exchange ratio; VO2max, maximum exercise capacity in L/min; VO2max*,  maximum exercise 
capacity* in mL/kg/min; % VO2maxpredicted, percentage exercise capacity from predicted for normal subjects based 
on age and gender (Jones); TCO, Total Cardiac Output; HR, heart rate; Sys, systolic arterial pressure; Dia, diastolic 
arterial pressure; MAP, mean arterial pressure; PP, pulse pressure; (dPart/dt)max, maximum arterial blood pressure time 
derivative; SVR, Systemic Vascular Resistance.
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Nevertheless, in respect to exercise capacity, VO2max on HM II support was similar to that 
of pulsatile LVADs or HTx after 3 months, as reported in literature.11, 12

The ability of pulsatile LVADs to generate higher output at maximum exercise may be 
due to the presence of automatic algorithms, allowing active increase of the pump rate and 
flow. Contrarily, cf-LVADs are currently designed to operate at fixed rotor speeds that do 
not automatically adjust to changes in LV preload.25 Yet, several algorithms for demand-
responsive control of cf-LVADs have been developed, but their feasibility has still to be 
demonstrated.28, 29 Most important, any automated increase of pump speed and flow will 
require close monitoring of changes in left ventricular filling pressure, to prevent excessive 
ventricular unloading and “suction” of the ventricle. Nevertheless, recent studies suggest that 
left ventricular dimensions may not change significantly during exercise, while increments 
of the pump speed may improve TCO and organ perfusion, without demonstrable left 
ventricular suction.30, 31 Further studies are necessary to investigate whether optimisation of 
pump performance could improve TCO both effectively and safely. In the future, automatic 
control systems may appropriately adjust the rpm, like a “second gear”, generating more 
pump flow while increasing TCO even further when necessary. 

Considering the possible contribution of the native heart to TCO, it is not yet known to 
what extent intrinsic left ventricular functional properties are related to exercise capacity. 
Left ventricular function has shown a poor correlation with VO2max in patients with heart 
failure and on cf-LVAD support.6, 32-34 In addition, patients with high and low left ventricular 
ejection fraction at baseline pump speed did not show differences in exercise capacity, as 
shown by a previous study.35 Eventually, appropriate diagnostics to assess the additional 
effect of native left ventricular function on exercise capacity in patients on cf-LVAD support 
have yet to be developed.

We acknowledge several shortcomings in this study. Some patient-related issues were 
not considered such as psychological effects, differences in physical activity, deconditioning 
and muscle wasting or other skeletal muscle abnormalities, all which may have also 
influenced hemodynamic responses and exercise capacity. Th e native heart function may 
also be limited by medication, in particular by the negative chronotropic effect of b-blockers 
and amiodarone in some patients, affecting their exercise performance. Due to the lack 
of an appropriate measure for left ventricular function on HM II support, we did not 
considered the effect of left ventricular function in this study. The hemodynamic responses 
of right ventricular function and pulmonary hemodynamics were also not addressed. Yet, 
right ventricular function and post-operative changes in pulmonary vascular resistance 
may be important factors influencing hemodynamic responses and exercise performance, 
however, such studies involve rather invasive measurements.33, 36 The ventilatory responses 
to exercise during cf-LVAD support have also been reported by us and others11, 12 but were 
not considered in the current analysis. Echocardiography assessment prior to exercise often 
revealed mild aortic valve insufficiency, which might have affected exercise performance. 
Furthermore, as echocardiographic assessment was challenging throughout exercise, we 
did not determine the exact time and degree of aortic valve opening and flow. The TCO was 
estimated indirectly, and despite being validated under normal physiological circumstances, 
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its methodology has yet to be validated in patients with a cf-LVAD. Meanwhile, the 
HM II provides an estimated pump flow based on device power consumption rather than a 
measured flow. Therefore, both TCO and pump flow measurement may contain unknown 
errors, and results should be interpreted with caution. Finally, as all patients in this study 
were supported by a HM II LVAD, specific study results may not apply to other cf-LVADs. 

In conclusion, pump flow increases moderately to approximately 6.5 L/min during 
exercise in patients on HM II support. Nevertheless, physiological decrease in SVR, along 
with chronotropic responses of the native left ventricle may enable TCO to increase much 
more at maximum exercise. As exercise capacity is still suboptimal, future studies should 
focus on the development of new automatic strategies that allow higher output generation 
during exercise. Furthermore, new pump designs, with higher preload sensitivity and lower 
afterload sensitivity could also improve the hydraulic performance of cf-LVADs. 
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ABSTRACT
Aim: Systolic Aortic Regurgitation (AR) is an unusual phenomenon during continuous-
flow Left Ventricular Assist Device (cf-LVAD) support. We evaluated the incidence and 
characteristics associated with LVAD-related systolic AR.

Methods & Results: Echocardiograms of 58 Heartmate II cf-LVAD (HM II) patients were 
reviewed. We determined the dynamics (opening or permanent closure) and competence of 
the aortic valve (none, mild, moderate, severe AR) and determined whether AR appeared 
explicitly during systole, diastole or continuously throughout the cardiac cycle. Freedom 
from AR was determined based on Kaplan-Meier curves, while patient demographics 
and clinical characteristics were compared among patients with systolic AR, diastolic or 
continuous AR, and no AR. AR often developed during cf-LVAD support. At 1 year, only 
10% ± 5% of patients were free from AR, while 96% ± 4% were free from moderate or severe 
AR. In the whole group, systolic AR appeared in 6 (10%) of the 58 patients and remained 
mild as the aortic valve was continuously closed. Systolic AR occurred simultaneously 
with dynamic leaflet motion and annular changes potentially as a result of fluid dynamical 
properties surrounding the aortic valve. Demographic or clinical parameters did not show 
any differences between patients with different AR appearance, except for a higher duration 
of heart failure and creatinin levels in the systolic AR patients (p<0.05). 

Conclusion: LVAD-related systolic AR had a low (10%) incidence in patients. The degree of 
AR remained mild and was not associated with any noticeable symptoms. 

Keywords: Aortic valve, rotary blood pump, aortic insufficiency
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7.1 INTRODUCTION 
Continuous-flow Left Ventricular Assist Devices (cf-LVAD) have gained widespread use in 
the treatment of end-stage heart failure, either as bridge to heart transplantation, destination 
therapy or bridge to recovery.1-3 The continuous-flow physiology associated with their use 
involves multiple characteristic properties, such as reduced arterial pulsatility and altered 
dynamics of the aortic valve. In most cases, the cf-LVAD provides full cardiac support and 
decompresses the left ventricle while the aortic valve remains continuously closed. However, 
cf-LVAD use has been associated with the development of aortic regurgitation (AR).4, 5 This 
may lead to suboptimal ventricular unloading and circulatory support.6-8 

The degree of opening of the aortic valve during cf-LVAD support depends on the 
balance between native left ventricular contractility, pre- and afterload, and pump speed. 
In most cases, the cf-LVAD continuously decompresses the left ventricle, causing the aortic 
valve to remain closed for the entire cardiac cycle. As a result, when there is additional 
aortic regurgitation (AR) with cf-LVAD support, it appears continuously throughout the 
cardiac cycle.9 In contrast, if the aortic valve is still opening, AR will normally appear during 
diastole. Moreover, we previously reported a case where AR had occurred explicitly during 
systole with cf-LVAD support, denoted as LVAD-related systolic AR.10 Yet, the mechanism 
associated with this appearance of AR is not well understood. 

This suggests that LVAD-related systolic AR may be a rare phenomenon, requiring a 
specific combination of physiological and morphological properties for it to manifest. The 
aim of this study was to determine the incidence of LVAD-related systolic AR supported 
during a cf-LVAD support and to identify characteristics associated with its occurrence. 

7.2 METHODS
This single centre retrospective study involved patients who received a Heartmate II 
(Thoratec Corporation Pleasanton, CA, USA) LVAD (HM II) at the University Medical 
Center Utrecht (UMCU, the Netherlands) as a bridge to heart transplantation between 
March 2006 and October 2012. Transthoracic echocardiography evaluation were done 
both preoperatively and throughout cf-LVAD support, based on 3, 6 months and yearly 
follow-up or when necessary based on clinical indication. Pump speed settings were set to 
optimize septal positioning and left ventricular unloading. Mean arterial pressures were 
maintained between 70 and 90 mmHg using medication if necessary. Meanwhile, pump 
speed settings were usually not changed after implantation. 

Echocardiograms were made according to standard views using a Philips IE33 machine 
(Philips Electronics, Eindhoven, the Netherlands). Whether the aortic valve was opening or 
closed (full or intermittently) was assessed based on the parasternal long and short axis view, 
apical views and with M-Mode. AR was visualized using color Doppler and the degree of 
(diastolic) AR was graded on an interval scale as mild, moderate or severe according to the 
classification of severity of AR by the ACC/AHA practice guidelines11. In a subset of cases, 
3D echocardiography of the aortic valve annulus was made for more detailed visualisation. 
Measurements were done by independent laboratory technicians under the supervision of 
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a cardiologist. Patients also underwent simultaneous non-invasive arterial blood pressure 
measurement by the Nexfin Monitor (BMEYE Inc, Amsterdam, The Netherlands)12, 13. 
Measurements included beat-to-beat systolic, diastolic and mean arterial pressure, pulse 
pressure and the maximum arterial blood pressure-time derivative (dPart/dt)max, respectively. 

To determine the appearance of AR, echocardiographs of all patients were reviewed 
independently by two observers in a blinded manner (J.M & W.T). The AR was evaluated 
at the baseline pump speed and was graded as either explicitly during systole (systolic AR), 
during diastole (diastolic AR), or continuously throughout the cardiac cycle (continuous 
AR). Systolic AR was defined when it only occurred in the systolic phase indicated by the 
EKG or simultaneously with mitral valve closure. Particularly, systolic and continuous AR 
were similarly graded as mild, moderate or severe by referred standardization, with the 
exception of diastolic flow reversal and pressure half time, which are not applicable during 
cf-LVAD support. Furthermore, the circumference and area of the aortic valve annulus were 
measured based on the parasternal short axes views during systole and diastole and the 
area-change ratio was determined. Finally, clinical records were retrospectively reviewed in 
search for clinical symptoms associated with AR.

Data analysis
Subjects were excluded from the analysis when no preoperative or post-operative 
echocardiogram was available, or when images were of poor quality. Patients who had 
valvular repair during cf-LVAD implantation were also excluded. All data analysis was 
done using SPSS 19 software (SPSS Inc, Chicago, IL USA). Data for the entire cohort were 
evaluated and then analyzed within three groups; Systolic AR, Diastolic/continuous AR or 
No AR. Freedom from the development of mild or worse AR was determined by Kaplan-
Meier analysis. Furthermore, the log-rank test was used to compare systolic, and diastolic 
or continuous AR. Continuous variables were evaluated for normality and then compared 
by the non-parametric Kruskal-Wallis test of independent samples within the three groups. 
Data were expressed in mean ± standard deviation (SD) or median [Interquarterial range], 
unless otherwise indicated. 

7.3 RESULTS
Of the 97 who underwent a HM II implantation, 39 were excluded from the analysis 
due to unavailable echocardiography data pre- or post-implantation, poor image quality 
or valvular repair during cf-LVAD implantation. The data of the remaining 58 patients 
were based on 58 pre-operative and 186 post-operative echocardiography evaluations. 
Demographics and clinical characteristics are shown in Table 1. Twenty seven (27) (47%) 
patients were transplanted, 5 (8%) patients died, 3 (5%) recovered while 23 (40%) patients 
were still ongoing. Duration of support on the HM II was 535 [327 827] days (median 
[IQR]). Mean pump speed was 9540 ± 195 rpm (mean ± SD), at which the aortic valve was 
continuously closed in 75% of the post-operative evaluations. Figure 1 shows the grade 
of AR pre- and post- HM II implantation. Pre-operatively, 47 (81%) patients had no AR, 
while 11(19%) patients presented with a mild AR. Post-operatively, 9 (15%) patients had 
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no AR, 45 (78%) patients had developed mild AR and 4 (7%) patients developed moderate 
AR based on their latest echocardiography evaluation. AR did not become severe in any 
of the patients. Figure 2a shows the general freedom from AR and moderate or severe AR, 
provided by Kaplan-Meier curves. At 1 year, only 10% ± 5% of patients were free from AR 
while 96% ± 4% were free from moderate or severe AR. 

In the whole group, systolic AR appeared in 6 (10%) of the 58 patients, while 43 
(74%) appeared as either diastolic or continuous AR. Systolic AR was no more than mild 
while all moderate AR (n=4) appeared as continuous AR. The aortic valve opened every 
cycle in patients with diastolic AR, while it was continuously closed when both systolic 
and continuous AR occurred. Those patients without AR (n=9) had opening (n=2) or 
continuously closed aortic valves (n=7). One (1) of the 11 patients who had pre-operative 
AR developed systolic AR post-operatively while on support. Figure 2b shows that 
the Freedom of systolic AR in particular was significantly different compared to that of 
continuous or diastolic AR (p<0.001). Eventually, there were no crossovers of patients with 
different appearances of AR, while one patient showed reopening of the aortic valve at his 
second yearly follow-up, where no AR was observed at this occasion. 

The following interesting observations were made based on 2D and 3D echocardiography 
of patients with systolic AR; Systolic AR appeared simultaneously with back and forth 
motion of the aortic valve leaflets which were in phase with the cardiac cycle. The systolic 
AR was either centrally oriented towards the apex (Figure 3), or diagonally oriented towards 
the septum (Figure 4). Meanwhile, 3D echocardiography showed regional paradoxical 
movement of the aortic annulus at the level of the non coronary cusp, at the aortomitral 
junction (Figure 5). These observations were not found on other patients with either no AR 
or diastolic or continuous AR. 

Demographic, laboratory, echocardiographic and blood pressure derived variables were 
compared between 3 groups: systolic AR, diastolic or continuous AR and no AR (Table 1 & 2). 
There were no statistical differences in demographic parameters except for the duration of 

Figure 1: Degree of AR pre- and post-implantation of the Heartmate II cf-LVAD. 
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heart failure, which was longer in patients with systolic AR (p=0.04). Except for significantly 
lower creatine levels (p=0.04), laboratory values were not different among patients. 
Echocardiographic parameters including pre and post-operative ventricular dimensions, 
systolic and diastolic aortic valve annulus area, perimeter and systolic/diastolic area ratio, did 
not show any significant differences. Additionally, arterial blood pressure, including systolic, 
diastolic, mean arterial pressure, pulse pressure and (dPart/dt)max did not show statistical 
differences between patients with systolic AR, diastolic or continuous AR or no AR. 

In all patients, AR remained mild-to-moderate, and no progression to severe AR was 
observed. Accordingly, no aortic valve related events or clinical symptoms were reported, 
even in patients with systolic AR. Also, no structural valvular abnormalities were found. 
Three (3) of the 6 patients with systolic AR underwent heart transplantation; pathological 
examination of the explanted hearts did not reveal any structural valve abnormalities. 

