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Abstract: A control algorithm for an implantable centrifu-
gal rotary blood pump (RBP) based on a noninvasive
indicator of the implant recipient’s activity level has
been proposed and evaluated in a software simulation
environment. An activity level index (ALI)—derived from
a noninvasive estimate of heart rate and the output of a
triaxial accelerometer—forms the noninvasive indicator of
metabolic energy expenditure. Pump speed is then varied
linearly according to the ALI within a defined range. This
ALIl-based control module operates within a hierarchical
multiobjective framework, which imposes several con-
straints on the operating region, such as minimum flow and
minimum speed amplitude thresholds. Three class IV heart

failure (HF) cases of varying severity were simulated under
rest and exercise conditions, and a comparison with other
popular RBP control strategies was performed. Pump flow
increases of 2.54,1.94,and 1.15 L/min were achieved for the
three HF cases, from rest to exercise. Compared with con-
stant speed control, this represents a relative flow change of
30.3,19.8, and —15.4%, respectively. Simulations of the pro-
posed control algorithm exhibited the effective interven-
tion of each constraint, resulting in an improved flow
response and the maintenance of a safe operating con-
dition, compared with other control modes. Key Words:
Implantable rotary blood pump—Pumping states—
Control strategy—Left ventricular assist device.

Congestive heart failure (HF) is a serious health
condition which affects an estimated 300 000 Austra-
lians (over 45 years of age) (1),2.4 million Americans
(2), and 676 500 UK citizens (3). Furthermore, HF in
the USA causes 39 000 deaths a year and is a contrib-
uting factor in another 225 000 deaths (2). While the
drug-based palliation of such a highly prevalent con-
dition is an advancing field, improving the quality of
life for those individuals suffering with end-stage HF
has been a difficult task. Transplantation of the heart,
which is available to a small minority of HF sufferers
due to the lack of donor organs, is the only definitive
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therapy for those with severe cases of HF. The
increasing availability of mechanical left ventricular
assist devices (LVADs), however, offers new oppor-
tunities for the treatment of these individuals. In par-
ticular, third-generation implantable rotary blood
pumps (RBPs) serving as LVADs are hoped to
provide not only a bridge-to-transplant option, but
also a destination therapy (i.e., lifetime) solution, via
their portability and inherently superior long-term
reliability compared to previous LVAD technologies.
As such, the prospects for HF sufferers shall improve
in the coming years as these devices become a mature
technology.

One of the critical goals necessary for improving
the state of RBP technology involves the develop-
ment of a control strategy, which automatically
adjusts the pump speed to cater for changes in meta-
bolic demand. In a healthy individual, the pumping
action of the heart is governed by the Frank—Starling
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mechanism. This mechanism ensures that left ven-
tricle (LV) stroke volume is adjusted to compensate
for changes in LV end-diastolic volume or its corre-
late preload (which refers to the end-diastolic sar-
comere length of cardiac muscle fibers), such that the
LV ejects whatever volume of blood it receives. Pul-
satile LVADs, which sense the volume of their artifi-
cial ventricle, operate according to this principle. In
contrast, RBPs are relatively insensitive to preload
(4), meaning they cannot inherently determine or
sense the amount of blood with which they are
supplied. Therefore, it is imperative that a pump
control strategy maintains a safe operating range
where pump outflow matches right heart output.
Failure to do so may lead to either ventricular col-
lapse due to over-pumping or a fall in preload, or
reverse pump flow (regurgitation) and pulmonary
edema as a result of under-pumping and associated
fall in applied pump differential pressure (5-7).These
undesirable conditions are potentially harmful to the
patient, and must be readily detectable and avoided
in implant recipients. Furthermore, the ability to esti-
mate the instantaneous values of pump flow (Q,) and
differential pressure (AP) (often referred to as pump
head [H]) is of utmost importance for a pump control
strategy (8,9). For instance, ensuring a minimum
mean pump flow rate is achieved or a maximum dif-
ferential pressure constraint is met will require an
accurate estimate of these variables to be made.

Present clinical practice involves the setting of a
constant mean pump speed for each patient based on
their current condition. This approach requires
regular supervision by clinicians, to ensure the set
speed continues to provide a safe operating state for
the patient. However, in order to regain a normal
lifestyle, it is highly desirable for the patient to be
discharged from the hospital. In such a long-term
unsupervised environment, an automated control
strategy is needed to replace the clinician, whereby
the RBP adapts to the patient’s current physiological
state.

