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Abstract: Numerical models, able to simulate the response
of the human cardiovascular system (CVS) in the presence
of an implantable rotary blood pump (IRBP), have been
widely used as a predictive tool to investigate the interac-
tion between the CVS and the IRBP under various oper-
ating conditions. The present study investigates the effect of
alterations in the model parameter values, that is, cardiac
contractility, systemic vascular resistance, and total blood
volume on the efficiency of rotary pump assistance, using
an optimized dynamic heart-pump interaction model
previously developed in our laboratory based on animal
experimental measurements obtained from five canines.
The effect of mean pump speed and the circulatory pertur-
bations on left and right ventricular pressure volume loops,
mean aortic pressure, mean cardiac output, pump assis-

tance ratio, and pump flow pulsatility from both the grey-
hound experiments and model simulations are
demonstrated. Furthermore, the applicability of some of
the previously proposed control parameters, that is, pulsa-
tility index (P1), gradient of PI with respect to pump speed,
pump differential pressure, and aortic pressure are dis-
cussed based on our observations from experimental and
simulation results. It was found that previously proposed
control strategies were not able to perform well under
highly varying circulatory conditions. Among these, control
algorithms which rely on the left ventricular filling pressure
appear to be the most robust as they emulate the Frank-
Starling mechanism of the heart. Key Words: Heart—
pump interaction model—Implantable rotary blood
pump—Heart failure—Ventricular assist devices.

Congestive heart failure (CHF) is a serious health
condition characterized by the inability of the heart
to supply adequate blood flow and therefore oxygen
delivery to tissues and organs in the body. Advance-
ment in the field of cardiac assist device technology
has resulted in implantable rotary blood pumps
(IRBPs) becoming widely used in these patients.
Furthermore, with evidence showing successful
experience for prolonged periods of implantation
in patients, IRBPs have moved from bridge-
to-transplant to bridge-to-recovery or permanent
support for chronic heart failure patients (1). In a
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long-term unsupervised environment, as patients go
through different activity levels from sleep to exer-
cise, underpumping or overpumping may occur,
leading to unacceptable risks such as collapse of the
left ventricle or impairment of the right heart func-
tion (2). For example, some patients implanted with
IRBPs have reported feeling faint during postural
changes, Valsalva maneuvers, coughing, or straining.
This is further complicated by the insensitivity of
IRBPs to preload (3) and the remaining intrinsic ven-
tricular function.

Numerical models (4-7), in vitro mock circulatory
experiments (8-10), in vivo animal studies (11-13),
as well as human trials (14-16) have been widely
used to study the interaction between the IRBPs
and the cardiovascular system (CVS). McConnell
etal. (11) evaluated load-dependent ventricular
function during left ventricular assist device
(LVAD) support based on telemetered measure-
ments of left ventricular (LV) pressure in six adult
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sheep. In another study, Chiang et al. (12) investi-
gated the cardiovascular and metabolic responses
in calves implanted with an AbioCor artificial
heart during treadmill exercise. To determine the
optimal support level of an LVAD, Goldstein
etal. (13) measured the LV myocardial oxygen
consumption as well as stroke work in an ovine
model of microinfarction-induced CHF under dif-
ferent pump assistance levels. Although in vivo
animal studies have been very useful in the study of
heart-pump interaction, they are inconclusive at
present due to limitations in animal models of
heart failure and complexity of the experimental
procedures (5).

On the contrary, numerical models, able to simu-
late the response of the human CVS in the presence
of an IRBP, can provide additional insights into the
dynamics of the assisted circulation and address
research questions not easily answered in vivo. In
particular, hemodynamic response to circulatory
perturbations, such as cardiac contractility, ventricu-
lar preload, and afterload, which may endanger
patients, can be investigated individually using a
numerical model. Numerical models also offer
an excellent platform for the development and
evaluation of robust physiological pump control
algorithms by easily allowing reproducible numeri-
cal experiments under identical conditions. For
example, Arndt et al. (17) have reported a depen-
dency of the pulsatility index (PI) on heart contrac-
tility, afterload, and preload.

