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Abstract

Changing the speed of left ventricular assist devices (LVADs) cyclically may be useful to restore 

aortic pulsatility; however, the effects of this pulsation on right ventricular (RV) function are 

unknown. This study investigates the effects of direct ventricular interaction by quantifying the 

amount of wave energy created by RV contraction when axial and centrifugal LVADs are used to 

assist the left ventricle. In 4 anesthetized pigs, pressure and flow were measured in the main 

pulmonary artery and wave intensity analysis was used to identify and quantify the energy of 

waves created by the RV. The axial pump depressed the intensity of waves created by RV 

contraction compared to the centrifugal pump. In both pump designs, there were only minor and 

variable differences between the continuous and pulsed operation on RV function. The axial pump 

causes the RV to contract with less energy compared to a centrifugal design. Diminishing the 

ability of the RV to produce less energy translates to less pressure and flow produced which may 

lead to LVAD induced RV failure. The effects of pulsed LVAD operation on the RV appear to be 

minimal during acute observation of healthy hearts. Further study is necessary to uncover the 

effects of other modes of speed modulation with healthy and unhealthy hearts to determine if 

pulsed operation will benefit patients by reducing LVAD complications.
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Introduction

Right heart failure affects roughly a quarter of patients after LVAD implantation and in ~10 

to 30% of patients there is a need for additional mechanical support.1–5 The incidence of 

right ventricular (RV) failure remains difficult to predict because there are many factors that 

lead to RV failure.6–8 In spite of careful patient selection, the incidence of RV failure 

following LVAD therapy has remained largely unchanged. Furthermore, RV function is an 

early indicator of long term mortality and therefore identifying RV dysfunction early is an 

important aspect of patient care. For these reasons RV failure remains an important factor 

that profoundly determines LVAD outcomes.

There is a clear need to provide more robust and quantitative metrics of RV dysfunction that 

provide objective criterion to diagnose the onset of RV failure. The current assessment of RV 

dysfunction is based solely on pressure and echocardiographic assessments, which are both 

operator dependent and variable. Thus, RV assessment remains primitive and difficult to 

assess dynamically over the course of patient care.

We are seeking to answer whether the wave energy provided by the heart can be quantified 

in the main pulmonary artery with the accuracy and precision necessary to determine the 

functional status of the heart and support a diagnosis of heart failure. The hypothesis driving 

this proposal is that right heart failure will result in the reduced wave energy produced by the 

RV compared to normal. This hypothesis is based on previous studies investigating the RV-

pulmonary artery coupling and wave energy produced by the RV.9, 10 Increased volume load 

and the concomitant increased cardiac output, via the Starling mechanism, resulted in 

approximately twice the amount of wave energy provided by the RV.11 In similar volume 

loading conditions, other studies have quantified the contribution that wave reflections have 

to reduce peak systolic pressure, effectively facilitating RV ejection.12, 13 Overall, studies 

that quantify the wave energy with wave intensity analysis (WIA) indicate that the RV 

produces more wave energy when cardiac output increases. Therefore, we believe that the 

resulting reduction of cardiac output caused by right heart failure will result in less energetic 

waves produced by the RV. Based on these assertions, the experimental focus of this 

proposal is to quantify the wave energy in the main pulmonary artery that is produced by a 

dysfunctional RV. The specific aims are designed to provide a comprehensive assessment of 

wave energy generated by the RV during baseline, increased preload, and increased afterload 

conditions.

Methods

Animal Preparation

The Yale University Institutional Animal Care and Use Committee granted approval of all 

experimental protocols. Four Yorkshire pigs (44 – 60 kg; mean 51 kg) were prepared based 

on a refined protocol that successfully provided anesthetic effects during entire period of 

experiments without loss of heart function, for example resulting in ventricular fibrillation14.
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Surgery and Instrumentation

A median sternotomy was used for the surgical approach, which was performed without the 

use of cardiopulmonary bypass. The pericardium was opened and was not reapproximated 

after LVAD implantation. Antiarrhythmic drugs (lidocaine 7 mg/kg and amiodarone 450 mg 

total) were administered in preparation for insertion of the inflow cannula into the left 

ventricle of the heart. A 34F (40 cm long) single-stage venous drainage cannula (Thin-