Each of the algorithms defining the control
modules mentioned above—including Q, and AP
estimation, and ventricular suction detection—have
been developed and discussed previously by the
authors (6,8,10-13). The present study introduces a
pump control strategy with multiple objectives, com-
bining each of these modules with a control mecha-
nism, which aims to adjust pump speed according to
an estimate of the patient’s level of physical activity.
Importantly, the approach is based entirely on non-
invasive pump feedback signals. Thus, the issues of
reduced reliability and relatively higher cost asso-
ciated with incorporating implanted sensors are

avoided. Using a software model of the human car-
diovascular system (CVS) and centrifugal RBP
under evaluation (Ventrassist LVAD, Ventracor
Limited, Chatswood, Australia), the new control
strategy was evaluated and compared with three
existing popular strategies: pulsatility control (4,14—
17), pump differential pressure control (18-23), and
constant target speed control. The ability of these
control modes to satisfy the physiological require-
ments of each simulated implant recipient was the
key determinant of their performance.

METHODS

Physiological requirements

Maintaining circulatory homeostasis in HF
requires optimization of many physiological vari-
ables, including cardiac output (CO), right and left
ventricular systolic pressures, left and right atrial
pressures, heart rate (HR) and rhythm, and blood
volume. Implantation of an LVAD, depending on its
means of control, can make this more taxing. One
specification for optimum balance, as described by
Boston et al. (24) suggests:

e CO must be sufficient for the metabolic require-
ments of the body both at rest and in exercise.

e Systolic arterial pressure should be maintained
between patient specific limits. Excessive levels can
lead to a number of conditions (such as atheroscle-
rosis, stroke, or kidney failure) while inadequate
pressures impair the autoregulation of tissue blood
flow.

e Left atrial pressure (LAP) should be controlled to
less than 15 mm Hg to avoid pulmonary edema
and above 0 mm Hg to avoid ventricular suction.

A new control parameter: the activity level index
(ALD)

In order to meet the objective of developing a
demand-responsive control strategy, a novel control
parameter referred to as the ALI was conceived. ALI
is based on two other parameters that are measured
noninvasively:

1 Triaxial accelerometer (TA)

A TA measures the acceleration components of a
moving object in three orthogonal axes. Numerous
research groups (25-29) have examined the ability
of TA devices to estimate energy expenditure and
various other parameters associated with gait and
posture. In particular, the signal magnitude area
(SMA) of the TA output has been reported to be
highly correlated (on a per-user basis) with metabolic
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energy expenditure (26,28,30) when the device is
mounted on the wearer’s torso (hip or back). The
SMA is the sum of the absolute integrals of the three
orthogonal acceleration vectors, measured in units
of g (acceleration due to gravity), and represented
mathematically as in Eq. 1. It should be noted that
the acceleration vector inputs are high-pass filtered
to remove the gravitational component of the signal.

to+T to+T to+T

SMA= [ |xldt+ [ |yldt+ [ |zldt (1)
10 10 )

2 HR estimate

HR is a valuable indicator of the exercise state of
an individual (31-34), and an estimate of its value in
LVAD recipients may be obtained via analysis of the
pump speed waveform. Each time the native heart
contracts, the increased pump flow escalates the
amount of force or torque on the impeller, tempo-
rarily causing impeller speed to fall. During isovolu-
mic relaxation, the sudden deceleration of the blood
during diastole applies less torque on the impeller,
causing speed to increase. Thus, when the native heart
contractions are of sufficient magnitude, the speed
waveform exhibits an oscillatory pattern whose fun-
damental frequency is near that of the patient’s HR.
A minority of patients, however, may exhibit insuffi-
cient contractility to accurately determine their HR,
and thus the ALI calculation may have to be based
purely on the SMA parameter.

Several research groups have suggested that both
HR and SMA are necessary to estimate metabolic
energy expenditure (35-38). Indeed, taking either
of these parameters in isolation would leave such
an estimate prone to both false-positive or false-
negative errors. For example, spurious HRs not
reflecting the demands of exercise can be caused by
tachyarrhythmias, to which HF patients are prone;
bradyarrhythmias, as caused by the use of beta-
blocking drugs to control sympathetic overdrive; the
presence of a pacemaker; and inherent chronotropic
impairment apparent in certain HF patients (39-41).
The SMA parameter can report false-positive errors
(i.e., indicate a change in activity when none occurs)
due to bodily movement unrelated to physical exer-
tion, such as traveling in a vehicle or an elevator (26).
Thus, it is proposed that a change in an individual’s
estimated activity level should be considered valid
only when both of these variables are shifting in the
same direction. Simple functions that may be used for
this task are the harmonic mean or geometric mean.
However, other more complex functions may be
required. In any case, the ALI might then be defined
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FIG. 1. Simplified representation of key parameters associated
with the transition between rest and exercise states. Total periph-
eral resistance (TPR) and HR indicate the physiological response
to exercise, while the SMA plot illustrates the wearer’s physical
motion. ALl is a function of HR and the SMA averaged over a 60-s
interval.

as a function of SMA and HR, which results in a
continuous index defined for each patient, corre-
sponding to the full range of activity levels from rest to
vigorous exercise. If it is determined that the patient’s
HR either cannot be reliably calculated, or exhibits no
response to exercise, then the control strategy may
have to be simplified to use SMA alone. Anecdotal
evidence from physicians (Dr. Robert Salamonsen,
The Alfred Hospital, Melbourne) observing the
response of implant recipients to exercise suggests
that significant HR increases are observed in most
patients unless they are taking beta-blocker drugs.
Thus, it is hoped that both SMA and HR variables can
be applied to the majority of patients.