7.4 DISCUSSION
Aortic valve incompetence with cf-LVAD support may appear as systolic, diastolic or 
continuous AR. In this study, LVAD-related systolic AR had an incidence of 10 % in patients 
with a HM II and was not associated with clinical symptoms or adverse events. It was 
observed early after HM II implantation, in contrast to diastolic or continuous AR which 
took significantly longer to develop. Simultaneous with the phenomenon, the aortic valve 
leaflets were moving back and forth in phase with ventricular contraction. Furthermore, 3D 
echocardiography demonstrated regional dynamic changes of the aortic valve annulus. Yet, 
most demographic, echocardiopgrahic and hemodynamic variables were similar among 
patients with systolic AR, diastolic or continuous AR, and no AR. Nevertheless, duration of 

Figure 2: Kaplan-Meier analysis of Freedom from AR in patients with a Heartmate II cf-LVAD 
based on (A) degree of AR (no AR before cf-LVAD implantation (blue) or No AR or mild AR 
before cf-LVAD implantation (green)) and (B) appearance of AR.*one patient who had systolic 
AR, also has mild AR pre-operatively, and was therefore excluded from this particular analysis.
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Figure 3: Upper panel: Transthoracic echocardiography (TTE) color doppler echocardiographic 
images in apical 5-chamber view of a patient supported by a cf-LVAD with explicitly systolic 
AR (left picture) and no AR during the diastolic phase (right picture). The phase of the cardiac 
cycle is determined based on the ECG signal.Lower panel: continuous-wave Doppler signal 
showing only mild systolic flow and no diastolic flow over the aortic valve.
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Figure 4: Upper panel: Transthoracic echocardiography (TTE) color doppler images in 
parasternal long axis view in a patient with a cf-LVAD showing a moderate mitral valve 
regurgitation (MR) and simultaneously systolic AR. Lower panel: TTE color Doppler images 
in parasternal long axis view showing of the same patient during diastole. As expected the MR 
has dissapered, of interest also the AR has disappeared.

heart failure prior to device implantation was longer and creatinine levels were significantly 
higher in patients with systolic AR. 

The mechanism associated with LVAD-related systolic AR is not well understood. 
We hypothesize that it may be caused by periodical changes of the resistance to flow of a 
continuously closed aortic valve during full support. Such reduction in the resistance may be 
the result of a slight reopening of the aortic valve due to malcoaptation of the leaflets, other 
than systolic valve opening. As aortic pressure is still higher than ventricular pressure when 
the valve is closed, blood flows back towards the ventricle during such short instance of aortic 
valve incompetence, resulting in systolic AR. Additionally, the structure of aortic valve leaflets 
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Figure 5: Full volume rendered 3D echocardiography images during systole (A) and diastole 
(B). Visualisation of the aortic annulus showed dynamic changes in of the annulus at the level of 
the non- and left coronary cusp (NCC/LCC). Panel A: Arrow pointing at the NCC/LCC region 
of the aortic annulus during diastole, visualized from the ventricular side. Panel B: The same 
3D TTE view as in Panel A, but now during systole a deformation of the NCC/LCC region is 
observed (arrow). This deformation is possibly the cause of the systolic AR. 

might be changed either through regional aortic annular changes, or by fluid dynamical 
changes around the aortic valve. These two phenomena together may cause systolic AR and 
its either central or diagonal orientation. The duration of heart failure and creatinine levels 
were increased in patients with systolic AR compared to those with diastolic or continuous 
AR, and no AR. However, the physiological nature of this association is unknown. Studies in 
larger numbers of patients may be necessary to elucidate these associations. 

AR is usually considered a diastolic phenomenon. Yet, systolic AR has been described 
in association with some types of ventricular arrhythmias, or in situations with unusual 
circulatory physiology during cardiopulmonary bypass and after palliation of complex 
congenital heart diseases.14-18 However, the current study, like the case report we published 
previously,10 demonstrates the occurrence of systolic AR during cf-LVAD support. In 
contrast to the systolic AR referred to in these studies, an additional appearance of dynamic 
AR was described during diastole and predominately during systole.19 To the best of our 
knowledge, no cases of systolic AR have yet been reported during LVAD support with 
pulsatile devices or other types of cf-LVADs. 

The clinical implication of systolic AR compared to diastolic or continuous AR during 
cf-LVAD support has yet to be determined. Yet, progression of AR on cf-LVAD support 
has been suggested to occur after long-term support, with the chance of causing clinical 
symptoms, and thus requiring aortic valve repair.20-22 Otherwise, such AR can considerably 
affect the efficiency of cardiac and circulatory support. Nevertheless, in our study, AR did 
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not become severe in any of the patients, including those patients with systolic AR. The fact 
that LVAD-related systolic AR appears when the pressure gradient over the aortic valve is 
the lowest, may explain why systolic AR remained no more than mild in all observed cases. 
Yet, it is important to keep in mind that especially the degree of continuous AR may be 
easily underestimated and might lead to potential hemodynamic and clinical consequences. 
Therefore, LVAD-induced AR remains an important issue which may influence long-term 
circulatory support with these devices. 

We acknowledge some limitations in this study. This study was based on a single 
centre retrospective analysis with a small number of patients and limited power. As many 
patients still remained on support, no histological evaluations were possible in all patients. 
Evaluations based on echocardiography (3D) and hemodynamic evaluations were not 
always available for all patients. Importantly, systolic AR was determined by linking the 
color Doppler signal of the AR to the EKG or mitral valve closure. If the aortic valve is truly 
opening during systole, no systolic AR can be observed. It is not known whether we would 
have observed systolic AR in the patients whose aortic valves were opening.

7.5 CONCLUSION 
Aortic valve incompetence in relation to cf-LVAD support may appear as systolic, diastolic 
or continuous AR. Particularly, LVAD-related systolic AR is considered an unusual 
phenomenon but had a moderate incidence in this study. The mechanisms resulting in 
systolic AR are yet to be determined but may also involve dynamic motion of aortic valve 
leaflet and aortic annular changes induced by fluid dynamic properties around the aortic 
valve. Yet, as LVAD-related systolic AR was mild in all cases, it was not related to any known 
clinical symptoms or adverse events. 
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ABSTRACT 
Introduction: Continuous-flow Left Ventricular Assist Devices (cf-LVADs) may induce 
commissural fusion of the aortic valve leaflets. Factors associated with this occurrence of 
commissural fusion are unknown. The aim of this study was to examine the association 
between cf-LVAD-induced aortic valve commissural fusion and clinical characteristics. 

Methods: Gross and histopathological examinations were performed on 15 hearts from 
patients supported by either Heartmate II (n=13) or Heartware (n=2) cf-LVADs and related 
to clinical characteristics (10 heart transplantation, 5 autopsy). 

Results: 9/15 (60%) aortic valves showed fusion of single or multiple commissures (total 
fusion length 11 mm [2.5-24] (median [Interquartilerange]) per valve, some leading to 
noticeable nodular displacements or considerable lumen diameter narrowing. Multiple 
fenestrations were observed in one valve. Histopathological examination confirmed 
commissural fusion, with varying changes in valve layer structure without evidence of 
inflammatory infiltration at the site of fusion. Commissural fusion was associated with 
continuous aortic valve closure during cf-LVAD support (p=0.05). LVAD-induced aortic 
valve insufficiency developed in all patients with commissural fusion and in 50% of patients 
without fusion. Age, duration of cf-LVAD support and aetiology of heart failure (ischemic 
versus dilatated cardiomypathy) were not associated with the degree of fusion.

Conclusion: Aortic valve commissural fusion is a non-inflammatory process, observed 
in 60% of cf-LVAD patients. Patients receiving full LVAD support without opening of the 
valve are most likely to develop commissural fusion. Commissural fusion was frequently 
observed in patients with aortic valve insufficiency. 

Keywords: aortic stenosis, rotary blood pump
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cf-LVAD-induced aortic valve commissural fusion 

8.1 INTRODUCTION
Many patients with end-stage heart failure are now treated with second and third 
generation continuous-flow Left Ventricular Assist Devices (cf-LVADs) as bridge to 
cardiac transplantation, destination therapy, or bridge to recovery.1-4 Compared to the first 
generation pulsatile LVADs, cf-LVADs have demonstrated improved patient survival and 
mechanical durability enabling prolonged cardiac and circulatory support.5 However, the 
use of these devices can induce adverse cardiac structural changes, such as, commissural 
fusion of the aortic valve leaflets.6 

Particularly, aortic valve leaflets are affected during LVAD support, as the aortic valve 
may remain closed while the valve leaflets remain immobilized. This may lead to fusion of 
these leaflets. This LVAD-related commissural fusion may be the result of a mechanically 
induced remodeling process of fibrous connective tissue.7 Furthermore, commissural 
fusion is considered to involve different pathological processes when compared to those 
observed in senile calcific aortic stenosis.8, 9 In literature, the occurrence of aortic valve 
commissural fusion has been reported in relation to pulsatile LVADs 10-13 whereas the 
mechanisms involved in its development are still to be established. Except for one study14-15, 
the association between clinical patient characteristics and histopathology of aortic valve 
commissural fusion has not yet been investigated in patients with cf-LVADs. The aim of this 
study was to examine this association. 

8.2 METHODS
Patients 
Aortic valves from hearts of 15 patients supported by either a Heartmate II cf-LVAD (n=13) 
(“HM II”, Thoratec Corp, Pleasanton, CA, USA) or a Heartware cf-LVAD (n=2) (“HVAD”, 
Heartware, Inc., Miramar, FL, USA) were examined after heart transplantation (n=10) or 
autopsy (n=5). Demographic data and clinical course prior to and during cf-LVAD support 
were collected retrospectively. Echocardiographic studies were reviewed to assess aortic 
valve dynamics, and dysfunction. Opening (partial support) or continuous closure of the 
aortic valve (full support) was identified throughout the entire support period, while the 
degree of aortic valve insufficiency (AI) was graded mild, moderate or severe based on color 
Doppler echocardiography. 

Gross examination
The explanted hearts were fixed in 4% formaldehyde and stored until examination. Initially, 
the aortic valve was macroscopically examined in its anatomical position and its structure 
and anatomical appearance was analyzed. The diameter of the aortic lumen was measured at 
the level of the sinotubular junction and in cases of severe commissural fusion, the diameter 
of the rest-lumen (in between the fused valve leaflets) was determined. Subsequently, the 
right coronary (RC), left coronary (LC) and non-coronary (NC) leaflets were identified 
and inspected for pathological lesions and commissural fusion. Fusion was identified as 
a binding of tissue between two leaflets at a commissure, and the length of the fusion was 
determined. Only fusion length of 4 mm or longer was considered as LVAD induced fusion, 
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because fusion of less than 4 mm is difficult to discriminate from normal. The location of the 
Nodule of Arantius within the aortic valve was also determined. Finally, the macroscopic 
morphology of the aortic valves was documented on photographs. 

Histology
The aortic valves were dissected from the hearts keeping the entire valve intact. The LC 
leaflet was marked with ink for later identification. The entire valve was embedded in 
paraffin as a whole mount specimen and cut into 5 μm-thick whole mount sections. The 
sections were stained with Hematoxyline and eosin and Elastic van Gieson. 

Statistics
Patient clinical data and morphological measurements are presented as mean ± SD or 
the median [Interquartile range; IQR] in case of inhomogeneous variance. Relationship 
between total fusion-length and both age and duration of cf-LVAD support was determined 
by linear regression. The Mann-Withney U test was performed to compare the total length 
of commissural function (total fusion) between two selected groups. Furthermore, the 
Kruskal-Wallis test was performed to compare the total fusion between the 3 potential areas 
of fusion: LC and RC, LC and NC, RC and NC. All statistics were performed considering 
sufficient samples in each group were available. A p-value ≤ 0.05 was considered to be 
statistically significant. 

8.3 RESULTS
Patients
Demographic data and patient characteristics are presented in Table 1. Fifteen (15) explanted 
hearts were evaluated. Eleven (73%) patients were male; the average age was 48 ± 12 years. 
The etiology of heart failure was dilated cardiomyopathy (DCM) in 8 (53%) patients and 
ischemic cardiomyopathy (ICM) in 7 (47%) patients. Duration of support was 679 ± 513 
days. Pre-operative LVAD echocardiography was available from all patients. Twelve (80%) 
patients had no pre-LVAD aortic insufficiency whereas 3 (20%) patients had a mild AI prior to 
cf-LVAD implantation. Post-operatively, echocardiograms of 12 patients were available and the 
presence or absence of AI could be assessed of 11 patients as doppler was absent in one patient. 
Echocardiography review showed that 3 of the 12 patients were on partial support with opening 
of the aortic valve, while 9 of the 12 patients were on full support without opening of the valve. 
Nine (9) of the 11 patients developed an AI after implantation of the cf-LVAD (LVAD-induced 
AI) while 2 of the 11 patient did not develop AI. There was no aortic valve stenosis observed. 
In retrospect, there were no valve-related complication or clinical symptoms reported in the 
10 transplanted patients. Causes of death of the five autopsy cases were: peri-operative right 
ventricular failure (n=1), multi organ failure and pump obstruction (n=2), ischemic stroke 
(n=1) and hemorrhagic stroke after trombolysis due to pump obstruction (n=1). In the latter 
case, the aortic valve started to open as a result of an acquired pump obstruction after a 5 year 
period of full support without opening of the valve. Therefore this case was denoted as full 
support (supplementary echocardiography provided at the end of the chapter).
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Gross examination 
Nine (60%) of the 15 aortic valves showed evident commissural fusion (>3 mm) of single or 
multi commissures with a total fusion length of 11 mm [2.5-24] (median [IQR]) per valve 
(Table 2). Examples of multiple degrees of commissural fusion are showed in Figure 1. 
In 2 (13%) aortic valves, commissural fusion led to noticeable displacement of the Nodule 
of Arantius to a different anatomical location within the aortic valve. Four (27%) aortic 
valves showed diffuse commissural fusion of all 3 leaflets. The rest-luminal diameter of 
these valves were 3, 4, 4 and 8 mm. In addition, 10 (67%) aortic valves revealed focal yellow 
white irregularities appearing as fatty streaks on the base of the valve cusps and in the Sinus 
of Valsalva. Multiple fenestrations were also seen in leaflets of one (7%) aortic valve. Some 
fenestrations were small and were situated close to the adhesion site of the commissure at 
the base (Figure 2). Two larger ones expanded over the entire free edge of two commissures, 
joined in the middle by the Nodule of Arantius. None of the aortic valves showed additional 
evidence of thrombus on the valve leaflets. 

