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Abstract

Background—We are developing a very small, innovative, continuous-flow total artificial heart
(CFTAH) that passively self-balances left and right pump flows and atrial pressures without sensors.
This report details the CFTAH design concept and our initial in vitro data.

Methods—System performance of the CFTAH was evaluated using a mock circulatory loop to
determine the range of systemic and pulmonary vascular resistances (SVR and PVR) over which the
design goal of a maximum absolute atrial pressure difference of 10 mm Hg is achieved for a steady-
state flow condition. Pump speed was then modulated at 2,600 + 900 rpm to induce flow and arterial
pressure pulsation to evaluate the effects of speed pulsations on the system performance. An
automatic control mode was also evaluated.

Results—Using only passive self-regulation, pump flows were balanced and absolute atrial
pressure differences were maintained below 10 mm Hg over a range of SVR (750-2,750
dyne-sec-cm) and PVR (135-600 dyne-sec-cm™>) values far exceeding normal levels. The magnitude
of induced speed pulsatility affected relative left/right performance, allowing for an additional active
control to improve balanced flow and pressure. The automatic control mode adjusted pump speed to
achieve targeted pump flows based on sensorless calculations of SVR and CFTAH flow.

Conclusions—The initial in vitro testing of the CFTAH with a single, valveless, continuous-flow
pump demonstrated its passive self-regulation of flows and atrial pressures and a new automatic
control mode.

The clinical use of left ventricular assist devices (LVADSs) is becoming more widely accepted,
due in large part to the introduction of continuous-flow blood pumps.176 These newer devices
show significant improvements in size, simplicity, reliability, durability, and clinical results.
However, 20-50% of patients undergoing LVVAD implantation also have significant right
ventricular failure, which limits the utility of implantable LVAD therapy.7-11 Existing total
artificial hearts (TAHSs) are either a temporary pneumatic system (CardioWest™, SynCardia,
Tucson, AZ) with an externalized pneumatic driver or a permanent pulsatile implantable
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system (AbioCor™, Abiomed®, Danvers, MA). To date, they have demonstrated significant
limitations in initial clinical trials because of their large size, limited durability, and incidence
of thrombus formation and embolization.12 The inherent design characteristics of these
pulsatile systems prevent significant reductions in size.

The feasibility of native heart replacement with two separate continuous-flow pumps has
recently been demonstrated at the Texas Heart Institute (Houston, TX)13 and Tohoku
University (Sendai, Japan).14 These systems require duplication of pump components,
increasing the potential for component failure and necessitating the development of complex
algorithms to appropriately coordinate the outputs of the two pumps. We are developing a
continuous-flow TAH (CFTAH) that is extremely innovative, exploring radical new concepts
in TAH design. The proposed concept involves the use of a valveless, sensorless, continuous-
flow pump and automatic control system. This double-pump concept comprises a single,
continuously rotating, brushless DC motor and a pump assembly with a centrifugal pump on
both ends. Pump speed will be modulated to create pulsatile flow and pressure. This report
details the CFTAH design concept and our initial in vitro data in a mock circulatory loop.

Design of the Baseline Blood Pump

The CFTAH replaces both ventricles of the heart and delivers blood flow to both the systemic
and pulmonary circulations from a single pump assembly (Figure 1). This device has one motor
and one rotating assembly (rotor) supported on a hydrodynamic bearing. Impellers supporting
the left and right circulations are mounted on opposing ends of the rotor, allowing the left and
right hydraulic environments to create opposing forces at opposite ends of the rotor. Features
of a pressure regulator are integrated into the pumping element design to passively self-balance
left and right flows and atrial pressures.

Design Requirements of CFTAH

The following design requirements are used to serve as a target for the baseline design: (1)
systemic flow of 3-8 L/min, (2) systemic vascular resistance (SVR) of 700-2,000
dyne-sec-cm™, (3) pulmonary vascular resistance (PVR) of 100-500 dyne-sec-cm™, (4)
maximum atrial pressure difference of 10 mm Hg., (5) minimum right and left atrial pressures
(RAP and LAP) of 0 mm Hg at extreme vascular resistances, and (6) maximum RAP and LAP
of 20 mm Hg at extreme vascular resistances.

Passive Self-Regulation of Left/Right Flow and Atrial Pressure Balance

The motor's magnet assembly is embedded in the rotating assembly, and it is shorter than the
motor's steel laminations, allowing a degree of free axial movement, primarily caused by a
pump inlet (atrial) pressure difference (Figure 2). This axial movement changes the area of the
aperture at the outer diameter (OD) of the right impeller, affecting relative left/right
performance in a direction to correct the atrial pressure imbalance as described below.