The time course of changes exhibited by the
various bodily compartments at the onset of exercise
is quite intricate. If an individual begins strenuous
exercise from a resting state, their HR will begin to
rise after approximately 2s and plateau after 30s,
their total peripheral resistance (TPR) starts to
decline after 5-10 s and stabilizes after 60-90 s, and
their CO rises within the first second (if there is a
sufficient increase in mean circulatory pressure, oth-
erwise sympathetic stimulation acts to increase CO
after 5s) and reaches a stable value after 40s (34).
Because the focus of the simulations performed for
this study was on a comparison between rest and
exercise states, as opposed to the dynamics of the
transition between these states, a simplified timing
scheme was used (Fig. 1). Both TPR and HR are
assumed to transition from rest to exercise linearly
over 60 s. Furthermore, the SMA was chosen to be
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averaged over this same period, so that the SMA
input to the ALI function follows a similar pattern to
that associated with HR. Thus, there is a simple linear
relationship between ALI, SMA, and HR:

HRnnrmalized (t) =

0, HR () < HRyn
HR () < HRyin , HRyn <HR (1) < HRyax
HRMAX < HRMIN

1, HRyax <HR(?) (2)

SMAnormalized (t) =

0, SMA (£) < SMA yx
SMA (f) < SMA M~ SMAyn SSMA(8) <
SMAMAX < SMAM]N ’ SMAMAX
1, SMAyax <SMA (1) (3)
ALI (t) — HRnormalized (t) + SMAnormalized (t) (4)

2

where: HR(¢) = heart rate at time ¢.

HRwmiy, HRwmax =resting (minimum) and
active (maximum) HR as defined by
implant recipient’s physician.

SMAwMN, SMAMmax =resting (minimum) and
active (maximum) SMA as defined by
implant recipient’s physician.

The primary role of the ALI in a demand-
responsive control strategy is to determine the target
value of the controlled variable, which may include
one of the following:

1 Pump impeller speed (N)

2 Pump flow rate estimate (Q.s:)—based on a func-
tion of pump speed, power, and hematocrit (HCT)
value (13,42)

3 Peak of pump differential pressure estimate
(AP )—pump differential pressure is estimated
from Q. and N (43). The peak value is taken as the
control variable because this corresponds to the
pressure generated during diastole, when left ven-
tricular pressure (LVP) is at a minimum.

Due to the flatness of its characteristic differential
pressure-flow curve, the Ventrassist pump has an
inherent ability to increase its output flow following a
drop in its observed afterload (as generally occurs
during exercise) when operating at a constant target
speed (44). Therefore, it would seem prudent to take
advantage of this behavior and use pump speed as
the basic control variable. Controlling a target AP
would also provide similar inherent increases in flow

rate; however, because it is an estimated parameter,
the speed signal is thought to be more reliable as the
primary control variable. The multiobjective control
strategy outlined below will discuss what other vari-
ables need to be controlled in order to meet the
physiological requirements.

Existing control strategies for comparison

A number of control strategies have been pro-
posed by various research groups in the area of RBP
control (7,15-18,20,22-24,45-48). Two of the most
popular strategies involve control of the pulse ampli-
tude (or pulsatility) of either a pump feedback signal
(speed or current) or pump flow (either estimated or
measured) and the differential pressure generated
by the pump. These two strategies have been
implemented in the simulation study herein, and
subsequently evaluated and compared with the mul-
tiobjective control method proposed below.

Pulsatility index (PI) control

While a number of different measures of pulsatility
have been investigated, in this scenario the pulsatility
(i.e., maximum minus minimum over a cardiac cycle)
of the speed signal—referred to as the PI—is con-
trolled to a target level. The rationale here is that this
PI is an indicator of ventricular preload, or LAP.
Current theory suggests that as preload rises, so too
does PI, and vice versa (4,14). As more blood is
drawn from the LV with increasing pump speed (or a
declining TPR, as in exercise), PI decreases until such
time as excessive unloading induces a state of ven-
tricular collapse. Thus, with the exception of near-
asystolic patients who may lack sufficient native heart
contractility, sustaining a target PI ensures that the
pump responds to changing preload and afterload
conditions by providing the highest possible flow rate
short of inducing ventricular suction.