Histology
Histological examination confirmed either the presence or absence of commissural fusion in 
referred cases. Commissural fusion was often identified halfway the commissure, with more 
or less prominent merger of adjacent leaflets with disappearance of the endothelial layer 

Table 2: Aortic annulus and fusion data of 15 cf-LVAD patients 

Patient 
nr

AAd  
(mm)

LC & RC 
fusion 
(mm)

LC & NC 
fusion 
(mm)

RC & NC 
fusion  
(mm)

Max 
fusion 
(mm)

Total 
fusion 
(mm)

No. of fused 
commissures 

(> 3 mm)

Rest-
lumen 
(mm)*

1 25 0 0 2 2 2 0
2 22 0 5 6 6 11 2
3 21 14 0 5 14 19 2
4 25 0 3 0 3 3 0
5 22 0 0 1 1 1 0
6 22 0 0 5 5 5 1
7 15 1 0 10 10 11 1
8 n/a 0 0 0 0 0 0
9 25 4 6 2 6 12 2
10 24 0 0 0 0 0 0
11 23 14 15 15 15 44 3 4
12 24 10 10 14 14 34 3 4
13 22 2 0 2 2 4 0
14 20 9 9 11 11 29 3 3
15 22 10 10 11 11 31 3 8

All 22.3 ± 2.6** 1  
[0 9.5]***

0  
[0 7.5]***

5  
[1.5 10.5]***

6  
[2 11]***

11  
[2.5 24]***    

*Rest-lumen are computed for valves with all fused commissures; AAd, Aortic annulus diameter; LC, 
left coronary cusp, RC, right coronary cusp, NC, non coronary cusp; n/a, not available: disrupted during 
sample dissection; **Mean ± SD;***Median [interquartile range]
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Figure 1: Cranial views of aortic valves after cf-LVAD support. (A) No commissural fusion, 
(B) one commissure fused with additionally some fatty streaks, (C) two commissures fused 
leading to nodular displacement and (D) all 3 commissures fused resulting in a drastic lumen 
size reduction. The unit of the scale bar is 5 mm i.e., the distance between two markers.

Figure 2: Valve fenestrations. Cranial (A) and frontal view (B) of an aortic valve after cf-LVAD 
support with two commissures fused with additionally multiple small and large fenestrations on 
multiple leaflets. The unit of the scale bar is 5 mm i.e., the distance between two markers. 
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(Figure 3). Often, a small lumen was enclosed in between the fused commissures at the place 
of adherence at the base of the leaflets. Yet, in one aortic valve, this lumen was absent and 
filled by loose connective tissue. The elastin fibers of the Lamina Ventricularis were disrupted 
at multiple locations within the fused areas. An increase of extracellular matrix was observed 
in most cases. In one case severe calcification was observed at the site of fusion. In addition, 
there was no evidence of inflammatory infiltration seen around these fused regions. Some 
specimens, however, showed additionally subendothelial areas of calcification, cholesterol 
clefts, infiltration of macrophages and some lymphocytes. These were located in the Sinus of 
Valsalva in the aortic wall next to the commissures of both fused as well as non fused leaflets. 
These areas corresponded to the areas that were identified as fatty streaks in gross examination. 

Association between clinical characteristics and pathology
Linear regression analysis showed no statistical relationship between total length of 
commissural fusion (total fusion) and age (p=0.81) or duration of LVAD support (p=0.32) 
(Figure 4). Also, fusion was of similar length in all three commissures (p=0.30). Patients 
on full support had a statistically larger total fusion compared to those on partial support 
(p=0.05), although only 3 patients had partial support (Figure 5). Aortic valve insufficiency 
during cf-LVAD support was observed in 7 of the 7 patients with commissural fusion and 
in 2 of the 4 patients without fusion (low sample size did not allow statistical analysis). 
Total fusion was not statistically different between patients with DCM and ICM (p=0.15). 
Also, total fusion was not statistically different in the presence or absence of histologically 
established fatty streaks in the sinus of Valsalva (p=0.14). 

In retrospect, none of the patients who had undergone heart transplantation had any 
clinical adverse events which could be related to the aortic valve pathology, other than mild 
LVAD-induced AI. Of the 5 patients who died during cf-LVAD support, three had pump 
obstruction probably due to thrombus formation. In these three cases, commissural fusion 
was an additional finding which potentially might have played a role in the cause of death. 
Of the other 2 patients, one died of right ventricular failure and the other patient died of 
ischemic stroke. Both cases could not be associated with aortic valve commissural fusion. 
An overview of all aortic valves examined is shown in Figure 6.

8.4 DISCUSSION
Our results show that aortic valve commissural fusion occurs in 60% of patients on cf-LVAD 
support, often in relation to full support when the aortic valve remains continuously closed. 
Aortic insufficiency had often developed following cf-LVAD implantation in patients that 
in retrospect revealed aortic valve commissural fusion. The amount of commissural fusion 
was not significantly associated with age, duration of cf-LVAD support, etiology of heart 
failure and the presence of fatty streaks in the sinus of Valsalva. The fusion was also similar 
among the 3 leaflets. Gross observation of the aortic valves revealed several features. The 
presence of commissural fusion had led to noticeable morphological changes of the valve 
in a couple of cases with displacement of the Nodule of Arantius. In cases where all three 
leaflets were fused, only a small lumen remained. 
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Figure 3: Histology of aortic commissural fusion after LVAD support. (A) Whole mount slide 
of aortic valve without commissural fusion. Elastic van Gieson staining. Bar = 5 mm. (B) Whole 
mount slide of aortic valve with commissural fusion. Bar = 5 mm. (C) Example of commissure 
with minor fusion of the valve leaflets. Inlay with higher magnification of fused area. Note the 
disruption of the elastic fibers (in black) in the ventricularis layer of the valve leaflets. Bar = 1 mm. 
(D) Example of commissure with major commissural fusion. Bar = 1 mm. (E) Commissural 
fusion with calcifications in the fused area (observed in one patient). Hematoxylin and eosin 
staining. Bar = 1 mm. (F) Example of fatty streak in aortic wall of sinus of Valsalva next to the 
fused area. Inlay with higher magnification showing macrophages and cholesterol clefts. The 
fatty streaks also revealed calcification in some patients (not shown). Bar = 1 mm.
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Figure 4: Relationships between total fusion and selected characteristics. Relationship between 
Total fusion (mm) and (A) Age (years) (p=0.81) and (B) Duration of cf-LVAD support (days) 
(p=0.32); (C) The length of fusion (mm) for 3 different commissures (p=0.41). Horizontal line 
indicates the median value.

Figure 5: Clinical characteristics and total fusion. Total fusion (mm) of aortic valve commissural 
fusion stratified for: (A) Degree of cf-LVAD support (p=0.05); (B) aortic valve competence*; (C) 
Etiology of heart failure (p=0.15); (D) Fatty streaks in sinus (p=0.14). Horizontal lines indicate 
the median values.*low sample size did not allow statistical analysis.

As there is no evidence in literature associating commissural fusion with chronic heart 
failure, this commisural fusion must be clearly induced by LVAD support. Furthermore, 
despite the higher prevalence of aortic valve disease in older patients compared to younger 
patients,16 in this study such association was not found in relation to aortic valve commissural 
fusion. Aortic valve commissural fusion has predominantly been reported in association 
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Figure 6: Overview of all the aortic valves examined. Cranial view all aortic valves: A, patient 
1; B, patient 2; C, patient 3; D, patient 4; E, patient 5; F, patient 6; G, patient 7; H, patient 8; I, 
patient 9; J, patient 10; K, patient 11; L, patient 11 (view from ventricular side); M, patient 12; N, 
patient 12 (view from ventricular side); O, patient 13; P, patient 14; Q, patient 15; R, patient 15 
(view from ventricular side)
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with pulsatile LVADs (P-LVADs). Rose et al first described aortic valve commissural fusion 
in 4 out of 6 patients with a P-LVADs.8 Subsequently, Letsou et al reported 17 of 33 patients 
with aortic valve fusion.12 Later, other authors have also reported cases of aortic valve 
commissural fusion, all based on pulsatile LVADs.11,13,16 In all these studies aortic valve 
commissural fusion occurred in about 50% of patients with pulsatile LVADs, which was 
similar to our study based on 15 patients with cf-LVADs. In contrast, Mudd et al reported 
that 8 (89%) of 9 patients with the HM II cf-LVAD had aortic valve commissural fusion, 
which was a higher percentage.6 Another finding in this previous study, similar to ours, was 
that commissural fusion was associated with aortic valve closure and AI. 

Still, the mechanism associated with the development of commissural fusion is not well 
understood. The changes of aortic valve morphology appeared to progress in multiple stages, 
from minor to more extensive fusion. In cases with minor fusion, the endothelial layer was 
absent and the lamina ventricularis of both leaflets simply seemed to be grown together. 
Probably, this fusion process is induced by the fact that the aortic valve leaflets lie constantly 
against each other for extended time. Under these circumstances, both endothelial cell layers 
that cover this area of the leaflets are not subjected to shear stress. As a result, this may 
induce a stimulus initiating fusion, after which the endothelial cell layers would disappear. 
Accordingly, a significant association was found between full LVAD support without valve 
opening and commissural fusion, which supports this theory. However, when the aortic 
valve displayed more extensive fusion, miscellaneous disruption of the elastin layer of the 
leaflet was observed. Also, an increase in extracellular matrix of the site of fusion was found, 
suggesting a mild fibrotic reaction in more advanced stages. No inflammatory infiltrates were 
seen at the site of fusion, suggesting that the fusion process is not driven by inflammation. 
Therefore, the susceptibility of the immobilized aortic valve may be an important substrate 
for tissue remodeling causing leaflets to fuse. In addition, the valves are also exposed to 
continuous pressure with reduced pulsatility during cf-LVAD support. The effect of such 
a biomechanical stimulus may also play an important role in inducing or accelerating 
commissural fusion, as suggested previously by May-Newman et al.7

Acquired commissural fusion may have important clinical consequences throughout 
cf-LVAD support. In the first place, commissural fusion may lead to valve disruption and 
dysfunction, resulting in valve incompetence. LVAD-induced AI may cause recirculation of 
flow through the leaking valve, leading to less peripheral flow to body organs. To compensate 
for this, the pump speed may have to be increased. Aortic valve commissural fusion may also 
cause functional aortic stenosis. Such a stenosis limits flow through the valve during exercise, 
when the valve is most likely to open during LVAD support17 In addition, commissural fusion 
may hamper output of the native heart after device removal following myocardial recovery.1 
Finally, in the possible event of a flow obstruction of the cf-LVAD, temporary pump stop or 
failure, it also may limit effective output by the native ventricle.18 

It has been recommended to assess the function of the aortic valve regularly, through 
either transthoracic or transesophageal echocardiography.10 In our study, transthoracic 
echocardiography assessment did not reveal valve fusion or stenosis, despite the presence 
of fusion after gross examination. Because of a different structural consistency, fusion may 
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not be identifiable during echocardiography, unlike calcific aortic valve stenosis. Therefore 
we perform echo-guided pump speed change procedures to assess aortic valve function at 
minimum pump speed of the cf-LVAD. If valve opening is not observed or less pronounced 
at such low pump speeds, suspicion of aortic valve commissural fusion may rise. However, 
partially fused aortic valves may still open, as seen in a clinical case with an obstructed 
cf-LVAD. Furthermore, rather as a result of fusion, the aortic valve may also remain closed 
due to extremely poor ventricular function at the lowest pump speed. 

Our results suggest that partial support was associated with absence of aortic valve 
commissural fusion. Therefore, periodic decrease of cf-LVAD pump speed and aortic valve 
reopening may reduce the likelihood of aortic valve commissural fusion. The application 
of intermittent low speed on the cf-LVAD, as recently evaluated in animal experiments, 
promoted aortic valve opening and might prevent complications associated with leaflet 
function.19 The efficacy of such an algorithm on the development of aortic valve commissural 
fusion has yet to be demonstrated in patients. 

We acknowledge the following limitations of the current study. First of all, this study is 
limited by the small sample size. To our knowledge however, it represents the largest sample size 
considering patients with newer generation cf-LVAD evaluated so far. Macroscopic inspection 
took place after fixation with formaldehyde, which may have affected anatomical tissue 
structures. Occasionally, aortic valve functional properties of some patients could not be judged 
by echocardiography due to unavailability or poor image quality. Patients with total fusion 
of less then 4 mm where not included in the group of patients with aortic valve commissural 
fusion, so we might have underestimated this phenomenon. Finally, we did not consider the 
effect of biomechanical properties and cardiovascular hemodynamics on the incidence of aortic 
valve commissural fusion and other valve pathologies observed in this study. 

In summary, cf-LVAD support often induces aortic valve commissural fusion 
resulting in structural disruption and dysfunction of the aortic valve. The development of 
commissural fusion was likely associated with full support and aortic valve insufficiency. 
Clinical consequences may involve reduced efficacy of cardiac and circulatory support on 
cf-LVADs. Therefore, improved in-vivo assessment of commissural fusion is warranted, 
and strategies improving aortic valve mobility, like alternating pump speeds, may prevent 
commissural fusion. 
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Supplementary echocardiography: Transthoracic echocardography of patient number 15 who 
had demonstrated a continuously closed aortic valve for 5 years, where after pump obstruction 
the aortic valve started opening at baseline as well as at higher pump speed. The reason for this 
turned out to be a thrombus within the pump housing. In this study, we considered this patient 
as full support. 
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ABSTRACT
Introduction: We considered a mathematical model to investigate changes in geometric 
and hemodynamic indices of left ventricular function in response to changes in myofiber 
contractility and myocardial tissue stiffness during rotary blood pump support. 

Methods & Results: Left ventricular assistance with a rotary blood pump was simulated 
based on a previously published biventricular model of the assisted heart and circulation. 
The ventricles in this model were based on the one-fiber model which relates ventricular 
function to myofiber contractility and myocardial tissue stiffness. The simulations showed 
that indices of ventricular geometry, left ventricular shortening fraction and ejection 
fraction had the same response to variations in myofiber contractility and myocardial 
tissue stiffness. Hemodynamic measures showed an inverse relation compared to geometric 
measures. Particularly, pulse pressure and (dPart/dt)max increased when myofiber contractility 
increased, while increasing myocardial tissue stiffness decreased these measures. Similarly, 
the lowest pump speed at which the aortic valve remained closed increased when myofiber 
contractility increased, and decreased when myocardial tissue stiffness increased. 

Conclusion: Simultaneous monitoring of hemodynamic parameters and ventricular 
geometry indirectly reflects the status of the myocardial tissue. The appropriateness of this 
strategy is to be evaluated in the future, based on in-vivo studies. 