The key to our CFTAH passive self-regulating design is based on three direct relationships: 1)
the axial position of the rotor has a direct relationship to the pump inlet (atrial) pressure
difference, 2) there is a direct relationship between the axial position of the rotor and the size
of the right pump aperture, and 3) there is a direct relationship between the aperture size and
the hydraulic output of the right pump. If there is a physiologic change that causes the left
pump to produce less flow than the right pump, the LAP will rise rapidly, pushing the rotor to
the right, thereby reducing the right pump aperture size and reducing the right output to reduce
LAP. If the left pump is producing more flow than the right, the RAP rises, pushing the rotor
to the left, opening the aperture of the right pump, increasing the right output to reduce RAP.
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Meanwhile, the corresponding changes in clearances around the left impeller cause a relatively
smaller effect on left pump hydraulic output for all rotor positions. Thus, rotor axial position
effects on CFTAH passive self-regulation are primarily right side effects.

Active Speed Modulation for Additional Means of Maintaining Left/Right Balance

Speed modulation can be used as a potential additional means of maintaining the left/right
balance. Because the controlling aperture is at the OD of the right impeller, a modulated speed
will create a corresponding pulsatile buildup of pressure within the right inlet, causing the rotor
position to vary with the cycling speed amplitude. As described above, when the rotor is at the
left position, the right pump aperture is open at all times and right output is maximized. If the
speed is then cycled, the rotor cycles from the left to right position and the aperture cyclically
opens and closes, decreasing the net right pump output. When the rotor is at the right position,
the right pump aperture is reduced at all times and right output is decreased. If the speed is then
cycled, the rotor cycles from the right to left position and the aperture cyclically opens,
increasing the net right pump output. Because of this, speed modulation effects on flow and
pressure balance are also predominantly on the right side.

Automatic Control of Speed

An automatic control mode has been implemented to raise or lower the mean pump speed to
achieve a target flow depending on the calculated SVR. Both systemic output (left pump flow)
and SVR are closely correlated with functions of motor power and speed, providing the basis
for this control algorithm of target systemic flow vs. SVR. Figure 3 shows an example of a
programmed target systemic flow vs. SVR relationship. It is anticipated that target flow should
decrease with high SVR so that a high systemic arterial pressure is not enforced by the pump
and target flows should increase with vasodilation. The end points (maximum and minimum
target flow) define the slope or responsiveness of this control relationship and can be optimized
to individual patient size and physiologic needs by physicians.

Figure 4 demonstrates the close correlations between functions of motor power and speed and
both systemic output and SVR. These close correlations are independent of PVR, pump speed
and speed modulation, and level of pump output, as these data cover a range in PVVR of 130-600
dyne-sec-cm™, average pump speeds of 2,500 and 3,000 rpm, operation in both constant speed
and at a sinusoidal modulated speed waveform of up to +25% of the average speed, and flows
between 3.2 and 7 L/min. From these linear relationships, SVR and the left pump flow are
calculated in the system's control module. No flow, pressure, or other sensors are needed to
estimate SVR and flow. These relationships allow for reliable implementation of the proposed
CFTAH automatic control. Based on the active speed modulation data discussed below, also
implemented in this control algorithm was a decrease in the amplitude of speed modulation
for high conditions of SVR.

In Vitro System Performance Test Methods

The CFTAH system performance described above was evaluated using the CFTAH mock
circulatory loop (Figure 5). Solid lines show the standard loop with normal simulated systemic
and pulmonary circulations; dashed lines show the alternative fluid paths when left and right
pump performance was tested independently (the left pump pumped to the left reservoir and
the right pump to the right reservoir). A mixture of water and glycerin (specific gravity 1.060)
was used as working fluid.

Passive Self-Regulation Test—To demonstrate the effect of rotor position on individual
leftand right pump performance, in vitro performance data for both pumps were obtained using
the alternative loop configuration at a pump speed of 2,600 rpm. Individual pump flows were
plotted at various differential pressures to compare the pump performance for the rotor position
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to the right (LAP - RAP of 10 mm Hg) and for the rotor position to the left (LAP - RAP of -10
mm Hg).

Active Speed Modulation Test—To evaluate the effects of speed modulation on the left
and right pump performance, sinusoid speed pulsatility (2,600 + 900 rpm) was added at 80
bpm to the same conditions as described in passive self-regulation test using the alternative
loop.

Extreme Variation and Mismatches of SVR and PVR—Overall system range of
operation combining passive self-regulation and active speed modulation was evaluated using
the standard loop. Performance mapping was extended beyond normal physiologic conditions
to extreme variation and mismatches of SVR and PVR. Data were taken at fixed mean speeds
of 2,500 and 3,000 rpm, with flows ranging from 3.2 to 7.0 L/min and the degree of speed
modulation (0 to £ 25% of mean speed) based on calculated SVR. SVR and PVR were varied
(SVR: 750-2,750 dyne-sec-cm™ and PVR: 135-600 dyne-sec-cm™) to obtain atrial pressure
differences (LAP-RAP) of -5, 0, and 7 mm Hg, which fall within our CFTAH system
requirement of a maximum +10 mm Hg atrial pressure difference.