Flex™; Edwards Lifesciences, Irvine, CA) was attached to the LVAD inflow and a 24 F (30 

cm long) elongated one-piece arterial cannula (EOPA™; Medtronic, Minneapolis, MN) was 

attached to the LVAD outflow. Teflon pledgeted sutures were placed radially around the left 

ventricular apex and the inflow cannula tip was inserted and seated at the apex. The 

descending aorta was exposed and the outflow cannula was inserted using a modified 

Seldinger technique. In two animals a centrifugal LVAD was used (HVAD; HeartWare, 

Framingham, MA) and the other two animals an axial LVAD was used (HMII; Thoratec, 

Pleasanton, CA).

Pressure was measured in the ascending aorta, pulmonary artery, left atrium, and left and 

right ventricles. The 5F aortic catheter (Transonic Scisense Inc., London, Ontario, Canada) 

was inserted through the carotid artery and advanced to the ascending aorta. The high-

fidelity catheter-tip transducer was referenced via its fluid-filled lumen to an external 

pressure transducer (ADIstruments, Colorado Springs, CO) connected to a four-channel 

bridge amplifier (ADInstruments). Zero pressure was defined as the midlevel plane of the 

heart with the animal in the supine position. A Swan-Ganz catheter (Edwards Lifesciences, 

Irvine, CA) was inserted in the jugular vein and advanced to the pulmonary artery to 

measure pressure in the main pulmonary artery. The distal port of the Swan-Ganz catheter 

was connected to an external pressure transducer. The left atrium as accessed by directly 

inserting a 3F catheter (Transonic Scisense Inc.) through the left atrial appendage. The left 

and right ventricles were accessed by directly inserting cannulas (20 Gauge Arterial 

Catheterization Set, Arrow International Inc., Reading, PA) through the anterior wall of the 

respective ventricle. Each ventricular cannula was attached to fluid-filled lines connected to 

external pressure transducers.

Flow was measured in the ascending aorta, pulmonary artery, and the LVAD outflow 

cannula. The 18 mm flow probes were placed (Confidence-series probes and flowmeter 

model TS420; Transonic Systems Inc., Ithaca, NY) on the main pulmonary artery 

(immediately downstream of the tip of the pulmonary artery catheter) and on the aorta 

(immediately upstream of the tip of the aortic catheter). An external clamp-on type flow 

sensor (8PXL-series; Transonic Systems Inc.) was used to measure flow in the LVAD 

outflow cannula. A 3-limb lead ECG was also recorded using an animal biological amplifier 

and needle electrodes (ADInstruments). Electronic signals were sampled at 400 Hz with data 

acquisition PowerLab hardware and LabChart software (ADInstruments) and filtered at 50 

Hz using zero-phase digital filtering in Matlab (Mathworks Inc., Natick, MA).

Experimental Protocol

The goal of this study was to compare the effects of an LVAD on RV function during normal 

constant speed operation and speed modulated pulsation. Normal operation is defined by 
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setting the LVAD at a constant RPM. Pulsatile operation was defined by modulating the 

pump speed at a particular rate using a motor controller (Model TB6588FG; Toshiba) and 

custom designed user interface. Constant and pulsatile operation is represented in Figure 1, 

which shows that the natural cardiac cycle was approximated by specifying systole to be 

30% and diastole to be 70% of the pump cycle. For the centrifugal LVAD the following 

pump speeds were used: constant speed = 2700 rpm; systolic speed = 3400 rpm; diastolic 

speed = 2300 rpm. For the axial LVAD the following pump speeds were used: constant 

speed = 7000 rpm; systolic speed = 6600 rpm; diastolic speed = 7800 rpm.