Therefore, the aim of the present article is to study
the effect of alterations in the model parameter
values, that is, cardiac contractility, systemic vascular
resistance (SVR), and total blood volume (Vo) on
the efficiency of LVAD support using a centrifugal
blood pump, based on the optimized dynamic heart—
pump interaction model previously developed in our
laboratory. Using our observations from both animal
experimental and simulation results, we compara-
tively evaluate a number of previously proposed
control parameters, including PI control (15,18,19),
gradient of PI with respect to pump speed (GPI)
control (17), constant average pressure difference
control (20-22), and constant aortic pressure con-
trol (7).

METHODS
Optimized heart-pump interaction model
A dynamic heart-pump interaction model has
been developed based on experimental measure-

ments obtained from five canines (greyhounds)
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implanted with an IRBP, over a wide range of oper-
ating conditions (23). The model included descrip-
tions of the left and right heart, the systemic and
pulmonary circulations, as well as the IRBP. In addi-
tion, it also takes into account various model features
which provide important insights into the dynamics
of heart—-pump interaction, such as the curvilinearity
of the end-systolic pressure volume relationship
(ESPVR), direct ventricular interaction through the
septum and pericardium, the nonlinear pressure
volume relationship in the aorta and the vena cava
compartment, the nonlinear pulmonary peripheral
resistance, the suction resistance used to describe the
collapse of the ventricle during a suction event (24),
as well as the influence of the pump inflow and
outflow cannulae.

Five canine experiments were performed to inves-
tigate heart—-pump interaction over a wide range of
operating conditions, including variations in (i)
cardiac contractility and heart rate by administration
of a beta-blocker (Metoprolol); (ii) SVR (or after-
load) by administration of Metaraminol or sodium
nitroprusside; and (iii) Viow (or preload) by varying
the rate of suction from a cardiotomy machine. The
LVAD used during the experiments is the VentrAs-
sist (25), a fully implantable centrifugal rotary blood
pump system. Each animal experiment consisted of
seven speed ramp tests, that is, the control state
(“healthy condition,” H1) and the reduced cardiac
contractility states which included the three different
afterload conditions (afterload low, H2; afterload
medium, H3; and afterload high, H4) and the three
different preload conditions (preload low, HS;
preload medium, H6; and preload high, H7). Param-
eters of the heart—pump interaction model were opti-
mized for each animal to reproduce individual
experimental datasets in a quantitative sense. Eleven
parameters related to LV and right ventricular (RV)
contractilities (Vant, Ouvi, B, Ve, Ont, and B,
systemic and pulmonary peripheral resistances
(Rsas, Apa, Bpa, and Cp,), as well as systemic vein
unstressed volume (Vo) were individually estimated
in H1 to HS to simulate the effect of Metoprolol or
Metaraminol. The remaining parameter, that is,
total Vi, was assumed to be shared by all these five
conditions. On the contrary, H5, H6, and H7 were
assumed to share the same values for all parameters
except Vi Simulated responses of the model were
shown to agree well with the experimental data,
both in terms of mean values and response dynamics.
A detailed description of the model as well as param-
eter values for each canine (greyhound 1-5) under
different conditions (H1-H7) can be obtained from
(23).
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Parameter variation studies

Effect of ventricular contractility

To investigate the effect of LV and RV contractility
on the efficiency of rotary pump assistance, we per-
formed simulations using the optimized model
parameters for greyhound 2 for the healthy condition
(H1) as baseline values. Different combinations of
parameter values which describe the LV and RV
ESPVR ((lef, B]Vf, Vd,lvf, Olrvf, Brvf, and Vd,rvf) were chosen
from the optimized results for the same greyhound
under other conditions to represent different cardiac
contractility states: (i) optimized LV and RV ESPVR
parameters from H1 were used to represent healthy
condition, Cn; (ii) optimized LV and RV ESPVR
parameters from H3 were used to simulate depressed
LV and RV contractility, Clr; (iii) optimized LV
ESPVR parameters from H3 and RV ESPVR
parameters from H1 were used to represent reduced
LV contractility, C/; and (iv) optimized LV ESPVR
parameters from H1 and RV ESPVR parameters
from H3 were used to simulate depressed RV con-
tractility, Cr.

