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Abstract

This study demonstrated the concept of using speed modulation in a continuous-flow total artificial
heart (CFTAH) to shape arterial pressure waveforms and to adjust pressure pulsatility. A
programmable function generator was used to determine the optimum pulsatile speed profile. Three
speed profiles (sinusoidal, rectangular, and optimized [a profile optimized for generation of a
physiologic arterial pressure waveform]) were evaluated using the CFTAH mock circulatory loop.
Hemodynamic parameters were recorded at average pump speeds of 2,700 rpm and a modulation
cycle of 60 beats per minute. The effects of varying physiologically relevant vascular resistance and
lumped compliance on the hemodynamics were assessed. The feasibility of using speed modulation
to manipulate systemic arterial pressure waveforms, including a physiologic pressure waveform, was
demonstrated in vitro. The additional pump power consumption needed to generate a physiologic
pulsatile pressure was 16.2% of the power consumption in nonpulsatile continuous-flow mode. The
induced pressure waveforms and pulse pressure were shown to be very responsive to changes in both
systemic vascular resistance and arterial compliance. This system also allowed pulsatile pulmonary
arterial waveform. Speed modulation in the continuous-flow total artificial heart could enable
physicians to obtain desired pressure waveforms by simple manual adjustment of speed control input
waveforms.
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Introduction

The two total artificial hearts (TAHs) approved for clinical use in the United States are the
CardioWest (SynCardia, Tucson, AZ) and the AbioCor (Abiomed, Danvers, MA).1-2 Both are
pulsatile devices requiring valved conduits and moving blood chambers. CardioWest’s
percutaneous pneumatic drive lines and console and AbioCor’s large size and high incidence
of thromboembolic events are major unsolved factors limiting the use of TAHs to date.

We are developing an innovative, sensorless, pulsatile, continuous-flow TAH (CFTAH).3-4
The CFTAH has one motor and one rotating assembly supported on a hydrodynamic bearing.
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The alpha prototype of the device was used in this experiment. The design is evolving into a
smaller envelope. Centrifugal impellers supporting the left and right circulations are mounted
on opposing ends of the rotor. The CFTAH is uniquely configured to act as an inlet (atrial)
pressure balancing regulator, thereby passively balancing right and left flows without the need
for sensors. A programmable function generator was used with the speed controller to change
the shape of the speed modulation waveform, allowing for iteration to a desired arterial pressure
waveform. This report demonstrates the concept of CFTAH speed modulation to simulate a
physiologic arterial pressure waveform.

MATERIALS AND METHODS
CFTAH Speed Modulation Design

The CFTAH design and our preliminary in vitro and in vivo testing have been described
previously.3: 4 In those experiments, the CFTAH was run in a pulsatile mode by cyclic
modulation of the pump speed to simulate a systolic/diastolic cardiac cycle at physiologic beat
rates. Using a sinusoidal cyclic speed modulation waveform at a frequency of 80 beats per
minute (bpm), previous CFTAH in vivo studies demonstrated significant induced systemic and
pulmonary arterial pulse pressures of 18 and 11 mm Hg, respectively, at 2,600 rpm + 650 rpm
without compromising pump output or atrial balance. The effects of induced pulsatility on
CFTAH hemodynamics were minimal, with mean pump output and the passive atrial balance
remaining essentially unchanged from nonpulsatile operation when the amplitude and
frequency of sinusoidal speed modulation were varied up to + 25% of the mean speed and from
60 to 80 bpm.

In Vitro System Performance Test Methods

The CFTAH system performance was evaluated using the CFTAH mock circulatory loop. A
schema and picture of the in vitro test setup used in this study are shown in Figure 1. To test
both pump performances as a CFTAH, the left pump output from the systemic arterial
compliance chamber returned to the right venous reservoir and the right pump output from the
pulmonary arterial compliance chamber returned to the left venous reservoir. A mixture of
water and glycerin (specific gravity 1.060) was used as the working fluid. The systemic vascular
resistance (SVR) and pulmonary vascular resistance (PVR) were adjusted using valves on the
outflow conduit to provide a constant SVR and PVR vs. flow characteristic. Arterial and
pulmonary compliance values were adjusted by increasing or decreasing the air volumes in the
systemic and pulmonary arterial compliance reservoirs. As we have reported in our initial in
vitro and acute animal experiments, CFTAH pump flows range from 4 to 12 L/min and the
pump speed can be varied between 1,500 and 4,500 rpm.3: 4