Data were acquired during stable hemodynamic conditions and the LVAD was operated at a 

constant speed mode (i.e. control) for 30 seconds and then switched to pulsatile mode. The 

constant RPM set during control conditions was designed to be approximately equal to the 

mean RPM during pulsatile operation. The rate of pulsatile pumping was set to be 10% 

slower than the intrinsic heart rate (as measured during the first 30 seconds of data 

acquisition). Setting the LVAD to pump asynchronously at 10% of the intrinsic heart rate 

allowed for the LVAD to pump in phase with the heart (i.e. co-pulsation) and out of phase 

with the heart (i.e. counter-pulsation).

During each intervention (i.e., baseline, increased afterload, and increased preload), pulsatile 

operation of the LVAD was compared to a control state where the pump was operated 

normally at a constant RPM. Baseline conditions were measured after the animal reached 

hemodynamic stability after surgery. Norepinephrine (0.33 – 1.0 μg/kg·min) was used 

subsequently to increase afterload and after a period of weaning the animal off 

norepinephrine and a return to baseline conditions, a bolus of approximately 500 mL of 

Vetastarch (6% hydroxyethyl starch) via a jugular cannula was used to increase preload by 

raising LV end-diastolic pressure from approximately 5 mmHg (during baseline) to 

approximately 10 mmHg. This level of volume loading was maintained with further 

infusions of normal saline.

Data Analysis

In this study, wave intensity analysis15,16 was used to calculate the energy associated with 

waves measured in the main pulmonary artery. In terms of wave intensity analysis, waves 

create incremental changes in pressure and flow and net wave intensity (dI) and wave energy 

(I) are calculated as follows:

dI = dPdU Equation 1

I = ∫
tstart

tend
dI dt Equation 2

Net wave intensity has units of W/m2 and net wave energy is used to quantify wave energy 

during a period of interest (i.e. from tstart to tend) and has units of J/m2. dP and dU are the 
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incremental changes in pressure and velocity respectively. Velocity was determined by 

dividing flow by the cross-sectional area of the blood vessel; the diameter of which was 

estimated by the size of flow probe used to measure flow.

Single-point wave speed (c) was calculated using the linear regression method,17 where it is 

assumed that only one wave is present during the upstroke of systole and the density of 

blood (ρ) is 1040 kg/m3. The linear relationship of pressure and velocity during this period 

is used to determine the wave speed and decompose wave intensity, pressure, and velocity 

into forward-going (+) and backward-going (−) wave components.18

dI± = ± 1
4ρc(dP ± ρcdU)2 Equation 3

dP± = ± 1
2(dP ± ρcdU) Equation 4

dU± = ± 1
2 dU ± dP

ρc Equation 5

Wave intensity analysis defines 4 characteristic waves which can be identified by 

incremental changes in pressure and velocity/flow. A forward compression wave (FCW) 

increases pressure and velocity and a forward decompression wave (FDW) decreases 

pressure and velocity. A backward compression wave (BCW) increases pressure and 

decreases flow and a backward decompression wave (BDW) decreased pressure and 

increases flow.

Applying WIA to measurements made in the main pulmonary artery is shown in Figure 2. 

Panel A shows pressure and flow waveforms. Panel B displays the resulting net wave 

intensity, in this case positive wave intensity indicates that forward-going waves dominate 

throughout the cycle. Panel C displays the decomposition of net wave intensity into forward- 

and backward-going components and shows that backward waves are indeed minimal. The 

two major waves created by the RV are labeled; the FCW is caused by RV contraction and is 

followed by a FDW which is caused by the start of RV relaxation.16, 19 These waves can be 

quantified by the peak net wave intensity of the FCW and FDW and the integrated area 

beneath each wave.

Statistical Methods

Three pump modes (control, counter-pulsation, and co-pulsation) were compared using one-

way ANOVA. Representative samples from the data were collected by using 30 consecutive 

cardiac cycles selected from constant speed operation and 30 cardiac cycles selected when 

the LVAD was in phase (i.e. co-pulsation) and out of phase (i.e. counter-pulsation) with the 

heart. For all statistical tests the significance level was set at 0.05 and if the results from one-
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way ANOVA were significant (i.e. p < 0.05), then multiple comparisons between each group 

were made with the Bonferroni post-hoc test.

Results

The effects of constant and speed modulated pulsation on LVAD flow are shown in Figure 3. 