Differential pressure control

The motivation for this control principle is that the
body’s arterial pressure regulatory mechanism varies
the vascular resistances and fluid volumes to main-
tain the required blood flow with an almost constant
mean arterial pressure (MAP) (49). As identified by
Giridharan and Skliar (19), maintaining a prescribed
AP effectively synchronizes the assisted and natural
perfusion, thus indirectly incorporating natural car-
diovascular regulation into the RBP control.

An estimate of pump differential pressure (APcy)
may be calculated from the pump flow estimate and
pump speed. The peak value of AP,y over a cardiac
cycle (AP,) is taken as the control variable because
this corresponds to the pressure generated during
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diastole, when LVP is at a minimum. As such, this
parameter is much less affected by the native heart
contractions than the minimum AP (i.e., that occur-
ring during systole). The relationship between these
pressures is given in Eq. 5:

AoP=LVP+AP- Pcarmulae (5)

where AoP refers to aortic pressure and Peannuiae to the
pressure drop across the pump cannulae. During
diastole, when LVP is near-zero (or more accurately,
near-LAP) and AP is at its peak,

APp = AOP—LVP+I)cannulae =~ AoP+ R‘annulae (6)

Considering that Peanune can be estimated via an esti-
mate of pump flow and HCT in conjunction with
knowledge of the cannulae dimensions (using fluid
mechanics theory), we have that the peak of AP pro-
vides an approximate estimate of AoP.

Multiobjective ALI-based control

A combination of the above control strategies, in
which a set of goals are asserted as desirable, shall
also be evaluated. Specifically, a hierarchical set of
objectives shall be imposed, in decreasing priority:

1 Pump power must remain below a certain
threshold.

2 A minimum pump flow must always be achieved.

3 Upon detection of ventricular suction, pump speed
must be reduced.

4 A minimum PI must always be achieved.

5 Peak AP must remain within a specified range.

6 Speed to be controlled according to ALIL

It is hypothesized that by using the above set of
constraints, the physiological requirements set out
earlier will be satisfied. Imposing a minimum pump
flow will ensure the provision of a minimum CO. The
alleviation and avoidance of suction via the minimum
PI and suction detection modules guarantees LAP
remains in a safe range. The provision of a peak AP
range limits the range of arterial pressure generated
and the ALI-based speed controller will provide
a CO increase during exercise, unless otherwise
constrained. The integrity of the pump hardware
is maintained by the maximum pump power
requirement. As mentioned earlier, the algorithms
dealing with the estimation of pump flow and differ-
ential pressure, as well as the detection of suction,
have been developed by the authors’ research group
in recent years (6,8,10-13) and now form the founda-
tion of the present control strategy. Figure 2 illus-
trates this strategy in terms of a flow chart.
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FIG. 2. Flowchart of multiobjective control strategy. Nomencla-
ture: VI=pump power (maximum over control period, Tgn),
Vluax = maximum power threshold, Qe =average pump flow
estimate (average over Teuq), Quin=minimum flow threshold,
Quarget = target flow value, Ncur_wax = current maximum speed
threshold, Nyax = maximum speed threshold, Npec = speed dec-
rement upon suction detection, Pl = pulsatility index (average
over T, excluding speed changes), Plyn = minimum PI thresh-
old, Pliage =target Pl value, APe; = current peak AP estimate
(maximum over Tg), APmax=maximum peak AP threshold,
APyin = minimum peak AP threshold, APt =target peak AP
value.

Software model

In order to evaluate the proposed control strategy,
a software model incorporating a lumped-parameter
model of the CVS in combination with a model of the
RBP under examination was used. As reported pre-
viously (50), the CVS model comprises 12 compart-
ments including the left and right sides of the heart
and the pulmonary and systemic circulations, and
allows the setting of ventricular interaction via the
interventricular septum and pericardium. Three dif-
ferential equations are used to model the hydraulic
and electrical characteristics of the pump:

1 Motor windings electrical equation

V=keu)e+RI+L%, (7)

where V is motor terminal voltage (V), k.=8.
48e — 3 V/rad/s is the BEMF constant, @, is the elec-
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trical speed (@. = 2, where wis the impeller speed in
rad/s), I is the motor phase current (A), R=1.38 Qs
the motor winding resistance, and L =0.439 mH is
the motor winding inductance.

2 Electromagnetic torque transfer equation

do
T, =3k, I = JE-{_ f(O,w) ®
f(Q,®)=aQ*0+bQw* +co+dn’

where T, is the input electromagnetic torque (kg/m?/
s?), Q is the pump flow rate (L/min), and J=
7.74¢ — 6 kg/m* is the moment of inertia of the
impeller. Polynomial coefficients were obtained by
least squares fitting of the experimental data
obtained under steady flow conditions (50).