Keywords: Mathematical model, continuous-flow LVAD
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9.1 INTRODUCTION
Rotary blood pumps have been applied as long-term circulatory support systems in patients 
with end-stage heart failure both as a bridge to heart transplantation and as an alternative 
for heart transplantation (destination therapy).1,2 In general, the implantation of a rotary 
blood pump induces both mechanical and neurohormonal stimuli on the assisted ventricle. 
As a result, myocardial tissue properties of the ventricle may change leading to changes 
in cardiac function. In some occasions, the ventricle may recover and allow the patient 
to be weaned from the pump. Therefore, the possibility to use these devices as a bridge to 
ventricular recovery has gained large attention in recent years.3-5

To identify changes in the myocardial tissue throughout support, it would be desirable 
to strategically and regularly monitor cardiac tissue properties. In the absence of methods 
to do this directly, indices that indirectly reflect these properties, such as left ventricular 
ejection fraction (LVEF) and shortening fraction (LVSF), are commonly used. Remarkably, 
in the case of a left ventricle supported by a rotary blood pump, two patterns of blood 
ejection are present. Besides the normal ejection of blood through the aortic valve, now 
blood is also pumped from the ventricle into the circulation through the rotary blood 
pump. As a result, under these hemodynamic conditions, it is not known to which extent 
native left ventricular function is appropriately reflected by LVEF and LVSF.

A strategic approach to assess the function of the ventricle can be to evaluate the 
response of the ventricle to gradual variations in pump speed settings. This response 
may reflect both active and passive myocardial tissue properties. The active myocardial 
tissue properties are related to the contractile capacity of the myocardial fibers, defined 
as the myofiber contractility. The passive myocardial tissue properties are defined by the 
myocardial tissue stiffness mostly involving the integrity of the extracellular matrix. As 
these myocardial tissue properties are difficult to assess in-vivo, they need to be derived 
through indirect clinical measures. Unfortunately, the interpretation of currently used 
clinical measures in the presence of left ventricular assistance with a rotary blood pump 
remains a matter of debate. 

In this study, we use a mathematical model to investigate the relation between myocardial 
tissue properties and clinically observable indices of left ventricular pump function at 
several levels of ventricular assistance with a rotary blood pump. Several mathematical 
models have been proposed to evaluate the general interaction between ventricular 
assist device and the circulatory system.6-7 Such models are applied in the development 
of control strategies required to achieve optimal ventricular assistance.8-9 However, none 
of such models include the effect of myocardial characteristics on clinically measurable 
properties during circulatory support. For this purpose, we consider a model of the heart 
which contains explicit entities for myocardial tissue properties. Accordingly, this approach 
could provide a numerical tool to guide clinical evaluation and interpretation of ventricular 
remodelling in patients supported by rotary blood pumps. 
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9.2 METHODS
Mathematical model 
In this study we applied a mathematical model of the assisted heart and circulation which was 
slightly adapted from the model developed by Cox et al.10 The model includes the left and right 
ventricle, the systemic and the pulmonary circulation, and a rotary blood pump. Compared to 
the model of Cox et al,10 we excluded the coronary circulation and the baroreflex model. The 
model is displayed schematically in Fig. 1, and is explained briefly in the following sections.

Figure. 1: Schematic overview of the mathematical model of an assisted left ventricle and total 
circulation by a rotary blood pump. LV and RV are the left and right ventricle, and mv,av,tv, 
and pv are the mitral, aortic, tricuspid and pulmonary valve. Lart,L and Lart,R are the inertia of the 
blood in the aortic and pulmonary arterial unit, Lart,Li and Lart,Ri are the inertia of the blood in 
the aortic and pulmonary artery vascular unit. Rp,L and Rp,R are the peripheral resistance of the 
systemic (L) and pulmonary (R) circulation, and Rven,Li, Rven,Ri, Cven,L and Cven,R are the resistance 
and compliance of the systemic and pulmonary veins. Lven,Li and Lven,Ri are the inertial of the blood 
in the systemic and pulmonary veins. 
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Heart model 
The heart model is based on the one fiber model of ventricular wall mechanics which 
relates macroscopic left and right ventricular pressure and volume to microscopic tissue 
properties, fiber stress and strain and radial stress and strain. This model, which assumes 
spatial homogeneity of fiber stress and strain, was introduced by Arts et al11 and was 
subsequently adapted by Bovendeerd et al,12 to simulate the additional influence of radial 
stress. The myocardial tissue is assumed to be incompressible and to consist of myofibers, 
embedded in a collagen matrix. The general model used to simulate each ventricle is: 

(1)

Here, pv is the ventricular pressure, σf is the total fiber stress and  is a representative 
radial stress, generated in the collagen matrix. Vw  is the wall volume and Vv is the cavity volume 
of the left (v=lv) or the right ventricle (v=rv). The fiber and radial stretch ratio are defined as:

(2)

and 

(3)

Here λf and λr refer to the fiber and radial stretch ratio where incompressibility of the 
myocardial tissue is assumed. Stretch ratios were referred to the state of the passive ventricle 
at zero cavity pressure, at which ventricular volume equals Vv0. The constitutive relations 
describing tissue stress were adopted from Bovendeerd et al.12 The total fiber stress σf is 
composed of an active stress, σa, and a passive stress, σm,f:

(4)

The active fiber stress is defined as: 

(5)

with

(6)
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(7)

(8)

Here, the contractility parameter Cv determines the fraction of stress induced by the 
myocardial fiber during fiber contraction in relation to the reference fiber stress σar. This 
parameter is considered the index that governs the magnitude of the myofiber contractility 
and thus the main determinant of the active properties of the myocardial tissue. In other 
words, increase in Cv simulates improved contraction of the myocardial fibers, leading to 
increased ventricular contraction. 

Furthermore, f(ls) determines the stress of the fiber in relation to sarcomere length, with 
ls,a0 as the sarcomere length below which active stress becomes zero and ls,ar as the sarcomere 
length to which the reference stress is referred to. Next, g(ta) describes the activation of 
the fiber contraction over time with ta and tmax as the time elapsed since activation and the 
duration of the twitch. Finally, h(vs) is a hyperbolic function which describes the effect 
of the sarcomere contraction velocity vs. Accordingly, v0 denotes the unloaded sarcomere 
shortening velocity, while cv governs the shape of the stress-velocity relation. Parameter 
values were adopted from Bovendeerd et al.12

The passive stress along the fiber direction is modelled by [Eq. (9)]. The transverse radial 
stress is modelled by [Eq. (10)]. Both passive stress components increase exponentially with 
the strain ratio without stress generation in compression. 

(9)

(10)

In these relations, Sf and Sr define the progressiveness of the passive stress in relation 
to the strain. As Sf predominantly determines the passive myocardial tissue relation in the 
fiber direction, it is chosen as the parameter for myocardial tissue stiffness. The baseline 
parameter values of the heart model are summarised in Table 1.

Each ventricle includes two passive heart valves modelled as ideal diodes, with a constant 
low resistance to forward flow resembling valve opening and a constant high resistance to 
reverse flow resembling valve closure:
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(11)

Here, Rvalve is the resistance of the corresponding valve, and qvalve is the flow across the valve.

Total circulation
The models of the left and right ventricular wall mechanics were connected to a lumped 
parameter model of the total circulation. The systemic and the pulmonary circulation each 
were modelled having an arterial, peripheral and venous vessel unit. The following relations 
between pressure, volume and flow hold:

(12)

(13)

(14)

In these equations, R represents a constant vascular resistance, L the vascular inertance and C 
the vascular capacitance. Furthermore, q represents the flow through a resistance or an inertance 
and V represents the volume in the capacitance. The pressure-volume relation of the capacitance 

Table 1: Parameter values for simulation of a healthy and DCM heart

Parameter Units
Left ventricle  

Healthy/DCM Right ventricle

Vw [ml] 200 / 300 100
Vv0 [ml] 0.3 / 0.4 Vw,LV 0.75 Vw,RV

σf0 [kPa] 0.9 / 0.9  0.9* 
σr0 [kPa] 0.2 / 0.2 0.2*
Sf - 12 / 12 12*
Sr - 9 / 9 9*
σar [kPa] 55 / 55 55*
C - 1 / 0.5 1*
ls0 [μm] 1.9 / 1.9 1.9*
lsa0 [μm] 1.5 / 1.5 1.5*
ls,ar [μm] 2 / 2 2*
ν0 [μm] 10 / 10 10*
cv - 0 / 0 0*
tmax [s] 0.375 / 0.375 0.375*

* Material properties of the right ventricle are the same as for the healthy left ventricle

163



Ventricular contractility and tissue stiffness simulations with cf-LVADs

9

represents a linearization around the physiologic working point, where V0 represents the volume 
at zero pressure. Values of parameters in the circulation model were summarized in Table 2. 

Pump model
The flow and pressure characteristics of the pump were modelled according to pump 
characteristics of a clinically applied rotary blood pump.13 The flow through the rotary 
blood pump (qvad) is set to depend on the pressure head across the pump (Dp) and pump 
speed (vvad) in the following equations: 

(15)

The dependence of a and b on ∆p is modelled according to Cox10:

(16)

(17)

Table 2: Reference settings for parameters in the mathematical model of a rotary blood pump recipient 

Parameter Units Systemic circulation Pulmonary circulation

nelm - 5 5
Rart [MPa s m-3] 15 3
Rp [MPa s m-3] 126 20
Rven [MPa s m-3] 7 2
Rmv [Pa s m-3] 1* or 1012 **
Rav [Pa s m-3] 1* or 1012 **
Rtv [Pa s m-3] 1* or 1012 **
Rpv [Pa s m-3] 1* or 1012 **
Lart [kPa s2 m-3] 60 60
Lven [kPa s2 m-3] 60 60
Cart [μL Pa-1] 20 20
Cven [μL Pa-1] 750 200
Vart0 [mL] 500 80
Vven0 [mL] 3000 80
Vblood [mL] 5,3

Pump characteristics

a0 [Pa-1 m3] 0,0091
a1 [Pa-2 m3] 1,4
b0 [Pa-1 m3] -0,189
b1  [Pa-2 m3] -1,895

* Valve open or ** Valve closed. 
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The parameter values of the pump model are summarised in Table 2. The arterial vessel 
unit of the systemic circulation is subdivided into 5 additional vascular units. The rotary 
blood pump was connected between the ventricle and the second vascular unit (Fig 1).

Myocardial tissue characteristics
The myocardial passive tissue properties were chosen to simulate a healthy heart and a heart 
with end-stage dilated cardiomyopathy (DCM) according to Cox et al.12 Left ventricular 
volume values at zero pressure Vv0 were computed by multiplying the left ventricular wall 
volume by cavity-to-wall volume ratios. These cavity-to-wall volume ratios were set at 0.3 
for the healthy heart and 0.4 in the DCM heart, adopted from Cox et al10 as well. Similarly, 
the reference fiber stress σar was 55 [kPa] and myofiber contractility Clv was set to 1 for the 
healthy heart and 0.5 for the DCM heart.

Output parameters & model simulations 
The response of clinically assessable parameters to changes of myocardial tissue stiffness 
and contractility was investigated for a rotary blood pump recipient with DCM. In this 
study we considered geometrical measures of the cavity of the ventricle based on 2D 
echocardiography, and hemodynamic measures, involving blood pressure and dynamics 
of the aortic valve. 

The left ventricular end systolic dimension (LVESD) and left ventricular end diastolic 
dimension (LVEDD) were computed from the left ventricular end systolic volume (LVESV) 
and left ventricular end diastolic volume (LVEDV) according to:

(18)

(19)

Ventricular cavity volume and ventricular dimension values were applied to compute 
the left ventricular ejection fraction (LVEF) and left ventricular shortening fraction (LVSF) 
as clinical measures for ventricular function according: 

(20)

(21)

The arterial pulse pressure and the maximum arterial pressure-time derivative 
(dPart/dt)max derived from the arterial blood pressure waveform. Furthermore, from the 
aortic valve flow signal we determined the minimum pump speed at which the aortic valve 
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remained permanently closed. This mark was defined as the lowest pump speed at which 
the aortic valve flow intersects the zero flow line. 

The response of the chosen clinical measures to variations of myocardial tissue properties 
was simulated based on 50% variations of myofiber contractility Clv and myocardial tissue 
stiffness parameter Sf of the left ventricle. We selected a constant heart rate of 80 beats per 
minute for all simulations. Long-term regulatory mechanisms which affect parameters of 
the systemic and pulmonary vessels and blood volume were neglected.

First, we consider the effect of these variations on the left ventricular pressure-volume 
relationship. Next, the effect of tissue property variations on clinical measures was 
simulated for DCM without left ventricular assistance (no pump) and with rotary blood 
pump assistance. 

9.3 RESULTS
Baseline model behaviour
The baseline characteristics of the model are illustrated for the healthy and DCM case 
(Table 3 and Fig. 2). Cox et al verified the output of their model with clinical data by showing 
that these were within the physiological range.10 Despite the small parameter differences, 
the model output in this study also agreed with physiological ranges (summarized in Cox 
et al).10 For the healthy case, left ventricular volumes were between 42 ml (LVESV) and 105 ml 
(LVEDV), and ventricular dimensions were between 4.3 cm (LVESD) and 5.9 cm (LVEDD). 
For the DCM case, left ventricular volumes increased to values between 215 ml (LVESV) and 
259 ml (LVESD) along with ventricular dimensions of 7.4 cm (LVESD) and 7.9 cm (LVEDD). 
LVSF and LVEF were 0.27 and 0.61 respectively for the healthy case and decreased to 0.06 and 
0.17 during DCM. Hemodynamic parameters showed a peak systolic pressure for the healthy 
situation of 122 mmHg which decreased to 83 mmHg in DCM. Accordingly, arterial blood 
pressures were reduced for the DCM case in comparison to the healthy case. (dPart/dt)max was 
715 mmHg/s in the healthy, and 544 mmHg/s in the DCM case. Similarly, flow through the 
aortic and mitral valves was reduced during DCM. Cardiac output was 5.1 litres per minute 
for the healthy case, compared to 3.4 litres per minute for the DCM case. 

Myocardial tissue properties variations 
The effect of variations of myofiber contractility and myocardial tissue stiffness on 
the pressure-volume relationship for the DCM case is shown in Fig 3. When myofiber 
contractility increased, left ventricular volume decreased, accompanied by a strong increase 
in left ventricular pressures. An increase in tissue stiffness also caused a decrease in left 
ventricular volume while ventricular peak pressure was slightly decreased instead. 