Automatic Control Test—The CFTAH was operated in automatic control mode in the
standard loop while SVR was varied between 600 and 2,200 dyne-sec-cm™. In this test, the
targeted systemic flow was derived based on the SVR relationship shown in Figure 3. The
measured left pump flow vs. measured SVR relationship was compared with targeted left pump
flow vs. calculated SVR relationship to demonstrate the accuracy of the automatic control
mode.

Passive Self-Regulation

Figure 6 demonstrates the performance of the left and right pumps with rotor position to the
left (LAP - RAP of -10 mm Hg) and rotor position to the right (LAP - RAP of 10 mm Hg).
The left pump performance curves are almost identical at these two conditions, demonstrating
minimal effects of the rotor position on the left pump performance. The right pump output
increases markedly with the rotor position to the left compared with the rotor position to the
right. This demonstrates increased right pump performance when the RAP is much higher than
the LAP, resulting in a self-regulating system. The net effect of the differential atrial pressure
balance on the rotor position, the left and right pump hydraulic performance, and atrial
pressures are tabulated in Table 1. These data demonstrate that most of the self-regulation is
in the right pump and is in response to variation in the difference between left and right pump
inlet pressure (LAP-RAP).

Active Speed Modulation

Figure 7 demonstrates the flow performance of the left and right pumps with and without speed
modulation while the rotor position is to the left (LAP - RAP of -10 mm Hg). Both left and
right pump performance curves decreased slightly with speed modulation. Figure 8
demonstrates the effect of speed modulation on flow performance of the left and right pumps
with the rotor position to the right (LAP - RAP of 10 mm Hg). Although left pump performance
curve slightly decreased similar to the data in Figure 7, the right pump performance curves
show a markedly increased output with speed modulation. Therefore, modulation of speed
pulsatility can be used to significantly affect left and right flow and pressure balance when the
rotor position is to the right or when LAP is significantly higher than RAP.
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Extreme Variation and Mismatches of SVR and PVR

Figure 9 demonstrates the resulting overall system range of operation with extreme variation
and mismatches of SVR and PVR. The two lines labeled with note 1 are at an (LAP-RAP) of
-5 mm Hg and a speed modulation of £25%. The lines labeled with note 2 are for (LAP-RAP)
of 0 mm Hg and a speed modulation of £25%. The lines labeled with note 3 at high SVR
conditions are at an (LAP-RAP) of 10 mm Hg, and speed modulation decreased to zero as per
the theory of active speed modulation above. Note that the demonstrated range of stable self-
regulation greatly exceeds the plotted box showing the normal range of SVR and PVR.

Automatic Control of Speed

Figure 10 compares the actual measured left pump flow vs. measured SVR relationship with
the derived target left pump flow vs. calculated SVR relationship while operating in automatic
control mode under the programmed flow / SVR relationship shown in Figure 3. The controller
actively adjusted pump speed and speed modulation to match measured pump flow to the
derived target flows in response to calculated SVR values, demonstrating the automatic control
capabilities.

Discussion

Our novel concept has been developed based on our prior efforts in successfully designing the
CorAide™ continuous-flow LVVAD using a noncontacting blood journal bearing and sensorless
automatic control.2>16 We have also drawn on 20 years of experience in pulsatile TAH design
incorporating basic design requirements for providing systemic flows, implantability, and
inherent passive balancing of the left and right flows.17-3> The CFTAH design, however, is
extremely innovative, exploring radical new concepts in TAH design in the use of a speed
modulated, single shaft, dual centrifugal pump without the use of valves and sensors for control,
which greatly decreases the pump size and improves system reliability.

Due to the relatively high number of complex components that comprise existing TAHs and
biventricular assist devices, their potential for failure, large size, and limited duration of use
all create an obvious need for a small, reliable TAH that can be implanted in any patient,
regardless of size. The availability of a small, simplified alternative that has a single moving
component would address many of the problems with existing technologies and provide better
management for many patients who presently have no treatment option except transplantation.
Ultimately, such a device would be less costly due to the need for only a single motor controller
to balance left and right flows, while eliminating valves, compliance chambers, actuator
mechanisms, and sensors. The relative simplicity of the CFTAH design is indicated in Table
2.

Lack of preload sensitivity has always been one of the leading factors preventing use of
continuous-flow devices for LVAD or TAH applications. Equally revolutionary is our
proposed control scheme to use passive self-balancing of pump flows to maintain flow/atrial
pressure balance. A balanced flow and atrial pressure state is defined here by stable pump flows
and stable (yet not necessarily equal) atrial pressures. Any transient imbalance in flows as a
result of changing vascular resistances is automatically accompanied by a change in the atrial
pressure balance that is used as the passive hydraulic pressure feedback, allowing passive
autoregulation of relative left and right pump performance to return the system to a balanced
flow and pressure state.