3 Pump hydraulic equation (50).
AP =e+ fO* + g 9)

where AP is the differential pressure across the pump
(mm Hg), e = —6 mm Hg, f=-0.0524 mm Hg/L*/min’,
and g =0.0019 mm Hg/rpm?.

In addition, the inflow and outflow cannulae are
each modeled in terms of a constant flow resistance
(Rin and Ry in Fig. 3) which causes a pressure drop,
and a series inductance (Li, and Loy) which resists
changes in flow rate. A third resistance (Ryu) is
included prior to the inflow cannula to simulate
suction events. The magnitude of this variable resis-
tance is a function of LVP (51). An electrical equiva-
lent circuit analog of the combined model is
illustrated in Fig. 3.

Software simulation protocol

Initial software simulations were performed with
the LVAD removed from the model in order to dem-
onstrate the validity of the CVS model alone. The
model was first tested with cardiovascular param-
eters associated with normal healthy adults, followed
by a simulation of three class IV (NYHA functional
classification) HF cases of varying severity (Table 1).
The software model parameters associated with each
case were carefully chosen in order to ensure the
most realistic simulation—in terms of CO, aortic
pressure, LAP, and TPR—was achieved. Data from

TABLE 1. Software model parameter values used in normal and heart failure modes, both at rest and during exercise

Normal Heart failure
Rest Exercise
Model parameter Rest Exercise 1 2 3 1 2 3
Emax LV (mm Hg/mL) 4.7 9.4 1.5 1 0.5 2.25 1.5 0.75
Emax RV (mm Hg/mL) 0.54 1.08 0.28 0.21 0.14 0.35 0.26 0.18
HR (bpm) 70 150 80 85 90 135 120 110
Aortic resistance (mm Hg/mL/s) 0.48 0.16 0.72 0.36 0.72 0.36 0.72 0.36
Systemic arterial resistance (mm Hg/mL/s) 0.5 0.17 0.5 0.25 0.5 0.25 0.5 0.25
Systemic venous resistance (mm Hg/mL/s) 0.22 0.07 0.22 0.11 0.22 0.11 0.22 0.11
Vena cava resistance (mm Hg/mL/s) 0.08 0.03 0.08 0.04 0.08 0.04 0.08 0.04

HR, heart rate; LV, left ventricle; RV, right ventricle.

Artif Organs, Vol. 34, No. 2, 2010
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Epstein et al. (52) were used to validate these input
parameters.

Subsequent simulations of the HF cases were per-
formed with the LVAD model included, and these
were used to evaluate the proposed and existing
control strategies. Each simulation commenced in a
state of physical inactivity (rest), followed by a single
transition from rest to an active state (exercise),
whereby each of the variables of interest undergo a
linear change between the specified threshold values
(Table 2). For the constant speed, PI, and peak AP
control modes, the target values are fixed across rest
and exercise, as described earlier.

In total, four separate strategies were simulated:
constant speed, PI, peak differential pressure, and
multiobjective ALI-based control. To ensure an accu-
rate comparison between these strategies could be
made, the target control variables assigned for each
method were carefully selected (Table 2). The target
speed value for the constant speed control mode was
selected in the same manner as prescribed clinically
for the Ventrassist LVAD—that is, the speed at which
the PI is 90% of its maximum value. Constant speed
control represents the current strategy used in the
field and formed the basis for comparison with the
automatic control modes. The target values for PI,
peak AP, and resting speed in ALI-based control were
chosen to coincide with the corresponding values
obtained in the rest phase of the constant speed
control simulation. During the exercise phase, the PI
and peak AP target values remain the same, while for
the ALI-based control mode, the target speed is set to
the speed at which suction occurs (at rest) (see
Table 2). In clinical practice, this speed would be set
lower; however, here we wish to examine the ability
of this control method to avoid suction without prior
knowledge of the speed at which it is likely to occur.

TABLE 2. Target values used for each of the control
modes in both the rest and exercise states

Activity state

Control mode HF case Rest Exercise
Constant speed (rpm) 1 2020
2 2000
3 1880
Pulsatility index (rpm) 1 135
2 87
3 40
Peak AP (mm Hg) 1 91.2
2 84.4
3 70.3
Activity level index 1 2020 2620
(Speed targets) (rpm) 2 2000 2520
3 1880 2350

For the constant speed, PI and peak AP control modes, the target
values are fixed across rest and exercise.
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FIG. 4. Arecording of SMA and HR data collected from a healthy
person undergoing transitions between rest and exercise (using
a treadmill), with exercise commencing at 60 s and ceasing at
180 s.

Due to the nature of these simulations, the ALI will
necessarily be a simulated value. As such it will tran-
sition in a linear fashion from its minimum to its
maximum value. An example of real data from a
healthy individual undertaking an exercise task is
provided to aid the reader’s understanding of the
signals involved (Fig. 4).