The response of geometrical measures for the condition with and without left ventricular 
assistance (no pump) is shown in Fig 4. For baseline settings, LVEDD and LVESD decreased 
when pump speed settings were increased. However, LVEF and LVSF displayed a characteristic 
concave curve in relation to pump speed settings. An increase in myofiber contractility and an 
increase in tissue stiffness had a similar effect: both systolic and diastolic dimensions decreased, 
whereas the concave relation between LVSF or LVEF and the pump speed settings shifted upward.
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The response of hemodynamic measures for the condition with and without left ventricular 
assistance is shown in Fig 5. For baseline settings, both pulse pressure and (dPart/dt)max 
decreased as the pump speed increased. The flow through the aortic valve decreased as the 
pump speed increased and eventually became zero, indicating a permanently closed aortic 
valve. At this point, 8500 rpm, both the pulse pressure and the (dPart/dt)max showed a clear 
transition. Furthermore, a 50% increase in myofiber contractility caused an upward shift 
of both pulse pressure and (dPart/dt)max and an increase of aortic flow over the entire pump 
speed range. In addition, the minimal pump speed at which complete aortic valve closure 
occurs increased from 8500 rpm to 9000 rpm. A 50% decrease of the myofiber contractility 
resulted in no aortic valve opening for pump speed settings as low as 6000 rpm. In contrast, 
hemodynamic measures responded inversely to variation in tissue stiffness. Pulse pressure, 
(dPart/dt)max and flow through the aortic valve decreased when myocardial tissue stiffness 
increased for all pump speed settings. When tissue stiffness was increased by 50%, the 
minimum pump speed setting at which the aortic valve remained permanently closed 
decreased from 8500 rpm to 7750 rpm. In contrast, when tissue stiffness was decreased 
by 50%, this minimal pump speed increased to 8750 rpm. Altogether, these simulations 
suggest that changes in active and passive myocardial tissue properties cause an opposite 
effect on hemodynamic measures. 

Table 3: Model-derived clinical output parameters for the healthy heart and DCM heart simulations 

Parameter Units Healthy heart DCM heart

SAP [mmHg] 122 83
DAP [mmHg] 83 55
MAP [mmHg] 96 64
PSAP [mmHg] 33 34
PDAP [mmHg] 11 19
PMAP [mmHg] 18 24
PCWP [mmHg] 8 16
CVP [mmHg] 2 0.4
LVEF [-] 0.61 0.17
LVSF [-] 0.27 0.06
CO [l/min] 5.1 3.4
LVEDV [ml] 105 259
LVESV [ml] 42 215
LVEDD [cm] 5.9 7.9
LVESD [cm] 4.3 7.4
(dPart/dt)max [mmHg/s] 715 544
SV [ml] 64 43

DCM, dilated cardiomyopathy; SAP, systolic arterial pressure; DAP diastolic arterial, pressure; MAP, mean arterial pressure; 
PSAP, pulmonary systolic arterial pressure; PDAP. pulmonary diastolic arterial pressure; PMAP, pulmonary mean arterial 
pressure; PCWP, pulmonary capillary wedge pressure; CVP, central venous pressure; LVEF, left ventricular ejection fraction; 
LVSF, left ventricular shortening fraction, CO, cardiac output; LVEDV, left ventricular end diastolic volume; LVESV, left 
ventricular end systolic volume; LVEDD, left ventricular end diastolic dimension; LVESD, left ventricular end systolic 
volume; (dPart/dt)max maximum arterial pressure-time derivative; SV, stroke volume..
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Figure 2: Left ventricular (LV) and right ventricular (RV) pressure-volume relationship for 
the healthy simulation (A) and the DCM simulation (B). Left ventricular, right ventricular, 
aortic (Ao), and pulmonary artery (PA) pressures for the healthy simulation (C), and the DCM 
simulation (D); flow through the aortic valve (Av) and the mitral valve (Mv) for the healthy 
simulation (E) and DCM simulation (F).

9.4 DISCUSSION 
In this study we aimed to investigate the response of clinically assessable measures to 
variations in mechanical myocardial tissue properties during rotary blood pump support. 
As such an investigation is practically challenging, both in-vivo and ex-vivo, we present a 
mathematical approach as an alternative. The model simulations showed that the geometric 
measures LVEF and LVSF depend on the degree of ventricular assistance with a rotary 
blood pump and respond similarly to changes in myofiber contractility and myocardial 
tissue stiffness. Hemodynamic measures, including pulse pressure, (dPart/dt)max and flow 
through the aortic valve, responded inversely to variations in myofiber contractility in 
comparison to variations in myocardial tissue stiffness. Therefore, hemodynamic measures 
provide a practical way to assess changes of myofiber contractility versus myocardial tissue 
stiffness during ventricular assistance. 
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Figure 3: The simulated response of the left ventricular pressure-volume relationship to 
variations of myofiber contractility (A) and myocardial tissue stiffness (B) by 50% for a DCM 
heart. Myofiber contractility Clv was 0.5 at Baseline (red line), Low was 0.25 (black line) and 
High was 0.75 (green line). Myocardial tissue stiffness Sf was 12 at Baseline (red line), Low value 
was 6 (black line) and High value was 18 (green line).

The ability to account for changes in myocardial tissue properties is important to assess 
the effect of ventricular support. Histological studies have shown that myocardial cell size 
in the assisted ventricle decreases to normal values, while calcium cycling properties, gene 
expression patterns and signalling pathways are improved.14 It is expected that these changes 
may promote functional improvement of the ventricle. However, many studies have shown 
that collagen remodelling remains abnormal in contrast to all favourable aspects involved 
in the reverse remodelling process. Collagen is an important component of the extracellular 
matrix and synthesis of collagen is increased following mechanical circulatory support.15 
This causes a volume increase in extracellular matrix leading to increase in myocardial 
tissue stiffness of the ventricle. Eventually, these changes can result in atrophy or fibrosis 
of the myocardial tissue16 which limits ventricular function. This phenomenon is often 
considered to be the reason for the lack of functional improvement of the assisted ventricle. 
Our model may assist in quantifying the extent of myocardial stiffening by simulating the 
effect of myocardial tissue stiffness on clinical parameters.

To assess ventricular function throughout support, non-invasive clinical measures are 
preferred. Importantly, echocardiography allows the visualisation and quantification of the 
ventricular cavity size and contraction. Often used geometric indices such as LVSF and 
LVEF are unsuitable to distinguish between passive and active changes in myocardial tissue 
properties. For example, if the LVEF tends to increase over time, it may be caused by either 
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Figure 4: The response of the left ventricular geometric indices to variation of myofiber 
contractility Clv (left column) and myocardial tissue stiffness Sf (right column) in the DCM 
heart. Geometric indices include left ventricular end diastolic dimension LVEDD (panels a and 
b), left ventricular end systolic dimension LVESD (panels c and d), left ventricular shortening 
fraction LVSF (panels e and f) and left ventricular ejection fraction LVEF (panels g and h). 
Myofiber contractility Clv was 0.5 at Baseline (red line), Low was 0.25 (black line) and High was 
0.75 (green line). Tissue stiffness Sf was 12 at Baseline (red line), Low value was 6 (black line) 
and High value was 18 (green line). On the horizontal axis, “No pump” lines refer to simulations 
disregarding the rotary blood pump. The simulations were conducted for pump speed settings 
of between 6000 to 11000 rpm. 

an increase in myofiber contractility or myocardial tissue stiffness. However, an increase 
in myocardial tissue stiffness or contractility caused an opposite effect on hemodynamic 
measures. The aortic valve remained permanently closed at a higher pump speed setting 
when myofiber contractility increased or when myocardial tissue stiffness decreased. 
Ultimately, myocardial recovery would be characterised by progressive increase in LVEF, 
LVSF as well as hemodynamic measures. In contrast, increased myocardial stiffness would 
result in increased LVEF, LVSF values, without improvement in hemodynamic parameters. 
Altogether, evaluation of these trends over time may provide a clinically feasible strategy to 
monitor the LVAD-induced reverse remodelling process. We hypothesize that measurements 
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Figure 5: The response of the left ventricular hemodynamic indices to variation of myofiber 
contractility Clv (left column) and myocardial tissue stiffness Sf (right column) in the DCM heart. 
Hemodynamic indices include Pulse pressure (panels a and b), (Art dp/dt max) ((dPart/dt)max) 
(panels c and d) and flow through the aortic valve (panels e and f). Myofiber contractility Clv was 0.5 
at Baseline (red line), Low was 0.25 (black line) and High was 0.75 (green line). Myocardial tissue 
stiffness Sf was 12 at baseline (red line), Low value was 6 (black line) and High value was 18 (green 
line). On the horizontal axis, “No pump” lines refer to simulations disregarding the rotary blood 
pump. The simulations are conduced for pump speed settings between 6000 to 11000 rpm. Arrows 
indicate the lowest pump speed setting at which the aortic valve remains permanently closed. 

obtained during a pump speed change procedure may generate information that could 
reflect such functional properties of the assisted ventricle. The simulations presented in 
this study provide guidance to characterise myocardial tissue properties based on clinically 
measurable geometrical and hemodynamic measures.

The consideration of a simplified mathematical model has its limitations. The heart 
model assumes spatial homogeneity of fiber stress and sarcomere stretch of the myocardium. 
This assumption was based on findings in discrete cylinder models,17,18 and supported by 
later findings in finite element models.19-20 However, the model cannot describe spatial 
differences in ventricular wall, for example due to ischemic pathology of the heart. The 
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results of these simulations therefore may be better applicable to patients with DCM, as 
these involve a more homogeneous manifestation of myocardial dysfunction. 

The right ventricle is modelled as a separate ventricle, using the same configuration as 
the left ventricle. Due to the lack of ventricular interaction, it is not possible to simulate the 
effect of different pump speed changes on septal interaction. While finite element models of 
cardiac mechanics would account for spatial heterogeneity and ventricular interaction, their 
use would be problematic because many model parameters cannot be obtained in the clinical 
situation.21,22 The often used time varying elastance model23 does not provide a link between 
mechanics at ventricular level and tissue level and does not include tissue properties such 
as passive stiffness and contractility, both of which are crucial in assessing the state of the 
DCM heart. It has also been argued in literature that this model may not be applicable during 
rotary blood pump support.24 So, we considered the one fiber model as a suitable option for 
our application. We only considered adaptive changes in myocardial tissue properties in 
response to LVAD support, and neglected adaptation of the vascular system that may occur 
as well. Finally, we simulated a competent aortic valve. However, the presence of aortic valve 
insufficiency or commissural fusion of the aortic valve may limit the value of the aortic valve 
dynamics as a clinical marker for myocardial tissue properties. 

9.5 CONCLUSION
A mathematical model allowed the investigation of the response of clinical measures to 
changes in myocardial tissue properties in rotary blood pump recipients. Upon quantification 
of geometric and hemodynamic measures at various pump speeds the proposed method 
may yield estimates of changes in both active and passive myocardial tissue properties. The 
appropriateness of this strategy is to be evaluated in the future based on in-vivo studies. 
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In general, medical treatment of heart failure is intended to prevent or reverse the progression 
of the disease and to relieve symptoms. In severe cases, more intensive therapy may be 
necessary. Therapies such as cardiac resynchronisation, or coronary and valve surgery can 
restore cardiac function and improve the hemodynamic and clinical status of the patient. 
When heart failure continues to progress, it could reach an end-stage. In those cases, heart 
transplantation is still the therapy of choice. However, due to the shortage of donor hearts, 
only a limited number of patients can benefit from heart transplantation as a last-optional 
therapy (chapter 1). In relation to the lack of donor organs and an incremental progress 
in design of Mechanical Circulatory Support (MCS) systems, the number of advanced 
heart failure patients with Left Ventricular Assist Devices (LVADs) has been increasing 
considerably1-3. In this thesis, clinical and technical aspects of the use of continuous-flow 
LVADs (cf-LVADs) for the treatment of end-stage heart failure are discussed.
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10.1 LONG-TERM SUPPORT WITH CF-LVADS
Mechanical Circulatory Support therapy using cf-LVADs has proven to be lifesaving, while 
increasing quality of life of the patient.4 The University Medical Center Utrecht in the 
Netherlands started with its Assist Device program in March 1993 using the 1st generation 
pulsatile LVADs (P-LVADs) as a bridge to heart transplantation.5 Thirteen years later, in 
March 2006, the first cf-LVAD was implanted. Chapter 2 provides data on the current 
experience with the Heartmate II in this institute. Based on the previous experiences with 
the first and second generation of devices, it can be deducted that the transition from 
P-LVADs to cf-LVADs has led to major advances. Device durability has been an important 
limitation with P-LVADs due to the multiple wearable parts within the pump. Cf-LVADs 
show excellent durability, as the rotor has become the only movable part. This has led to 
fewer pump failures and replacements in the long run. In terms of adverse events, significant 
reductions in frequency of these events and rate of repeated hospitalization have been 
achieved with cf-LVAD support in comparison to P-LVADs. 

Chapter 2 also reveals that the highest risk of death was during the peri-operative 
period. Patient selection and timing of implantation is known to play an important role in 
peri-operative mortality. The consideration of risk profiles, based on databases such as the 
INTERMACS registry6, may lead to better patients selection for device implantation. In 
addition, risk stratification models are to be developed using these databases. They can help 
define adequate therapeutic strategies when using current and future cf-LVADs, eventually 
improving survival. 

Chapter 2 describes that the 1 and 2 years actuarial survival with the Heartmate II was 
81% and 76% respectively and was similar to other experiences reported in literature.7-9 
These results approximated mid-term survival after heart transplantation. Therefore, 
it can be suggested that cf-LVADs could be an alternative for heart transplantation.10 
However, there is still need for improvement. In the first place, cf-LVAD therapy is 
associated with adverse events. The high incidence and severity of bleeding complications 
and cerebrovascular accidents (CVAs) imply that the anticoagulation therapy remains an 
important challenge. As discussed in chapter 2, the incidence of post-operative bleeding 
complications was considerably high. Contrarily, CVAs were the most common cause of 
death or resulted in major limitation of daily life activities. In addition, pump thrombosis 
was an important cause of pump dysfunction, making it necessary to replace the cf-LVAD. 
Future device miniaturisation and development of minimal invasive techniques may lead 
to a less complicated surgical cf-LVAD implantation procedure and less peri-operative 
bleeding. Also, such future devices may require less intensive anticoagulation regimens, 
lowering the incidence and severity of associated complications. 

Finally, infections were often non-devices related or sepsis, while pocket and driveline 
infections were limited. Still, the latter infections often required long-term antibiotic 
treatment or even surgical intervention (chapter 2). Future advances involving smaller and 
totally implantable systems without a percutaneous driveline are expected to limit device-
related infections. In fact, smaller devices could be implanted in the pericardial space without 
the need of a pocket. In addition, use of transcutaneous energy transmission system (TETS) 
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technology with current cf-LVADs could eliminate the necessity of a percutaneous lead 
connection between the internal pump, the system controller and battery.11 Future emphases 
should therefore be focused on minimizing adverse events and the consideration of new 
technology and techniques to improve survival and quality of life during cf-LVAD support. 