The CFTAH self-regulating response also acts to reverse atrial suction. For example, if the left
inletis occluded due to suction of tissue around the inlet, the left inlet pressure will drop, pulling
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the rotor to the left, thereby maximizing the hydraulic output of the right pump, increasing
pulmonary flow and LAP and thus automatically recovering from the suction condition.

Examination of the condition of high SVR (2200-2800 dyne-sec-cm-5) in dataset 3 of Figure
9 provides an example of the system's combined passive and active regulation of flows and
pressures. In response to increased SVR, the left pump flow decreases relative to the right, and
LAP increases relative to RAP. The resulting increase in LAP/RAP pressure differential caused
the CFTAH rotor to move to the right, closing the right pump aperture, decreasing its hydraulic
performance relative to the left pump. This passive autoregulation was augmented by the
automatic speed control action to decrease the speed modulation to a nonpulsatile state in
response to high calculated SVR, further decreasing right pump output relative to the left pump
and limiting LAP-RAP mismatch to only +7 mm Hg.

Acute in vivo experiments are under way to validate in vivo pump performance with the current
CFTAH design. The CFTAH will be further improved and refined and be subjected to further
chronic in vivo pump performance, biocompatibility, and reliability in preclinical studies.

Conclusions

The initial in vitro testing of the innovative CFTAH with a single, valveless, continuous-flow
pump successfully demonstrated passive autoregulation of left-right flow and atrial pressure
balance without the need for sensors. Accurate estimation of pump flow and SVR enabled us
to implement the automatic control algorithm.
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Figure 4.

(A) Systemic vascular resistance and (B) CFTAH flow correlation with motor power and speed.
SVR, systemic vascular resistance; PSnorm = [mean motor power (W)] / [mean pump speed
(krpm)3]; PQnorm = [mean motor power (W)] / [mean pump speed (krpm)?].

J Heart Lung Transplant. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Fukamachi et al. Page 13

DASHED LINES ARE FLUID PATHS FOR PUMP COMPONMENT CHARACTERIZATION

-ﬂ-——————————————————————————ﬂ

CFTAH PULMOMARY H
RIGHT PUMP FLOw COMPLIANCE FWAY
= H R GEE puLMonaRry | VALVE
m RESISTOR
I S o L S
\ " »
FinFi ht/
g PoutRight PAP
SYSTEMIC 1 sféw""m
FLOW FUNCTION
GENERATOH
SYSTEMIC c ) '
COMPLIANCE D e N SN M S

FANAY FLOW CONTROL INTERF ACE PP —
VALVE :;gT:T“gg PROBE j
: LEFT |
— —><— T ESERVOIR I

FoutlLeft PinLeft LA

| ADF CFTAH |
LEFT PUMP -J

S — — A S—— S A S —— S —— — — — . — — —— — — — — — — — —

Figure 5.

Schematic drawing of TAH mock circulatory loop used in the in vitro tests.
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Figure 6.

Pump sensitivity to rotor axial position demonstrating self-regulating performance of left and
right pumps.
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Pump sensitivity to speed modulation with rotor position to the left.
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Pump sensitivity to speed modulation with rotor position to the right.
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Figure 9.

Range of operation with extreme variation and mismatches of SVR and PVR.
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Figure 10.

Resulting measured left pump flow vs. measured SVR relationship for the given derived target
CFTAH pump flow vs. calculated SVR relationship. Qtarget, target left pump flow; SVR,
systemic vascular resistance; PVR, pulmonary vascular resistance.
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Table 1

Atrial Pressure Differential Effects on Hydraulic Performance

Atrial Rotor position  Left hydraulic performance  Right hydraulic performance  Atrial pressure correction
pressure
difference
at pump

inlets

RAP >> Left No Change 111 Increases 1 LAP & | RAP
LAP

(Figure
3a)

LAP >> Right No Change 11| Decreases 1T RAP & | LAP
RAP

(Figure
3b)

RAP, right atrial pressure; LAP, left atrial pressure.
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Table 2

Comparison of Simplicity

Relative simplicity - Number of components

Feature Pulsatile TAH Two continuous-flow pumps Proposed CFTAH

Motor windings 2
Rotating/sliding assemblies
Actuator assembly
Percutaneous cables or TETS
Motor controllers

Valves

Diaphragm/blood sack

Compliance chamber

L T e e e
, O O O N N O N
O O O O L B O B P

Sensors

Total 13 9 4

TAH, total artificial heart; CFTAH, continuous-flow total artificial heart; TETS, transcutaneous energy transmission system.
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