RESULTS

The primary performance measure used to distin-
guish between the various control strategies tested is
the increase in pump flow from rest to exercise, while
the avoidance of ventricular suction and regurgitant
pump flow were also significant. As described earlier,
the resting pump operating point for all control
modes was chosen to coincide with the baseline
target speed selected for constant speed control.
Thus, the pump flow values in the resting state are
constant across all test simulations (Table 3), with the
exception of the ALI-based control mode for case 3,
where the minimum flow constraint of 3 L/min was
imposed. Table 3 indicates the absolute and relative
flow increase between rest and exercise for each
control mode, as well as comparing this flow increase
with that attained during the constant speed control
mode.

The pump flow increases attained with a constant
target speed—1.95,1.63, and 1.36 L/min for HF cases
1,2, and 3, respectively—serve as a benchmark upon
which other flow changes shall be assessed (Fig. 5a).

With regard to the ALI-based control mode, pump
flow increases of 2.54, 1.94, and 1.15 L/min were
achieved for the three HF cases, from rest to exer-
cise. Compared with constant speed control, this
represents a relative flow increase of 30.3, 19.8, and
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—15.4%, respectively. In the third and most severe HF

v . o . .
aZe QYT Ky case (Fig.5b), the minimum flow constraint was
- imposed to bring the resting flow rate up to 3 L/min;
the pump speed required to provide this flow rate
was 2050 rpm, whereas the original target speed was
1880 rpm. In addition, the speed amplitude control
SAE =L %313 module was activated to ensure a minimum PI was
T e e maintained and suction was avoided, resulting in a
pump speed of 1955 rpm. The combination of these
two constraints being satisfied meant the flow
AR 93 S22 increase was greater for the constant speed control
Q2L S]X S88& case.
Simulations of the reverse transitions—that is, from
exercise to rest—were also performed and resulted in
L o mma oo essentially a mirror image of the plots in Fig. 5.
G9S S QA4 In general, the smallest increases in pump flow were
' ' observed with PI control. Because the model pro-
duces a fall in PI from rest to exercise at a constant
target speed, it follows that average pump speed must
o o onete be reduced in a PI controller so that the target PI value
:r;lg 252 gggl is maintained. Thus, the pump flow increases were

actually of smaller magnitude than those observed in
constant speed control mode. For HF case 1, the PI
target value of 135 rpm could not be reached, and so

« the minimum pump speed threshold of 1800 rpm was
)y iheom nom oo

PAIVE NI DY N PR imposed. At this low speed, the aortic valve opened
JFun 00 NN . X X
during systole, thus allowing aortic valve flow to con-
tribute in addition to pump flow toward CO.
Peak AP control provided the largest increases in

. pump flow, and highest flows overall (Fig. 5c). The
QAN MAn Mo relative pump flow increases compared with constant

speed control are 31.3,38.3, and 29.4% for HF cases

1,2, and 3, respectively (Table 3). It should be noted,

however, that the PI values in exercise were 22,4, and
M 4 rpm, respectively. These values are all below the
983 =H3 =84 nominated minimum PI threshold of 25 rpm, and
At S S ;

thus represent a potentially dangerous state for the

patient. Furthermore, the resting pump flow in HF

case 3 is 2.68 L/min which, although similar to that
RBRID BB VRS obtained for constant speed control, is significantly
el el enenen

below the minimum flow threshold for adequate
perfusion.

DISCUSSION

— AN AN — NN

A number of control strategies have been pro-
posed by research groups in the RBP field. Particular
control elements were identified as having the ability
to satisfy certain physiological requirements and
were adapted for inclusion in the ALI-based strategy
presented.

The University of Pittsburgh team headed by
Antaki have reported the implementation of various
control indices, including those based on flow pulsa-

Note: Changes in pump flow between rest and exercise states occurring for each control mode, and comparisons with the baseline values encountered in constant speed control are

presented. The PI is given as an indication of the proximity to ventricular suction in the exercise state.
* For HF case 1 in the PI control mode, the aortic valve was opening during exercise. The mean flow through the aortic valve in this case was 1.52 L/min, providing a cardiac output of