10.2 BLOOD PRESSURE ASSESSMENT DURING CF-LVAD 
SUPPORT
Assessment of the blood pressure during cf-LVAD support is indispensable for various 
reasons.12-14 Patient on long-term cf-LVAD support often suffer from device-related 
hypertension. High blood pressure increases afterload, which may lead to decreased flow 
through the cf-LVAD. This may also cause cerebral events. Patients are therefore often on 
anti-hypertensive treatment in order to minimize such adverse events. However, use of 
cf-LVADs has presented unique challenges in monitoring blood pressure (chapter 1). In 
general, due to the continuous unloading of the left ventricle by the cf-LVAD, diastolic 
arterial pressure is increased. This in turn narrows the patient’s pulse pressure. As a result 
of this reduced arterial pulsatility, non-invasive assessment of the arterial blood pressure 
can be difficult and unreliable. 

Application of Nexfin, a blood pressure monitor, has made it possible to assess arterial 
blood pressure waveform during cf-LVAD support. The accuracy of the Nexfin was 
evaluated, first by validation in a general population (chapter 3), then under conditions 
of reduced pulsatility with cardiopulmonary bypass (chapter 4), and eventually in patients 
with cf-LVADs (chapter 5). The results in the general population were very encouraging. 
Meanwhile, arterial blood pressure during cf-LVAD support had an offset of 7 mmHg for 
systolic, diastolic and mean arterial pressure in comparison to invasively measured arterial 
blood pressure. Based on these results we proposed that pressure reconstruction algorithms 
may have to be adapted in order to compensate for this offset. 

Several techniques have been considered to assess arterial blood pressure non-invasively 
during cf-LVAD support. The reduced arterial pulsatility is often below the sensitivity range 
to assess blood pressure accurately. As a result, the automatic pressure cuff, for example, 
provided values of blood pressure only in about half of the cases.15 The development of 
a special technique, by adaptation of the cuff pressure method with ultrasound, seemed 
promising, however, it has not been used further in the clinic.16 Other techniques, such as 
auscultation and palpation have been inappropriate under conditions of reduced pulsatility.17 
Doppler ultrasound has been considered the best alternative in literature by showing a 
high success rate in measuring blood pressure during cf-LVAD support.18 A comparison 
of Nexfin and Doppler reveals that Doppler generally provided an accurate Mean Arterial 
Pressure (MAP) while MAP by Nexfin was underestimated. However, systolic pressure by 
Nexfin was better than Doppler, while the Doppler could not provide a diastolic pressure. 
Pulse pressure was accurately measured by Nexfin, making it superior in assessing arterial 
pulsatility (chapter 5). The true advantage of Nexfin is in providing the entire arterial blood 
pressure waveform non-invasively. Accordingly, the waveform can give an impression of 
the unloading status of the left ventricle on cf-LVAD support, provide information on the 
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left ventricular function through the (dPart/dt)max and aortic valve dynamics (chapter 5). A 
disadvantage of Nexfin is that it requires a finger cuff, which requires some experience in 
order to use it adequately. This may limit its regular applicability. Future advances should 
focus on downsizing this technology, making it simpler in its application. 

10.3 FOLLOW-UP STRATEGIES FOR CF-LVAD PATIENTS
Regular patient evaluation during cf-LVAD support is mandatory in order to guarantee 
adequate cardiac and circulatory support. Many assessment strategies have been suggested 
in literature, based on in-vivo and in-vitro studies.19-23 Theoretical approaches involving 
ventricular work indices, pressure-volume loops, and derived metabolic parameters can 
seldom be applied, as the invasiveness of these strategies creates unacceptable risks for the 
patient.24-27 The strategies that have been considered in the assessment of cf-LVAD support 
are based on either echocardiography with reduced pump speed or cardiopulmonary 
exercise testing at baseline or reduced pump speed.28-31 In particular, the, specific assessment 
of the native left ventricular function on the cf-LVAD has been a challenging enterprise. This 
assessment has important implications considering that target application of these devices 
may involve the ability to reverse severe heart failure and recover the heart particularly 
when combined with pharmacological treatment.32 However, a good understanding of the 
pathophysiology of cardiac recovery is needed, together with the development of reliable 
markers and a weaning protocol for successful recovery. Unfortunately, a strategy of device 
operation to maximize myocardial recovery is still not known. The possibility to modify 
the degree of left ventricular unloading by changing the pump speed may provide an 
opportunity to adequately assess left ventricular function.

Chapter 5 describes the relationship between arterial blood pressure and 
echocardiographic responses of the left ventricle during a Pump Speed Change Procedure. 
In this study, aortic valve dynamics at 9000 rpm was considered as a surrogate for native left 
ventricular function. If the aortic valve opens at this speed, the left ventricle is considered 
to have a better contractile function then a ventricle with a continuously closed aortic 
valve at this speed. Accordingly, patients with aortic valve opening at 9000 rpm showed an 
improved systolic pressure, and higher pulse pressure and (dPart/dt)max when pump speed 
were reduced further compared to the patients with continuous aortic valve closure at 9000 
rpm. The ability of these hemodynamic parameters to reflect the functional status of the 
ventricle was also affirmed by mathematical simulation, as presented in chapter 9. In this 
mathematical simulation, the effect of myofiber contractility and myocardial tissue stiffness 
on clinically assessable parameters was simulated using a model of a cf-LVAD patient. The 
output parameters simulated, included both blood pressure and left ventricular geometry 
measures, which can be obtained by either Nexfin, or by echocardiography. The simulation 
results showed that when myofiber contractility was increased, pulse pressures and 
(dPart/dt)max would increase over the entire pump speed range. The aortic valve would also be 
opening at a higher pump speed. In addition, LVSF and LVEF also increased over the entire 
pump speed range. However, volume unloading by the cf-LVAD may propagate fibrosis of 
the myocardial tissue which increases wall stiffness of the ventricle and thereby hampers 
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myocardial recovery.33-35 This phenomenon implies that besides myocardial contractility, 
assessment of the passive properties of the ventricle, such as myocardial tissue stiffness, is 
also important. Simulations described in chapter 9 demonstrated that it was not possible to 
differentiate between improved contractility of the myofiber or increase in myocardial tissue 
stiffness based on left ventricular dimensions and derived indices of ventricular function. 
Nevertheless, this differentiation was still possible using blood pressure derived measures 
as these respond oppositely to either myofiber contractility or myocardial tissue stiffness. 
These findings suggest that blood pressure and echocardiography provide complimentary 
information and should both be considered in the assessment strategy of cardiac function 
during cf-LVAD support. In addition, chapter 5 described that arterial blood pressure 
and echocardiography derived measures showed no or poor correlation with one another. 
This may also implicate that these measures may reflect different functional aspects of the 
ventricle. Therefore, simultaneous assessment of the effects of myocardial tissue properties 
using both Nexfin and echocardiography is considered an important step in characterising 
the interaction between cf-LVAD support and ventricular function. In the future, using 
these properties, a protocol to stimulate the left ventricle with the cf-LVAD and promote 
myocardial recovery should be explored. 

Current cf-LVAD technology operates at fixed rotor speed settings and does not allow 
the patient to change pump speed settings. Despite the fact that these devices can generate 
high flows, they are set at submaximal pump speeds. At these pump speeds they would 
generate adequate flow to meet physiological and metabolic demands at rest. However, 
when the pump speed remains fixed, it cannot respond to increasing flow demand during 
exercise as described in chapter 6. For example, the pump speed range for the Heartmate II 
LVAD under clinical conditions is between 9200 and 10000, while the pump has a maximum 
pump speed setting of 15000 rpm.36 Unfortunately, a control system that automatically 
responds to physiological demand does not exist at this moment. 

The technical challenge in developing such algorithms lies in controlling the pump 
safely. It could be controlled either manually or automatically and autonomously using 
computer-based algorithms. When necessary, the pump could be shifted to its “second gear” 
during exercise, generating higher pump flow and total output while enabling the patient 
to reach a higher exercise capacity (chapter 6). Of equal importance, safety features have 
to be incorporated that avoid both excessive as well as suboptimal circulation for varying 
clinical and physical activity conditions. On one hand, pump speeds may become too high 
and lead to ventricular suction.37 On the other hand, pump speed may become too low and 
cause ventricular overload and suboptimal left ventricular unloading. The adequate balance 
between feasibility, reliability and safety could be reached using a manual approach. In this 
case, a patient may provide the best pump speed control as he feels, knows and determines 
when change of support is necessary or the most appropriate. At the same time, automatic 
algorithms within the system controller could guarantee safe operation by detection of 
suction events or suboptimal pump flow. Many algorithms have already been proposed. 38, 39 
Future studies may determine their feasibility and functionality using cf-LVADs.
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10.4 THE IMPORTANCE OF AORTIC VALVE FUNCTION 
DURING CF-LVAD SUPPORT 
Because of underlying cardiac disease and poor ventricular function, the pump speed 
required for adequate circulatory support is often much higher than the pump speed that 
enables aortic valve opening. In general, the aortic valve only opens in 70% of patients with 
cf-LVAD support (chapter 5). As a result, there is continuous backward pressure exerted on 
the aortic valve. This may cause increased stress on the aortic valve, and induce pathological 
changes on the valve. As shown by chapter 7, aortic valve regurgitation (AR) occurs often 
after cf-LVAD implantation and may appear during diastole, continuously or even systole. 
Besides AR, cf-LVAD support may also cause the aortic valve leaflets to fuse, leading to 
multiple degrees of aortic valve commissural fusion as shown in chapter 8. Importantly, 
the fusion process was a non-inflammatory process, in which the aortic valve commissures 
seem to stick to each other, eventually leading to prominent changes of the aortic valve 
morphology. It was demonstrated that this phenomenon was LVAD-induced, and occurred 
particularly in patients in whom the cf-LVAD provided full support.40 

Maintaining the integrity of the aortic valve during cf-LVAD support is of importance. 
AR during cf-LVAD support leads to suboptimal unloading of the left ventricle while it 
reduces the efficiency of the cf-LVAD. For long-term LVAD support, AR can represent 
a significant lesion, if it would progress over time. Nevertheless, AR remained mild to 
moderate over the course of cf-LVAD support.41-44 A potential reason could be that the 
developed regurgitation decreases the pressure difference and the stress on the valve. As a 
result, the induced regurgitation may work as a self limiting mechanism, preventing further 
deterioration of the aortic valve which could cause AR to progress. The potential factors 
which may still induce progression of AR are yet to be established. 

Moreover, as presented in chapter 6, Total Cardiac Output (TCO) is often higher than 
cf-LVAD flow at maximum exercise, suggesting additional native contribution through 
the aortic valve. However, the presence of aortic valve commisural fusion creates a 
valvular stenosis, which decreases flow through the aortic valve and could limit TCO, and 
exercise capacity with the cf-LVAD. The aortic valve also served as a diagnostic marker 
as aortic valve opening was considered a potential surrogate for left ventricular function 
during cf-LVAD support (chapter 5). Model simulations performed in chapter 9 also 
revealed its relation to changes in myocardial contractility. But in the case of aortic valve 
incompetence, the aortic valve could be affected to such a degree, that it loses its ability to 
reflect ventricular functional status. 

Finally, if the ventricle would recover on the cf-LVAD, proper assessment of the aortic 
valve for the presence of fusion is mandatory.45 As in-vivo assessment of aortic valve 
fusion is still challenging, new evaluation strategies should become an important subject 
for future research. 

Promoting regular aortic valve opening seems to be the best options in order to prevent 
aortic valve commissural fusion and related LVAD-induce AR. The application of intermittent 
low speed on the cf-LVAD may allow periodic aortic valve opening and prevent aortic valve 
fusion.46 Such physiological pump control should therefore be integrated in future devices.47 
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10.5 FUTURE ENGINEERING APPROACHES IN CF-LVAD 
THERAPY 
The hemodynamics of the cardiovascular system during MCS has often been investigated 
using a mathematical model of the human circulation, also including mechanical circulatory 
support. Chapter 9 provides an example of such an engineering approach.The advantage 
of applying a mathematical model is that it is reproducible, and it can be used to simulate 
multiple clinical scenarios including different patient conditions and device status. These 
parameters may provide important information about clinically inaccessible parameters, 
including myofiber contractility and tissue stiffness of the assisted ventricle. The step towards 
patient-specific modelling is desirable but challenging, as it is often impossible to assess 
all model input parameters. Fortunately, the introduction of the multi-source assessment 
strategy based on a pump speed change procedure, as shown in chapter 4 and chapter 5, 
may increase the amount of clinical data available to do such patient specific parameter 
estimations. Besides this, new physiological knowledge could lead to better models and 
more solid boundary conditions required for reliable parameter output. A model sensitivity 
analysis would be the next step, which involves the determination of the influence of each 
model input parameter on the model predictions of clinical output parameters of interest. 48 
In that respect, sensitivity analyses can also be used to determine which model parameters 
are rewarding to measure accurately and which model parameters can be based on generic 
data.49 Measurements used as model input may contain large errors, which could influence 
the model predictions. Therefore, such errors need to be appropriately quantified and taken 
into account before conclusions can be drawn. The predictive power of such a model has to be 
evaluated by comparing the model predictions with clinical outcome. These are unavoidable 
steps that need to be taken in order to develop a reliable tool for patient specific modeling 
and characterization. In the future, we may use such a model to build a cf-LVAD patients 
simulator, with the capability of simulating multiple clinical scenarios as well as the effect of 
therapy or interventions on patients with cf-LVAD. 

10.6 CONCLUSION
The results reported in this thesis support the use of cf-LVADs as a therapy to provide 
long-term hemodynamic support linked to improvement in longevity and quality of life 
in end-stage heart failure patients. With increasing physiological knowledge, advances in 
medical treatment strategies and technology and multidisciplinary collaboration it is likely 
that further improvements can be made. Future research should continue to update the 
clinical experiences with cf-LVADs. Also new assessment strategies, including non-invasive 
blood pressure measurents are to be implemented. Pump speed adaptation will allow the 
integrity of the aortic valve to be maintained, and finally, mathematical modelling will 
provide a useful tool to simulate clinical scenarios of patients with cf-LVADs. 
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Summary 

SUMMARY (ENGLISH)
In view of the shortage of donor hearts, continuous flow left ventricular assist devices (cf-
LVADs) have become an effective therapeutic option to bridge heart failure patients to heart 
transplantation.

The subject of this thesis is the clinical and technical aspects of continuous-flow Left 
Ventricular Assist Device (cf-LVAD) therapy. 

Chapter 1 is a general introduction that provides an overview of heart failure treatment 
in general and focusing on the application of first and second generation Left Ventricular 
Assist Devices in end-stage heart failure patients. A special attention is given to important 
challenges involving patient follow-up with a cf-LVAD. 

Chapter 2 presents the clinical results of the University Medical Center Utrecht using 
the Heartmate II LVAD (HM II). The analysis of 85 HM II patients demonstrated that 1 
and 2 years actuarial survival of patients with this device was 81 ± 5% and 76 ± 6% and 
comes very close to that of patients after heart transplantation. The HM II did prove to 
provide adequate cardiac and circulatory support. The most frequent adverse events were 
ventricular arrhythmias, peri-operative bleeding and non-device related infections, while 
CVA’s were the most common cause of death or were associated with major limitations of 
daily life activities. The conclusion was the HM II LVAD therapy could be considered a 
successful life-saving therapy, albeit still associated with serious adverse events. 