Counter-pulsation leads to a decrease in pump flow amplitude and co-pulsation causes an 

increase in pump flow amplitude. Tables 1 and 2 summarize basic hemodynamic data when 

the LVAD was in continuous and pulsed mode during each intervention (i.e., baseline, 

increased preload, and increased afterload). Average values for systolic, diastolic aortic 

pressures, and the average heart rate are shown in Table 1, and the cardiac output (i.e., 

average aortic flow) and LVAD flow (i.e., average pump flow) are shown in Table 2.

The effects that a centrifugal and axial LVAD have on the wave intensity produced by the 

RV are shown in Figure 4A. The main difference between the wave patterns is that the FCW 

generated by the RV is depressed when the axial LVAD was implanted. The effects of each 

pump mode (i.e. constant, co-pulsation, and counter-pulsation) are shown in Figure 4B. For 

both pump designs, both co- and counter-pulsation had negligible effects on the wave 

patterns. The effects of increasing afterload with norepinephrine and increasing preload with 

volume loading are shown in Figure 4C. Peak wave intensity of both the FCW and FDW 

appear to rise when afterload is increased, with greater rises observed when the centrifugal 

LVAD was implanted. In each of these figures, each representative waveform is a single beat 

that was chosen because it had the smallest mean-squared error compared to an ensemble 

averaged beat during each pumping mode and hemodynamic condition. To account for 

differences in heart rate and compare each hemodynamic condition, the time axis is 

normalized to represent a single cardiac cycle.

Table 3 summarizes metrics that can be used to define the waves created by the RV. Data are 

listed for each experiment and the differences between control, co-pulsation, and counter-

pulsation are compared during each intervention. The strength of waves created by RV 

contraction are defined by the maximum value of the FCW and the strength of waves created 

by start of RV relaxation are defined by the maximum value of the FDW, as shown in Table 

3. Low intensity waves of longer duration can have equal importance as high intensity waves 

of short duration and therefore, the forward wave energy (i.e. integrated area of the FCW 

plus FDW) is shown in Table 3. Net wave intensity was separated into forward and 

backward components (see Figure 2). Backward wave intensity is negligible during the 

identified FCW and FDW and therefore, the values of net wave intensity reported in Table 3 

were representative of the waves generated by the RV. The single point wave speed was 

calculated and negligible differences were observed between control and pulsatile pump 

modes.

Discussion

The goal of this study was to investigate the potential of WIA to measure the effects that 

LVADs have on the wave patterns produced by the right ventricle. The effects of a 

centrifugal and axial LVAD were analyzed during normal operation (i.e. a constant pump 
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speed) and during asynchronous pulsatile operation (i.e. co- and counter-pulsation). These 

pumping modes were tested during different physiological interventions that increased 

preload (with volume loading) and afterload (with norepinephrine).

The major finding of this study is that centrifugal and axial pumps may have different effects 

on the RV and have the potential to create different wave patterns. The axial pump appears 

to depress the waves created by RV contraction (i.e. the FCW) compared to the centrifugal 

pump. Furthermore, the response to increased afterload when the axial pump was implanted 

was not as great compared to the centrifugal pump. These results indicate that different 

pump designs have the potential to alter the strength of waves created by RV contraction and 

further work is warranted to define the effects that LVADs have on RV function over a range 

of physiologic interventions.

Differences between Pumps

The normal wave intensity pattern in the main pulmonary artery is characterized by a 

relatively large magnitude FCW followed by a comparatively smaller FDW,9, 10, 12, 20, 21 

somewhat similar to the wave intensity shown in Figure 2. As shown in Figure 4A, the 

centrifugal pump appears to preserve the characteristic wave pattern that the RV would be 

expected to produce. Alternatively, the axial pump appears to depress the FCW substantially 

but preserve the strength of the FDW. The FCW is a marker for the strength of RV 

contraction and the ability to accelerate blood flow in the pulmonary artery. Therefore, the 

ability of the axial pump compared to the centrifugal pump to depress peak FCW intensity 

suggests that the RV does not contract as forcefully when an axial pump is implanted in the 