5.44 L/min.

Pulsatility index
Activity level index

Peak AP

Artif Organs, Vol. 34, No. 2, 2010



E42 D.M. KARANTONIS ET AL.
a Rest Exercise
.E..zmul ! . ]
| M
s TG |..,--,||--|..., ':"u'IEL'""""
T 2000 4 I
a | Il
& oo 'I'TI|I||I||'I1 | |I ||||| MM ,
o 20 |40 60 80 100 120
' DL i <>
5 i ||||||"|| | ||| |||| i '_I — 1l ||. TR AN | —cp,
R :!,.. |||I i
E 2 .--.|I-||..| AR ERL LGt — 4
= o EID .40 B0 !IU 100 120
= |
I 1007 1 = - | -
E 0L 0 AL e it o .
£ Il R HH || iy
S o MR l|||[HI ||”“ i
5
ﬁ o ! . |
g N 20 40 60 100 120
Time (s)
b Rest Exercise
N
| = Ngyg
NREF
FIG. 5. Results of the software simula-
= tions for (a) constant speed control (HF
£ _ Qp case 2), (b) HF case 3 of ALl-based
3 = OPaen control, and (c) AP control (HF case 3).
z The left and right vertical dashed lines
ra indicate the start of exercise and end of
o transition to exercise, respectively.
o
T T — T T
80- i L ;
E ol LG A ' -|l| T — A
e ||||||,||||i-|| Ll ||||'-| || || Lol ":ll-' R e et I Ry
@ sl 1 Ul ) 0l .-,||I,.- |i|f|.-||
5 - WL R
8 = . . ]
E ] 0 40 BD -1+ 100 120
Time (8)
c Rest Exercise
‘E 2300} ! H ! = g
Emm} o 1 o
3 §;$_L B T i Y AT o .
E—wm-u el : L I. U L A :|I
1] 20 {40 B0 ag 100 120
.'é“ 8
A ]
E 24|
l:: IJ: 20 ;40 BIEI aa 100 120
= :
I
E sa ,:||I| b1l ||||||||r|||||| m - m |,|| ||||| ||||| I ||L|“' " AP
g U RO A H , ‘ |
- m‘_ [EAR DA |||I|||||||||“ ||
o 20 100 120
a ‘I'me (s)

tility (4), pulsatility ratio (defined as flow pulsatility
divided by head pulsatility) (14,15), and strategies
using a combination of indices to satisfy several con-
straints (24,45,53,54). Studies by Fu and Xu (17) and
Endo et al. (16) also support the efficacy of pulsatility

Artif Organs, Vol. 34, No. 2, 2010

indices (namely, flow pulsatility and normalized
motor current amplitude, respectively) as control
parameters. The present study utilized the pulsatility
in pump speed primarily as an indicator of suction
proximity.
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Giridharan et al. (18-21) proposed that maintain-
ing an average reference AP was an appropriate strat-
egy for LVAD control, as it indirectly incorporated
natural cardiovascular regulation by maintaining a
stable MAP. Wu et al. (23) used an optimal controller
to minimize the sum of the aortic pressure tracking
error and weighted differential pressure tracking
error, in an attempt to not only maintain a desired
aortic pressure, but to avoid the occurrence of ven-
tricular collapse. The authors of the present study
have chosen to use the pump AP (specifically the
peak of AP over a cardiac cycle) as a parameter that
can assist in maintaining the patient’s arterial pres-
sure within safe bounds.

Ohuchi et al. (55) proposed a control strategy in
which a target pump speed was set according to the
measured HR, by relating HR with CO, and pump
flow with pump speed. HR was determined via elec-
trocardiogram (as opposed to a noninvasive estimate)
recording with external electrodes—an undesirable
approach for long-term use by the implant recipients.
Schima etal. (47) and Vollkron etal. (48) have
reported on the successful implementation of an
HR-based control strategy in clinical studies. At the
heart of the technique is a desired flow rate setting
based on HR, while the operating point is also deter-
mined by pump power and pump flow pulsatility. The
automatic control strategy presented in Schima et al.
(47) provided a pump flow increase of 0.94 + 0.50 L/
min (P <0.05) and an associated increase in work
capacity of 8% (mean for five subjects), in response to
physical activity. As evidenced by these studies, incor-
porating indicators of patient activity into a control
method is considered essential for attaining the
highest possible increase in their exercise capacity.
The ALI-based strategy uses HR as one of two inputs
to determine the patient’s ALI, which is in turn
related to a target pump speed setting.

Previous discussions of pulsatility-related indices
have generally agreed that while the amplitude of
pulsatility in the pump feedback signals is a useful
indicator of the imminence of ventricular suction, it
cannot be used as a single index for control purposes.
As pointed out in Choi et al. (15), pulsatility-based
control necessarily requires a suction detection
mechanism in operation to distinguish between
pulsatility in the normal pumping state from that
encountered during the suction state. Assuming a
suction alleviation mechanism is active, a strategy
which involves the tracking of a target pulsatility
level—to provide a maximal flow without inducing
suction—fails to consider any negative impact on
arterial pressure (45). Furthermore, clinical evidence
suggests that pulsatility decreases during exercise

due to increased flow (47); therefore, a PI controller
whose target value remains static would act to
decrease pump speed during exercise. It would seem
sensible to increase speed as much as possible during
exercise, provided a minimum PI threshold was met
to avoid the occurrence of suction. Indeed, a strategy
with a variable target PI—such that the resting PI
was higher than that prescribed during exercise—
based on the patient’s activity level would provide a
similar result to the ALI-based strategy presented
herein. Perhaps the point here is that the target PI
need not be a small value (such as the minimum PI
threshold) during rest, as this may produce a high
arterial pressure or more blood flow than the patient
requires during rest, as well as increasing the risk of
ventricular suction due to sudden drops in preload
(e.g., during postural transitions).