Chapter 3 describes the validation of a novel blood pressure monitor, Nexfin, in a heart 
failure population of 50 patients. Nexfin is a non-invasive blood pressure monitor based on 
finger pressure technology and physiological pressure reconstruction that allows beat-to-
beat measurement of blood pressure waveform while providing multiple waveform derived 
measures such as the blood pressure values, heart rate and the (dP art/dt)max. Differences 
between non-invasive blood pressure (NAP) and invasive blood pressure (IAP) were small 
enough to meet criteria of the Association for Advancement of Medical Instrumentation 
(AAMI) which states that differences smaller than 5 ± 8 mmHg are acceptable. 

Chapter 4 contains a feasibility study evaluating the performance of Nexfin under 
physiological conditions of reduced arterial pulsatility in patients on cardiopulmonary 
bypass. An analysis in 18 patients showed that NAP and IAP were similar under low 
pulsation conditions during cardiopulmonary bypass. Also, data is presented on blood 
pressure responses after gradual reduction of the pump speed and flow in cf-LVAD patients, 
a so-called Pump Speed Change Procedure. NAP was measured in 10 cf-LVAD patients, and 
showed that when the pump speed was decreased, systolic blood pressure remained similar, 
while the pulse pressure increased by means of an increase in diastolic arterial blood pressure. 
During closure of the aortic valve the NAP took a sinusoidal shape without a dicrotic notch. 

Chapter 5 presents a validation study of the blood pressure measurement using Nexfin 
by comparing it with invasive blood pressure measurements in cf-LVAD patients. An 
analysis in 29 patients showed that non-invasive blood pressure (NAP) underestimated 
invasive blood pressures (IAP) by a mean of 7 mmHg while pulse pressures were accurate. 
Correlation analysis was performed between NAP and left ventricular dimensions and, 
NAP and left ventricular shortening fraction (LVSF) measured by echocardiography during 
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a Pump Speed Change Procedure in 30 patients. Blood pressure responses did no correlate 
with ventricular dimensions, while there was only a weak correlation between LVSF and 
pulse pressure or (dPart/dt)max.Moreover, the dicrotic notch on the NAP waveform showed 
to be a better predictor of aortic valve opening than pulse pressure and (dPart/dt)max. Patients 
with aortic valve opening at 9000 rpm of the HM II, seen as a surrogate for improved left 
ventricular function on cf-LVAD support, revealed a significant rise in systolic pressure, 
pulse pressure and (dPart/dt)max when the pump speed was gradually reduced further to 6000 
rpm. The conclusion was that blood pressure and echocardiography were complimentary in 
regards to cardiac and circulatory support in patients with a cf-LVAD. 

Chapter 6 is about the hemodynamic responses of 30 HM II patients during exercise 
based on systemic cardiovascular parameters and pump performance. From rest to maximum 
exercise, a significant increase in heart rate and systolic blood pressure was observed. Total 
Cardiac Output increased considerably while the cf-LVAD flow only increased moderately 
during exercise. The Systemic Vascular Resistance also decreased considerably and showed 
the strongest correlation with Total Cardiac Output. Exercise capacity after 6 months in 30 
patients and 12 months in 20 patients were on average half of the predicted capacity for 
normal subjects when corrected for age and gender. 

Chapter 7 describes a phenomenon denoted as LVAD-related systolic aortic regurgitation 
(AR) and compares its incidence with diastolic and continuous aortic regurgitation. An 
analysis of 58 patients revealed that only 15% of the patients were free from AR throughout 
cf-LVAD support. This resulted in a 10% ± 5% freedom from AR, and 96% ± 4% freedom 
from moderate or severe AR at 1 year. LVAD-related systolic AR was considered an unusual 
phenomenon with a 10% incidence in HM II patients. It was observed early after HM II 
implantation, while diastolic or continuous AR took significantly longer to develop. Systolic 
AR occurred simultaneously with dynamic motion of the aortic valve leaflets and local 
changes of the aortic valve annulus, potentially as a result of fluid dynamical properties 
surrounding the aortic valve. 

Chapter 8 discusses the relation between the histopathology and clinical patient 
characteristics associated with aortic valve commissural fusion during cf-LVAD support. 
Macroscopic examination of 15 explanted hearts revealed that 60% of the aortic valves had 
fusion of single or multiple commissures. Some valves revealed either noticeable nodular 
displacements or considerable lumen diameter narrowing to a minimum opening area of 3 
mm. Other observations were fatty streaks on the valve cusps and in the Sinus of Valsalva 
and multiple fenestrations in one valve. Histological analysis showed that aortic valve 
commissural fusion was a non-inflammatory process, where commissures seemed to initially 
stick to each other, eventually resulting in prominent changes of the aortic valve morphology. 
Patients with continuous aortic valve closure (full support) did have statistically larger total 
fusion of the commissures compared to those on partial support. Also many of the patients 
with commisural fusion had developed AR while on cf-LVAD support.

Chapter 9 describes a computer simulation of clinically assessable parameters and their 
response to changes in myofiber contractility and myocardial tissue stiffness of the left 
ventricle during cf-LVAD support. Simulations were done considering multiple pump speeds 
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resembling a Pump Speed Change Procedure as performed during clinical evaluation. The 
simulations showed that pulse pressure, (dPart/dt)max and aortic valve opening responded 
in opposite directions to changes of myofiber contractility and myocardial tissue stiffness. 
In contrast, left ventricular dimensions, left ventricular ejection fraction and LVSF showed 
equal responses to changes in myofiber contractility and myocardial tissue stiffness. 

Chapter 10 presents a general discussion of the topics described in this thesis. The results 
and discussion of the studies may guide future evaluation strategies and technological 
development in the field of cf-LVAD therapy. 
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SAMENVATTING (NEDERLANDS)
Door het groot tekort aan donorharten, en de snelle ontwikkelingen op het gebied van 
mechanische ondersteuning van het hart, worden steunharten steeds meer toegepast bij de 
behandeling van eindstadium hartfalen. Dit proefschrift beschrijft klinische en technische 
aspecten van continue flow Linker ventrikel steunhart therapie (cf-LVADs).

Hoofdstuk 1 is een algemene introductie en geeft een overzicht van behandelmogelijkheden 
van hartfalen, toegespitst op de toepassing van eerste en tweede generatie steunharten. In dit 
hoofdstuk wordt speciale aandacht besteed aan de belangrijke uitdagingen die bij de klinische 
evaluatie van de patiënten met een cf-LVAD een rol spelen.

Hoofdstuk 2 presenteert de klinische resultaten met de Heartmate II LVAD (HM II) 
in het Universitaire Medisch Centrum Utrecht. De analyse van 85 HM II patiënten liet 
een 1 en 2 jaars actuariële overleving zien van 81 ± 5% en 76 ± 6%, een benadering van 
de overleving na harttransplantatie. Tevens zorgde de HM II voor een adequate cardiale 
en circulatoire ondersteuning. De meest voorkomende complicaties waren ventriculaire 
ritmestoornissen, peri-operative bloedingen en niet-device gerelateerde infecties, terwijl 
cerebrovasculair accidenten (CVAs) de meest voorkomende oorzaken van overlijden waren 
of aanleiding gaven tot ernstige beperkingen van dagelijkse activiteiten van de patiënt. De 
conclusie luidt dat HM II steunhart therapie als een succesvolle levensreddende therapie 
kan worden beschouwd, hoewel er ernstige complicaties kunnen optreden. 

Hoofdstuk 3 beschrijft de validatie van Nexfin, een nieuwe bloeddrukmeter. 
De populatie van de validatie bestaat uit 50 hartfalen patiënten. Nexfin is een non-
invasieve bloeddrukmeter gebaseerd op vingerdruk technologie en fysiologische 
bloeddrukreconstructie. Deze maken het mogelijk om slag-voor-slag de bloeddruk curve 
en multipele daarvan afgeleide parameters te meten zoals bloeddrukwaardes, hartslag en 
(dP art/dt)max. De verschillen tussen non-invasief gemeten bloeddruk (NAP) en invasief 
gemeten bloeddruk (IAP) waren klein genoeg om aan het criterium van de Association 
for Advancement of Medical Instrumentation (AAMI) te voldoen, die stelt dat verschillen 
kleiner dan 5 ± 8 mmHg acceptabel zijn. 

Hoofdstuk 4 bevat een uitvoerbaarheidstudie die de functionaliteit van Nexfin evalueert 
onder fysiologische condities van gereduceerde arteriële pulsatiliteit in patiënten tijdens 
cardiopulmonaire bypass. Uit een analyse van 18 patiënten bleek dat NAP en IAP gelijk 
waren bij gereduceerde pulsatiliteit tijdens cardiopulmonaire bypass. In dit hoofdstuk wordt 
ook data over de bloeddrukrespons na geleidelijke vermindering van de pompsnelheid en 
flow bij cf-LVAD patiënten gepresenteerd, een zogeheten Pump Speed Change Procedure. 
NAP was gemeten in 10 cf-LVAD patiënten. Deze meting toonde aan dat bij verlaging van 
de pumpsnelheid, de systolische druk gelijk bleef. Tegelijkertijd nam de pulsdruk toe door 
een stijging van de diastolische arteriële bloeddruk. Wanneer de aortaklep gesloten bleef, 
nam NAP een sinus-vormige curve aan zonder een dicrotic notch. 

Hoofdstuk 5 presenteert een validatiestudie van bloeddrukmetingen met Nexfin 
middels een vergelijking met invasieve bloeddrukmetingen bij cf-LVAD patiënten. Een 
analyse van 29 patiënten liet zien dat non-invasief gemeten bloeddruk (NAP) de invasief 
gemeten bloeddruk (IAP) onderschatte met een gemiddelde van 7 mmHg, terwijl de 
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pulsdruk nauwkeurig gemeten werd. Tijdens een Pump Speed Change Procedure in 
30 patiënten is met echocardiografie een correlatie analyse uitgevoerd tussen NAP en 
linker ventrikel dimensies en tussen NAP en linker ventrikel shortening fraction (LVSF). 
Bloeddruk respons correleerden niet met linker ventrikel dimensies, terwijl er alleen een 
zwakke correlatie bestond tussen LVSF en pulsdruk of (dPart/dt)max. Bovendien was de 
dicrotic notch op de NAP curve een betere voorspeller van aortaklep opening dan pulsdruk 
en (dPart/dt)max. Patiënten waarbij de aortaklep bij een pumpsnelheid van 9000 toeren van 
de HM II openging, lieten een significante stijging zien van de systolische druk, pulsdruk en 
(dPart/dt)max nadat de pumpsnelheid geleidelijk verder verlaagd werd naar 6000 toeren. Van 
deze patiënten werd verondersteld dat zij een betere linker ventrikel functie hadden dan 
patiënten waarbij de aortaklep gesloten bleef bij 9000 toeren. De conclusie was dat zowel 
bloeddruk en echocartografie data relevante informatie bezit over cardiale en circulatoire 
ondersteuning van patiënten met cf-LVADs. 

Hoofdstuk 6 gaat over de hemodynamische respons tijdens inspanning van 30 HM 
II patiënten gebaseerd op cardiovasculaire parameters en pomp functionaliteit. Van rust 
tot maximale inspanning werd een significante stijging van de hartslag en systolische 
bloeddruk gezien. Totale cardiale output steeg aanzienlijk terwijl de flow van de cf-LVAD 
matig steeg tijdens inspanning. De systemische vasculaire weerstand daalde significant en 
had de sterkste correlatie met de totale cardiac output. De inspanningstoleranties waren 
zowel na 6 maanden in 30 patiënten als na 12 maanden in 20 patiënten gemiddeld de helft 
van wat was voorspeld op basis van leeftijd en geslacht van een normaal persoon. 

Hoofdstuk 7 beschrijft het fenomeen LVAD-gerelateerd systolische aorta insufficiëntie 
(AI) en vergelijkt haar incidentie met die van diastolisch en continue AI. Uit analyse van 58 
patiënten bleek dat 15 % van de patiënten geen AI had gedurende de cf-LVAD ondersteuning. 
Dit resulteerde in een 10 % ± 5% actuariële afwezigheid van AI, and 96% ± 4% actuariële 
afwezigheid en matig tot ernstig AI na één jaar. LVAD-gerelateerde systolische AI was een 
merkwaardig fenomeen met een incidentie van 10% in HM II patiënten. Het werd kort na HM 
II implantatie geobserveerd, terwijl het ontstaan van diastolisch of continue AR significant 
langer duurde. Systolisch AI werd tegelijkertijd gezien met het dynamisch bewegen van de 
aortaklepbladen en lokale veranderingen van de aortaklep annulus, mogelijkerwijs veroorzaakt 
door stromingseigenschappen rondom de aortaklep tijdens cf-LVAD ondersteuning. 

Hoofdstuk 8 bespreekt de relatie tussen histopathologie en klinische patiënt 
karakteristieken geassocieerd met aortaklep commisurale fusie tijdens cf-LVAD 
ondersteuning. Macroscopisch onderzoek van 15 geëxpandeerde harten toonden aan 
dat 60% van de aortakleppen tussen één of meerdere commisurres gefuseerd waren. 
Sommige aortakleppen lieten merkbare modulaire verplaatsing zien of aanzienlijke 
diameter verkleining van het lumen tot een minimum van 3 mm. Andere observaties 
waren vettige plak op de klepbladen en in de sinus van Valsalva en penetraties in één klep. 
Histologisch onderzoek demonstreerde dat het commisurale fusie proces van de aortaklep 
niet-inflammatoir was, waarbij de commissures aan elkaar leken te plakken en uiteindelijk 
prominente veranderingen van de aortaklep morfologie aantoonden. Patiënten met een 
continu gesloten aortaklep (volledige ondersteuning) hadden statistisch een grotere kans 
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op fusie vergeleken met de patiënten met partiële ondersteuning. Ook bleken veel van de 
patiënten met commisurale fusie AI te hebben ontwikkeld tijdens cf-LVAD ondersteuning. 

Hoofdstuk 9 beschrijft een computer simulatie van klinisch meetbare parameters en 
hun respons op veranderingen van myofiber contractiliteit en myocard weefselstijfheid 
van het linker ventrikel met cf-LVAD ondersteuning. Multiple pumpsnelheden werden 
gesimuleerd, zoals tijdens een Pump Speed Change Procedure uitgevoerd in de kliniek. 
De simulaties voorspelden dat de pulsdruk, (dPart/dt)max en het openen van de aortaklep in 
tegengestelde richting zouden verschuiven op veranderingen van myofiber contractiliteit 
en myocard weefselstijfheid. De respons van de linker ventrikel dimensies, Linker 
Ventrikel Ejectie Fractie en LVSF zouden daarentegen in dezelfde richting verschuiven bij 
veranderingen van myofiber contractiliteit en myocard weefselstijfheid.