LV. Previous work has shown that peak wave intensity is positively related to changes in 

contractility19 and the assertion that a reduction in peak FCW intensity indicated reduced 

RV contractility is supported by studies that have shown impaired RV contractility when the 

LV was bypassed.22–24 Therefore, it is possible that the reduction in peak FCW intensity 

with the axial pump indicates a reduction in RV contractility. This observation is also 

supported by the nature of axial LVAD designs to potentially generate greater inlet suction 

compared to centrifugal LVAD designs. The steeper HQ curve of a typical axial LVAD 

would allow greater pressure to be developed at low flow conditions and the flatter HQ 

curve of a typical centrifugal LVAD would likely reduce potential suction events.25–27

Differences between Control and Pulsatile Pumping

Few studies have investigated the effects that pulsatile pumping of continuous flow LVADs 

have on the RV. A modelling study provides some evidence that counter-pulsation results in 

a beneficial reduction in RV work by reducing afterload28 and animal studies have shown 

that counter-pulsation results in the greatest degree of leftward septal shift while maintaining 

maximum flow support.29, 30 Therefore, the timing of LVAD pulsation and degree of 

leftward septal shift are key to hypothesizing what effects co- or counter-pulsation may have 

on the RV and the forward wave intensity it can generate. We would hypothesize that 

counter-pulsation could cause increased forward wave intensity compared to control 

conditions. If RV end-diastolic volume increases from leftward septal shifts during diastole 

(as counter-pulsation pumps relatively more blood from the LV during diastole), then the 

Frank-Starling mechanism will cause greater RV contractility and increased forward wave 
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intensity. We would hypothesize that co-pulsation could cause decreased forward wave 

intensity compared to control conditions. If a leftward septal shift occurs during systole (as 

co-pulsation pumps relatively more blood from the LV during systole), then impaired septal 

contraction will cause decreased RV contractility and decreased forward wave intensity.

As shown in Figure 4B, there are negligible differences between control, co-, and counter-

pulsation wave intensity patterns and therefore there appear to be no observable changes in 

RV function. The likely reason that no changes could be detected is that this study 

investigated acute changes in healthy animals, while previous studies use a model of bi-

ventricular dysfunction created by injection microspheres into the left anterior descending 

and right coronary arteries.29 Furthermore, the pericardium was removed during in this study 

during experimentation and this would have decreased the effects that septal shifts have on 

mediating the hypothesized effects of direct ventricular interaction.

Differences between Physiological Interventions

Increasing the amount of preload with an acute infusion of volume had negligible effects on 

the intensity or energy of waves created by the RV. Normally, it would be expected that 

additional preload would cause an increase of contractility via the Frank-Starling mechanism 

and result in greater wave intensity created by the RV. This behavior is observed for the LV 

but the results of this study suggest that the RV is not as sensitive as the LV to an increase in 

preload.

Similar to the effects of dobutamine, 19, 31 an increase in afterload with norepinephrine in 

this study caused an increase in wave intensity of the FCW and FDW produced by the RV. 

This suggests that the inotropic effect of norepinephrine (i.e., increased ventricular 

contractility) increases the intensity of forward waves and outweighs any vasopressor effects 

that would otherwise serve to depress the intensity of forward waves.19 The increase of 

afterload also increases the pump head pressure and appears to have an effect on lowering 

LVAD flow (as Table 2 seems to suggest). We hypothesize that this may enable the septum 

to contribute more to RV contraction and greater intensity of FCWs.

Limitations

Further wave analysis using the excess pressure defined by the reservoir-wave model32, 33 

was not performed as the increases in heart rate and the perturbations caused by pulsatile 

pumping did not allow the reservoir pressure to be calculated consistently.

The wave patterns created by the RV were not measured prior to LVAD implantation. 