Speed Modulation Test

A motor controller capable of varying the pump speed modulation profile was used to determine
the effects of speed modulation parameters on the arterial pressure waveform. Three speed
profiles (sinusoidal, rectangular, and optimized [a profile optimized for generation of a
physiologic arterial pressure waveform]) were evaluated. The optimized waveform was
generated by varying the speed modulation profiles and observation of resultant pressure
waveforms to achieve a “classical” physiologic arterial pressure waveform. For each speed
profile assessed, hemodynamic parameters (pump flow, systemic and pulmonary arterial
pressures, systemic and pulmonary arterial pulse pressures, systemic and pulmonary arterial
waveforms, and power consumption) were recorded at an average pump speed of 2,700 rpm
and a modulation cycle of 60 bpm. Furthermore, the effects of varying SVR (600, 1,200, and
1,800 dyne-sec-cm ) and arterial compliance (1.0, 1.5, and 2.0 ml/mm Hg) on the
hemodynamics were assessed for the speed modulation profile that produced physiologic
arterial pressure waveforms. The value of PVR was defined as an eighth part of the value of
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SVR (75, 150, and 225 dyne-sec-cm ). The pulmonary compliance was defined as four times
of the systemic arterial compliance (4.0, 6.0, and 7.5 ml/mm Hg). The pulmonary compliance
for the arterial compliance of 2.0 ml/mm Hg was changed from .8.0 to 7.5 ml/mm Hg because
the maximum value of the pulmonary compliance in our mock loop system was 7.5 ml/mm
Hg. The degree of speed modulation (speed amplitude) was quantified by the maximum pump
speed minus the minimum pump speed. The generated arterial pulse pressure was quantified
by the resulting maximum minus minimum pressures.

The pump speed response and the resulting systemic arterial pressure waveforms for the
sinusoidal and rectangular speed modulation profiles are shown in Figure 2. All data collected
for Figure 2 were at a fixed average pump speed of 2,700 rpm and a flow of 5.6 L/min, and at
the fixed SVR of 1,200 dyne~sec-cm75, the fixed PVR of 150 dyne~sec-cmﬁ5, and compliance
1.5 ml/mm Hg. The actual pump speed waveforms achieved by the controller closely matched
the sinusoidal control inputs (Figures 2a and 2b). The left and right sides pump flow were
shown in Figures 2c and 2d, respectively. The systemic arterial pressure waveform for the
sinusoidal input closely matched the sinusoidal speed waveforms (Figure 2e). The pulmonary
arterial waveform was also pulsatile (Figure 2f). In response to increasing input speed
amplitudes of 1,200, 1,600, and 2,000 rpm (actual speed amplitudes: 1,260, 1,730, and 2,200
rpm, respectively), all cases showed increasing arterial pulse pressures of 23, 31, and 38 mm
Hg. The same characteristics were shown for the rectangular profile (Figure 3). The effectively
instantaneous change in speed seen with the rectangular speed waveforms also produced a near
sinusoidal flow and pressure waveform due to the filtering effects of the systemic arterial
compliance.

The speed control input and resulting speed waveforms required to simulate a physiologic
arterial pressure waveform are shown in Figure 4. These data were also collected at an average
pump speed and flow of 2,700 rpm and 5.6 L/min and at the fixed SVR of 1,200
dyne-sec'cmfs, the fixed PVR of 150 dyne-sec'cmfs, and SVR and compliance of 1.5 ml/mm
Hg. Likewise, the arterial pulse pressure increased when the input speed amplitude was
increased from 1,200, 1,600, and 2,000 rpm (actual speed amplitudes: 1,280, 1,710, and 2,210
rpm, respectively) (Figure 4¢). The pulmonary pressure waveform was also pulsatile (Figure
4f). The maximum systemic arterial pulse pressures of 33, 28, and 22 mm Hg was achieved at
actual speed amplitude of 2,210, 1,710, and 1,280 rpm for the optimized profile, respectively
(Figure 5). The pump power consumption increased by 16.2% from a nonpulsatile (0% speed
amplitude) to input speed amplitude of 1,600 rpm (actual speed amplitude: 1,710 rpm) at the
same average pump speed and flow. These data demonstrated the modest lower relative
efficiency of pulsatile flow vs. nonpulsatile flow in this CFTAH. The rectangular profile was
most suitable for making a large pulse pressure, but needed more power (Figure 5).