Hoofdstuk 10 presenteert een algemene discussie van de onderwerpen beschreven in dit 
proefschrift. De resultaten en discussie van deze onderzoeken geven mogelijk richting aan 
toekomstige klinische evaluatie en technische ontwikkelingen op het gebied van continue 
flow steunhart therapie.
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DANKWOORD
Tijdens mijn promotie heb ik met veel plezier onderzoek gedaan bij de afdeling Cardio-
Thoracale Chirurgie (CTC) in het Universitair Medisch Centrum Utrecht (UMCU). Ik heb 
daarbij de taak als medisch ingenieur erg letterlijk genomen, namelijk als degene die een 
wetenschappelijke brug bouwt tussen de kliniek en techniek, specifiek op het gebied van 
steunhart therapie. Het resultaat is dit proefschrift. Om middels zo’n brug ‘wetenschappelijke 
kennis’ over twee fronten te ontwikkelen en uit te wisselen, heb ik hulp van verschillende 
mensen gehad waarmee ik met veel genoegen heb mogen samenwerken. Deze ervaringen 
zullen mij altijd bijblijven. Ik maak graag gebruik van deze mogelijkheid om een aantal 
mensen te bedanken voor hun begeleiding, ondersteuning en vriendschap.

Allereerst bedank ik mijn promotoren Professor Jaap Lahpor en Professor Bas de Mol. Beste 
Jaap, ik wil je graag ontzettend bedanken voor de mogelijkheid die je me hebt gegeven om 
in het Utrechtse Steunhart programma onderzoek te mogen doen, een unieke omgeving en 
een zeer leerzame ervaring. Je hebt me veel vrijheid gegeven, maar mij ook op precies de 
juiste momenten aangestuurd met lessen die ik voor altijd mee zal nemen, hartelijk dank 
daarvoor. Het is een genoegen om jouw promovendus te mogen zijn. 

Beste Bas, vanaf onze ontmoeting in Houston, heb je mij begeleid en belangrijke facetten 
van mijn carrière mogelijk gemaakt. Ook heb je me op cruciale momenten uit de brand 
geholpen. Ik kon altijd bij jou voor advies terecht als ik door de bomen het bos niet meer 
zag. Dank voor je open houding en vertrouwen.

Ook aan mijn copromotoren Marcel Rutten en Nicolaas de Jonge heb ik veel te danken. 
Beste Marcel, ik heb veel geleerd van onze overlegmomenten en zag er altijd naar uit 

om met jou te brainstormen over wetenschappelijke vraagstukken die we met behulp van 
simulatie- en labexperimenten zouden kunnen oplossen. Dank voor je technische input en 
altijd energieke uitstraling. 

Beste Nicolaas, de kliniek was voor mij in eerste instantie toch een uitdagende omgeving, 
waar je me gelukkig doorheen heb geloodst. Je was altijd bereid om mijn ‘ingenieurtheorieën’ 
aan te horen en hielp mij deze in klinisch perspectief te zetten. Het grootste gedeelte van dit 
proefschrift komt voort uit onze samenwerking, dank voor jouw begeleiding en de leerzame 
filosofische discussiemomenten. 

Ook aan de leden van de beoordelingscommissie wil ik graag mijn dank uitspreken. 
Professor Herman Beijerink wil ik bedanken voor de begeleiding tijdens de Qualified 
Medical Engineering opleiding die ik heb gevolgd tijdens mijn promotie. Vooral dank voor 
je educatieve feedback. Professor Diederick van Dijk wil ik bedanken dat ik de mogelijkheid 
kreeg om op de IC onderzoek te doen. Professor Bart Meyns wil ik graag bedanken voor 
de gezellige sportieve momenten tijdens internationale congressen. Professor Pieter 
Doevendans, Professor Wolfgang Buhre en de overige leden wil ik graag bedanken voor de 
tijd en moeite die u heeft gestoken in het beoordelen van dit proefschrift. 

De leden van het LVAD-team van het UMCU waren tijdens mijn onderzoek memorabele 
collega’s. Ik bedank hierbij Ben Rodermans. Beste Ben, ik ben je erg dankbaar voor de hulp 
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bij de opzet en uitvoer van vele van de studies. Samen hebben we tegen lastige natuurwetten 
zoals de wet van Murphy moeten vechten, maar desondanks ‘bleven we ons amuseren’. Je 
hebt me ook tot het uiterste gedreven want ‘het was toch wel water, he?’. 

Het leven gaat niet altijd over rozen, en ik vind het erg jammer dat onze collega Eveline 
Sukkel de afronding van mijn promotie uiteindelijk niet heeft kunnen meemaken. Zij heeft 
mij bij de hand genomen en bewust gemaakt van de belangrijke klinische aspecten van het 
vak. Zij hield mij scherp met kritische vragen, en onze brainstormsessies waren voor mij 
belangrijke leermomenten. Dit proefschrift is gelukkig een klein deel van haar ‘legacy’. 

Beste Nelienke, jou openheid en vriendelijkheid kwam erg vertrouwd op mij over en ik 
vond het altijd fijn om met jou van alles te overleggen. Bij onzekerheid en verdriet/fustratie 
kon ik altijd bij jou terecht. Ben en Nelienke, ik vind het erg fijn dat jullie mijn paranimfen 
willen zijn. Dank voor de heerlijke samenwerking!

Tijdens de uitvoer en afronding van het proefschrift heb ik hulp gehad van vele mede-
auteurs, waarvoor mijn dank. In het bijzonder wil ik Berend Westerhof, Peter Bovendeerd, 
Sjoukje Lok en Aryan Vink bedanken. 

Beste Berend, al tijdens mijn afstuderen was je betrokken bij mijn begeleiding. Van jou 
heb ik alles over de Nexfin monitor geleerd en je was intens betrokken bij mijn eerste paar 
wetenschappelijke publicaties. Ik heb veel geleerd van je expertise, positiviteit en vooral je 
doorzettingsvermogen. Dank voor je vriendschap en adviezen B! (en N).

Beste Peter, jij hebt me duidelijk gemaakt hoe belangrijk het is om heel secuur onderzoek 
te doen. Je maakte altijd tijd om feedback te geven over het mathematisch model. Hartelijk 
dank voor je hulp en uitleg.

Beste Sjoukje, wat heb ik ervan genoten om met jou samen te werken. We konden 
elkaar zo goed aanvullen (quote van Sjoukje: “En we gaan het NU doen, punt!”). Ons harde 
werken leidde tot een mooi klinisch overzicht en leuk artikel. Ik zie uit naar je promotie en 
uiteindelijk je toekomst als cardioloog.

Beste Aryan, ik vond het ontzettend leerzaam om met jou te mogen samenwerken. Jouw 
gedrevenheid, open houding en praktische aanpak zorgden voor een hele fijne werksfeer 
om onderzoek in te doen. Dank voor je vertrouwen.

De staf van de CTC ben ik erg dankbaar voor het warme gevoel dat zij mij hebben gegeven 
tijdens mijn promotieonderzoek. Aan professor Lex van Herwerden, hoofd van de afdeling, 
en Jolanda Kluin, Faiz Ramjankhan, Marc Buijsrogge, Guido van Arnhem, Ronald Meijer 
en Mimi ter Weeme, dank voor jullie steun en feedback. Jullie zijn een ontzettend gave 
groep en ik vond het erg inspirerend om jullie aan het werk te zien. 

Josephine en Joke, het stafsecretariaat van de CTC. Ik heb er een gewoonte van gemaakt om 
regelmatig langs te lopen en jullie met uitbundige blijdschap te begroeten. Fijn dat ik altijd bij 
jullie terecht kon voor advies en morele steun. Dank voor jullie gezelligheid en lekkernijtjes. 

Ik bedank ook de CTC-onderzoekers, inmiddels uitgegroeid tot een respectabele ‘crew’. 
Beste Paul, als eerste gepromoveerd. Jij hebt ons laten zien hoe wij het moeten doen. Dank 
voor je pionierswerk en samenwerking in het Willem Kolff project. Beste Linda, als tweede 
gepromoveerd van onze groep en lang mijn kamergenote. Erg fijn dat ik altijd bij jou aan 
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kon kloppen (linksom draaien) met mijn klinische vragen en beschouwingen. Ik heb veel 
waardering voor je enorme drijfkracht. Ik weet zeker dat je een succesvol thoraxchirurg en 
onderzoeker zult worden. Dank voor je steun en collegialiteit. 

Hanna, dank voor je luisterend oor en je zorg, vooral tijdens de afronding van dit 
proefschrift. Je toonde veel begrip voor mijn vragen en opmerkingen. Door de vele kopjes 
thee die we voor elkaar haalden bleven we scherp en ‘in the zone’, maar ook met de nodige 
afleiding op het juiste moment. Ik zie uit naar je promotie en toekomstige carrière. Sabrina, 
David en Jesper, ik heb veel bewondering voor het onderzoek dat jullie doen. Ik kijk ook 
uit naar jullie promotie. Frederiek, ik vond het fijn dat je altijd open stond voor vragen 
over onderzoekvraagstelling en data-analyse. Dank voor het helpen verenigen van onze 
onderzoeksgroep middels het coördineren van de onderzoekerslunch en borrel. Aan jullie 
allemaal dank voor de gezellige momenten.

Artsen in opleiding, (oud) arts-assistenten, PA’s en semi-artsen en andere collega’s van de 
CTC in het UMCU. Jullie waren een fijne groep. Ik vond het vaak erg plezierig om met jullie 
mijn onderzoeksresultaten te delen, waarbij ik altijd veel steun en lering kreeg middels de 
vele bruikbare feedback. Dank voor het saamhorigheidsgevoel. 

Binnen de afdeling harttransplantatie van de cardiologie ben ik Corinne Klöpping en Hans 
Kirkels dankbaar voor de samenwerking en gezellige (lunch)momenten. Beste Corinne, 
dank voor het vertrouwen om Arne te mogen begeleiden voor zijn eindopdracht. Hierdoor 
heb ik jou beter leren kennen en heb ik heel veel waardering gekregen voor je wijsheid en 
betrokkenheid. Beste Hans, gedurende mijn promotieperiode hebben wij vaak inzichtelijke 
gespreken gehad waardoor ik klinische aspecten beter kon begrijpen. 

Mijn dank gaat uit naar het stafsecretariaat Harttransplantatie. Hanneke Schuurs, Nan 
Hendriksen en Albert Oosterom, dank voor de lieflijke momenten op het secretariaat en 
tijdens de lunch. Albert, Ik heb veel aan de ‘assist devices.xls’ gehad, die het fundament was 
van onze klinische analyse. Allen, dank voor de gezellige werksfeer. 

Ook wil ik de echolaboranten en ergolaboranten van de Hart- en Long functie afdeling ontzettend 
bedanken voor hun geduld, gezelligheid en bijdrage aan de resultaten die zijn opgenomen in dit 
proefschrift. Mijn dank gaat ook uit naar Wilco Tanis en Steven Chamuleau voor hun bijdrage 
en samenwerking. Dear Arif Nugroho and Cristina Castrillo, I thank you for helping me with 
the evaluation of the echocardiograms and for the many nice discussions we had.

Beste Kim Pennings, Najim Larouchi en Arne Bore. Door jullie kan ik zeggen dat ik het genoegen 
had om met zeer gedreven "future professionals" te mogen samenwerken. We delen allen een 
unieke gedrevenheid en hart voor de zaak. Maak hier goed gebruik van tijdens de rest van jullie 
carrière! Hartelijk dank voor de samenwerking. 

Aan de ICT-medewerkers van de divisie Hart & Longen van het UMCU gaat een speciale 
dank uit. Beste Chander Maikoe, Leon van Iersel, Ronald Groenemeijer en Johan van 
Viegen. Ik vond het fijn om openhartig met jullie te overleggen over technische snufjes, 
software en ontspanning. Jullie hulp heeft in vele opzichten ervoor gezorgd dat ik optimaal 
aan de slag kon gaan met de onderzoeksgegevens, resultaten en analyses. Mijn dank voor 
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jullie ondersteuning. Ook aan de crew van BMEYE B.V gaat een speciale dank uit. Ik vond 
het ontzettend leuk om met jullie samen te werken. De collega’s op de technische universiteit 
Eindhoven van zowel de faculteit Biomedische technologie en de School of Medical Physics 
and Engineering Eindhoven wil ik bedanken voor de samenwerking en adviezen, in het 
bijzonder Professor Fans van de Vosse, Ineke Fonse, Wouter Huberts, Beatrijs van der 
Hout, Maarten Merkx, Ivonne Lammerts en Karlijn Hillekens. Verder gaat mijn dank uit 
aan collega’s van de vele afdelingen met wie ik samen heb mogen werken, in het bijzonder 
collega's van de Intensief Care, Cardiologie, Pathologie, Medische Technologie en Julius 
Centrum van het UMCU, de Anesthesiologie en Klinisch Cardiovasculaire Fysiologie en 
van het Academisch Medisch Centrum in Amsterdam. 

Tijdens mijn promotieonderzoek kon ik op verschillende manieren ontspannen en in 
alle gezelligheid bijkomen van het harde werken. Dank aan de velen die deze periode erg 
plezierig hebben gemaakt. 

Rugia Girigorie en Roseline Margarita, mijn eilandgenoten werkzaam in het UMCU. 
Door jullie aanwezigheid voelde ik me dicht bij ons geliefde eiland CuraÇao. Ik dank jullie 
ontzettend voor jullie zorg, vriendschap en luisterend oor. 

Verder gaat mijn dank uit naar vrienden aan wie ik de afgelopen periode veel steun had: in het 
bijzonder de Radulphus College crew, bestaande uit Akueni Davelaar, Royston Paulina, Jahdiel 
Collado, Giovany Willems en David Wall Arneman. Ook Michèle Muñoz Warringa, Illona 
Clijsen, Ine Verbiest, Hunfrey en Mirugia Zimmerman en Danielle van Oostrum hebben mij 
veel steun geboden. Ook bedank ik mijn muzikale collega’s uit: Son Antillas, Ola Caribense, 
Kor Emanuel, Son Así en The Differenzz Band voor de energieke ontspanningsmomenten.

Ik bedank alle familieleden, zowel in Nederland als op CuraÇao, voor hun steun en 
stimulans. In het bijzonder dank ik mijn neef, Richanel Martina en zijn familie voor hun 
broederlijke steun en zorgen. Tante Yadira Wall en familie, jullie wil ik bedanken voor jullie 
gastvrijheid en jullie steun. 

Mijn ouders en zusje, Ruthsel, Charine en Enirahs Martina. Jullie zijn mijn echte idolen. Ook al 
zit er een oceaan tussen ons in, we zijn elkaars steun voor het leven. Dit proefschrift is voor jullie. 
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