Therefore, the changes in the characteristic RV wave pattern before and after LVAD surgery 

were not measured. Heart function with the LVAD turned off (and the inflow/outflow 

cannulas clamped) could have been measured but concerns related to the stasis of blood in 

the pump and the formation of blood clots dictated the decision to not test this option. While 

the comparisons between the ability of centrifugal and axial pumps to influence RV 

generated wave patterns is still valid, further studies could be designed to quantify the 

characteristic wave patterns before and after LVAD implantation.
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This study focused on the differences between centrifugal and axial LVADs and control 

versus pulsatile pumping in each design. This study did not compare different continuous 

pump speeds or different ranges of speed modulation. It could be hypothesized that higher 

pump pulsatility would have greater effects on the RV. Future studies could be designed to 

investigate other ranges of speed modulated pulsatility.

Periods of co- and counter-pulsation were identified post-hoc by the pattern created by 

LVAD outflow (see Figure 3). The asynchronous pulsatility used in this study may be 

different from synchronous pulsatility. Unlike previous studies that used the ECG to sync 

pulsatile pump flow with the intrinsic heart rate,34 in this study asynchronous pulsatility was 

used primarily because of technical difficulties related to the pump controller deficiencies in 

measuring the ECG signal in real time and adjusting to the natural changes in intrinsic heart 

rate. While synchronous pulsatility in either co- or counter-pulsation mode has the potential 

to have greater repeatability, this study used at least 5 minutes of data collection during 

asynchronous pulsatility to obtain enough individual cardiac cycles related to co- and 

counter-pulsation.

Conclusions

Centrifugal and axial pumps interact with the RV in different and important ways. The major 

difference is that the axial pump design appears to cause a relatively depressed FCW. The 

depressed FCW indicates that the strength of RV contraction is reduced when the axial pump 

is implanted in the LV and suggests that the greater suction of an axial LVAD serves to 

reduce impaired RV contractile function. The characterization of RV wave patterns over a 

range of physiologic conditions for both centrifugal and axial pumps is important to provide 

new methods to measure the effects that LVADs have on RV function.
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Figure 1. Schematic representation of LVAD pump speeds
When the centrifugal pump was used: constant speed = 2700 rpm, systolic speed = 3400 

rpm, and diastolic speed = 2300 rpm. When the axial pump was used: constant speed = 7000 

rpm, systolic speed = 7800 rpm, and diastolic speed = 6600 rpm.
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Figure 2. Example of wave intensity analysis when a centrifugal LVAD was implanted
Panel A: Main pulmonary artery pressure and flow waveforms are shown for one cardiac 

cycle. Panel B: Calculated net wave intensity is labeled with the 2 major waves created by 

the right ventricle. Wave energy is represented by the grey shaded area. Panel C: Net wave 

intensity is separated into the contributions of forward- (red line) and backward-going (blue 

line) waves. The forward compression wave (FCW) and decompression wave (FDW) 

created by the right ventricle are labeled.
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Figure 3. LVAD outflow patterns during control and asynchronous pulsatile operation
The different LVAD outflow patterns for the centrifugal pump (Panel A) and the axial pump 

(Panel B) are shown during the initial transition between control and pulsatile modes of 

operation. The difference between the intrinsic heart rate and pulsatile LVAD rate result in 

the amplitude changes of pump flow. Co-pulse is identified by the individual cardiac cycles 

with high amplitude and counter-pulse is identified by the individual cardiac cycles with low 

amplitude.
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Figure 4. Main pulmonary artery wave intensity patterns with centrifugal and axial pumps
(A) The net wave intensity is shown during baseline physiologic conditions and control 

mode (i.e. constant pump speed). The peak intensity of the forward compression wave 

(FCW) and forward decompression wave (FDW) are labeled. The time domain is 

normalized to compare cardiac cycles (0 = start; 1 = end) with different heart rates. (B) 

Effects of pulsatile pump operation on wave intensity patterns are shown during baseline 

physiologic conditions. Control (i.e. constant speed), co-pulse, and counter-pulse (i.e. speed 

modulation) modes are indicated by the colored lines. The time domain is normalized to 

compare cardiac cycles (0 = start; 1 = end) with different heart rates. (C) Effects of 

physiological interventions on wave intensity patterns are shown during control mode (i.e. 

constant speed). Each physiologic condition is indicated by the colored lines. The time 

domain is normalized to compare cardiac cycles (0 = start; 1 = end) with different heart 

rates.
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