Figure 6a shows the effects of varying compliance on arterial waveforms and systemic pressure
and pulse pressures while fixing the input speed amplitude and pump flow at 2,000 rpm and
5.6 L/min and fixing the speed modulation profile at that optimized for a physiologic arterial
pressure waveform at the fixed SVR of 1,200 dyne-sec-cm > and the fixed PVR of 150
dyne-sec-cm ™. Mean arterial pressure did not show a significant change as the compliance
(1.0, 1.5, and 2.0 ml/mm Hg) increased; however, the pulse pressure did show a decreasing
trend (Figure 6). Figures 7 shows the effects of varying SVR on arterial waveforms and
systemic pressure and pulse pressures while fixing the input speed amplitude at 2,000 rpm and
fixing the speed modulation profile at that optimized for a physiologic arterial pressure
waveform at compliance 1.5 ml/mm Hg. Mean arterial pressure and pulse pressures increased
as the SVR (600, 1,200, and 1,800 dyne-sec'cm_S) increased (Figure 7).

ASAIO J. Author manuscript; available in PMC 2011 September 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey Joyiny Vd-HIN

Page 4

Discussion

This study demonstrated the concept of using speed modulation in a CFTAH to shape arterial
pressure waveforms and to adjust pressure pulsatility. A physiologic arterial pressure
waveform similar to that produced by the native heart was achieved by controlling the speed
profile input to the CFTAH controller. This is the first report of an induced physiologic arterial
pressure waveform by a mechanical device.

The clinical success of current continuous-flow left ventricular assist devices (LVADs) and of
early animal research conducted by our laboratories on nonpulsatile perfusion indicate that
there are no gross end-organ adverse effects induced by partial or even complete arterial
depulsation.® Sandner et al.® demonstrated that patients with continuous flow devices and
patients with pulsatile flow devices have comparable renal function after LVAD implantation.
Still, there is a longstanding debate over whether or not pulsatile flow provides better perfusion
than nonpulsatile flow and what are or will be the long-term chronic effects of depulsation.’
We reported recently that reduced pulsatility resulting from a continuous-flow LVAD
implantation induced periarteritis in the calf kidney.® The local renin-angiotensin system was
shown to be upregulated in the renal inflammatory cells in this continuous-flow LVAD group.

Additional factors complicating the analysis of the effects of pulsatility is the fact that the
arterial pressure waveform with an LVAD is affected by the relative contribution to cardiac
output by the pump vs. the native heart. Even when the native heart does not produce any
cardiac output, left ventricular contraction affects LVAD differential pressure, thus creating
some pulsatility in the LVAD flow. In contrast, a TAH is the sole source to produce cardiac
output and is directly responsible along with the SVR and compliance for arterial pressure
pulsatility. Manipulation of the speed modulation control input to a CFTAH can allow varying
degrees of physiologic pressure pulsatility, from completely depulsed to that typical of normal
cardiac physiology generated by the native heart.

This approach will provide a valuable tool for researchers in the study of end-organ
histopathology and other local and systemically mediated effects of reduced pulsatile
circulation. It will provide a unique ability to biopsy end organs and evaluate the reversibility
of any pathological findings by varying the degree of induced arterial pressure pulsatility within
the same animal during the course of the same chronic pump run. This approach will provide
valuable answers to how these changes are mediated and possibly how to prevent them in
patients on chronic continuous-flow cardiac support. In addition, specific pathological flow
and pressure waveforms (such as those seen in valvular diseases) will be reproducible with this
system, which may help us to understand their effects on the peripheral organs.

Acute in vivo CFTAH experiments are planned to validate the feasibility of both systemic and
pulmonary physiologic pressure waveform shaping using variable speed modulation waveform
inputs to the current CFTAH controller. The CFTAH will additionally be subjected to long-
term in vivo pump performance, biocompatibility and reliability preclinical studies in which
the chronic effects of a physiologic pressure waveform shaping can be further assessed. The
influence on hemolysis and thrombosis due to speed modulation will be tested with human
blood. The retrograde flow observed in some conditions (Figures 2—4) may potentially increase
hemolysis, increase ventricular loading, and augment pulse amplitude; however, our

preliminary evaluations of our LVAD with retrograde flow showed no evidence of hemolysis.
9