Perhaps the leading advocate of AP control is Giri-
dharan (18-21). The idea of attempting to maintain a
steady MAP within acceptable bounds is indeed
valid, as evidenced by the group’s results and
discussion. Once again though, we also must consider
the other critical physiological requirements. Con-
trolling an estimate of pump AP or MAP with no
other constraints may lead to ventricular suction
or an undesirable CO value under certain
circumstances.

Given the above limitations with using a single
control index in isolation, it is apparent that a com-
bination of objectives must be asserted as desirable in
order to satisfy multiple physiological requirements.

The ALI-based control technique presented herein
was successful in achieving the stated objectives
in a software simulation environment. Pump flow
increases in excess of those obtained by the inherent
increases of constant speed control were recorded for
two of the three HF cases. In the most severe HF
case, the constraints of minimum pump flow and
speed pulsatility were effectively imposed to restore
a minimum prescribed flow and ensure suction was
well avoided. Despite the relatively lower flow
increase in this case, the resulting operating point
posed no safety risk to the simulated patient. It is
clear in such cases that the patient’s physical activity
limit has been reached, with right heart output unable
to increase its supply to the LV.

As stated in the results section, PI control resulted
in relatively lower flows during exercise, confirming
the inadequacy of such a control technique unless a
variable activity-based PI target with restrictions on
peak AP is adopted, as discussed above. Despite the
relatively higher flows achieved by peak AP control in
all HF cases during exercise, the proximity of the LV
to suction represented a potentially dangerous state
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for the patient. Furthermore, the resting pump flow in
HF case 3 is significantly below the minimum flow
threshold for adequate perfusion. Thus, the results
demonstrate that if all physiological requirements
are considered, the ALI-based hierarchical control
method leads to a superior outcome for the implant
recipient.

As indicated by the values in Table 1, the transition
from rest to exercise involved the change of variables
associated with ventricular contractility, HR, and
the resistance of several peripheral compartments.
One of the key parameters that we can derive from
these changes is the TPR. TPR varied from 1.38-
1.45 mm Hg/mL/s during the rest phase, and 0.75-
0.82 mm Hg/mL/s during the exercise phase, across
all simulations. This compared favorably with data
from Epstein et al. (52) which reports a mean TPR
of 1.53 +0.33mm Hg/mL/s at rest and 0.72 =
0.27 mm Hg/mL/s during maximal exercise, for 21
patients with various types of heart disease.

Due to the wide variation in both HR and SMA
values representative of physical activity (26,28,52),
each implant recipient would need to undertake a
calibration test in a postoperative clinical scenario,
and perhaps subsequent routine tests to account for
any improvement or deterioration in their condition.
Such a calibration test may determine the resting and
maximal exercise HR and SMA threshold values via
the following procedure:

¢ Resting HR and SMA should be acquired when
the patient is supine for at least 5 min, ensuring the
absence of arrhythmia.

e Maximal exercise HR and SMA should be
obtained following a treadmill test whereby the
patient ambulates at a steadily increasing speed
until they are fatigued and wish to stop. The last
recording of HR and SMA would then define the
respective threshold values for exercise.

Once the HR and SMA thresholds are ascertained,
the ALI function may be incorporated into the
control strategy.

Having attained satisfactory results and experience
in the software environment, the next step in the
research will be to test the ALI-based strategy in an
animal model, followed by clinical studies. In addition
to these studies, there are also a number of other
research paths requiring investigation. At present,
the multiobjective strategy is based solely upon an
estimate of the patient’s level of physical activity.
There are other factors, however, that may influence
their hemodynamic state. Changes in posture, or per-
forming the Valsalva maneuver, may result in rela-
tively rapid changes in cardiac filling, and venous or
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arterial pressures. While it is envisaged that the
minimum PI and pump flow requirements of the
control strategy would assist in these scenarios, they
have not been simulated and remain a task for future
studies.

CONCLUSION

A noninvasive control strategy for an RBP based
on an estimate of the implant recipient’s physical
activity level has been presented. With provisions for
the avoidance and alleviation of ventricular suction,
and boundaries asserted for estimates of pump flow
and differential pressure, the control strategy was
successful in satisfying key physiological require-
ments when simulated in a software environment.
The results demonstrated a platform from which
further investigations can proceed.
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