A limitation of this study is that the in vivo pulsatility reported previously with the CFTAH*
was not at the same conditions of pump speed, speed modulation and pump flow as were
controlled in this in vitro study. Also the in vivo systemic pulse pressures achieved are believed
to be low, given that they were obtained in an anesthetized animal. Another limitation is that
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the systemic compliance values used in the Cleveland Clinic CFTAH mock loop is a simple
lumped compliance value simulated by the volume of air in a single fluid reservoir, which was
lower than aortic compliance. Use of this figure makes it difficult to fully evaluate the
distributed physiologic compliance of the large vessels seen in the body. This is why we tested
over such a wide range of vascular compliance. We hope the results of our acute and chronic
animal studies will also provide a comparative probe of the actual vascular resistance and
compliance seen by the CFTAH and allow us to better optimize our CFTAH mock circulatory
system to better simulate the native circulation. There is great potential for CFTAH speed
modulation to be used clinically to eliminate or decrease the severity of any potential
complications to chronic depulsed circulation that may be found during clinical trials or that
may be identified in preliminary animal studies on non-pulsatile circulation. Speed modulation
may also prove to be advantageous in terms of biocompatibility by eliminating fixed low
velocity and or high residence time areas of the device and its conduits by inducing time varying
pulsatile pressure and blood velocity profiles. The influence of speed modulation on hemolysis
and thrombosis will be evaluated with human blood hemolysis tests and chronic in vivo animal
studies and analyzed by a coupled electromagnetic and CFD multiphysics analysis of the pump.

Conclusion

CFTAH speed modulation was demonstrated in vitro with the potential for physicians to use
this technique to shape the systemic arterial pressure waveforms to minimize the learned
pathophysiologic end-organ and possibly systemic effects of depulsed circulation by simple
manual adjustment of speed control input waveforms. The mean pressure induced by speed
modulation was also shown to be affected primarily by SVR changes and not by changes in
systemic arterial compliance. The increase in power consumption required to induce this
pulsatility was 16.2%.
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Figure 1.
Schematic drawing (a) and picture (b) of total artificial heart mock circulatory loop used in the
in vitro tests.
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Speed Amplitude (input / actual) (rpm)
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Pump speed modulation control input (Figure 2a), the actual pump speed achieved for this
control input (Figure 2b), the left side pump flow (Figure 2c), the right side pump flow (Figure
2d), the resulting induced systemic arterial pressure waveforms (Figure 2e), and the resulting
induced pulmonary artery pressure waveforms (Figure 2f) for the sinusoidal profile at three
speed modulation amplitudes. All data displayed were collected at the same fixed pump and
hemodynamic conditions designated as “Baseline” and defined as an average pump speed of
2,700 rpm, pump flow of 5.6 L/min, systemic vascular resistance of 1,200 dyne-sec-cm >, and

systemic compliance of 1.5 ml/mm Hg.
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Figure 3.

Pump speed modulation control input (Figure 3a), the actual pump speed achieved for this
control input (Figure 3b), the left side pump flow (Figure 3c), the right side pump flow (Figure
3d), the resulting induced systemic arterial pressure waveforms (Figure 3e), and the resulting
induced pulmonary artery pressure waveforms (Figure 3f) for the rectangular profile at three
speed modulation amplitudes. All data displayed were collected at Baseline pump and
hemodynamic conditions.
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The pump speed modulation control input designated as “Physiologic” (Figure 4a), the
resulting actual pump speed (Figure 4b), the left side pump flow (Figure 4c), and the right side
pump flow (Figure 4d) achieved to simulate a Physiologic systemic arterial pressure waveform
(Figure 4e) and pulsatile pulmonary artery pressure waveform (Figure 4f) at three speed
modulation amplitudes. All data displayed were collected at Baseline pump and hemodynamic
conditions.
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Figure 5.

The loop arterial pulse pressure (a) and CFTAH motor power consumption (b) as a function
of speed modulation amplitude for sinusoidal, rectangular, and optimized speed modulation
control inputs at the Baseline pump and hemodynamic conditions.
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The effects of the varying circulatory loop systemic arterial compliance on loop systemic
arterial pressure waveforms at the Physiologic speed modulation control input, Baseline pump
speed and flow conditions and a fixed input speed amplitude of 2,000 rpm (actual speed

amplitude: 2,210 rpm).
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The effects of the varying circulatory loop systemic vascular resistance on loop systemic
arterial pressure waveforms at the Physiologic speed modulation control input, Baseline pump
speed and flow conditions and a fixed input speed amplitude of 2,000 rpm (actual speed
amplitude: 2,210 rpm).
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