Effect of Ry,

To illustrate the individual effect of R, on heart—
pump interaction, we performed simulations using
the optimized model parameters for greyhound 4
under the “afterload medium condition” (H3) as
baseline values. Different values for Ry, were chosen
to represent different systemic afterload conditions:
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(i) afterload low (R =0.35 mm Hg.s/mL), RI; (ii)
afterload medium (R, = 0.64 mm Hg.s/mL, i.e., opti-
mized value for H3 condition), Rm;and (iii) afterload
high (Rs =1.50 mm Hg.s/mL), RA.

Effect of Vo

To illustrate the individual effect of Viyu on the
efficiency of rotary pump assistance, we performed
simulations using the optimized model parameters
for greyhound 5 under “volume low condition” (HS)
as baseline values. Different values for V. were
chosen to represent varying levels of Viwi: (1) volume
low (Vior =2864 mL, i.e., optimized value for H5
condition), VI (ii) volume medium (Vo = 3400 mL,
i.e., optimized value for H6 condition), Vm; (iii)
volume high (View =3952 mL, i.e., optimized value
for H7 condition), Vh; and (iv) volume high
(extreme) (Viora = 5452 mL, i.e., optimized value for
H7 condition + 1500 mL), VH.

RESULTS

Effect of ventricular contractility

As demonstrated in Fig. 1, reduced LV and RV
contractilities (Clr) produced a rightward shift of the
pressure volume loops, resulting in increased LV and
RV end-diastolic volumes, end-systolic volumes, and
end-diastolic pressures, thus significantly increasing
the ventricular wall stress. Peak systolic LV and
RV pressure as well as stroke volume (SV) was

FIG. 1. Effect of heart contractility on the
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LV and RV pressure volume loops during
pump occlusion from the model simula-
tions using optimized model parameters
for greyhound 2 under healthy condition
(H1) as baseline values. During pump
occlusion, the pump outflow cannula was
occluded to record the baseline hemody-
namic variables. Cn, model simulations
using optimized LV and RV ESPVR
parameters from H1 to represent a
healthy condition; CIr, model simulations
using optimized LV and RV ESPVR
parameters from H3 to simulate
depressed LV and RV contractility; Cl,
model simulations using optimized LV
ESPVR parameters from H3 and RV
ESPVR parameters from H1 to represent
reduced LV contractility; Cr, model simu-
lations using optimized LV ESPVR
parameters from H1 and RV ESPVR
parameters from H3 to simulate
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FIG. 2. Effect of ® and heart contractility on P,,, CO, AR, and PI(Q,) from both the greyhound experiment and model simulations using
optimized model parameters for greyhound 2 under healthy condition (H1) as baseline values. OCC, pump occlusion, where the pump
outflow cannula was occluded to record the baseline hemodynamic variables; Cn, model simulations using optimized LV and RV ESPVR
parameters from H1 to represent healthy condition (suction occurring at @ = 2200 rpm); CIr, model simulations using optimized LV and
RV ESPVR parameters from H3 to simulate depressed LV and RV contractilities (suction occurring at @ = 2300 rpm); CI, model
simulations using optimized LV ESPVR parameters from H3 and RV ESPVR parameters from H1 to represent reduced LV contractility
(suction occurring at ® =2400 rpm); Cr, model simulations using optimized LV ESPVR parameters from H1 and RV ESPVR parameters
from H3 to simulate depressed RV contractility (suction occurring at g = 2000 rpm); H1, experimental measurements from greyhound 2

under healthy condition (suction occurring at g = 2200 rpm).

decreased. Reduced LV contractility alone (CI) pro-
duced the same directional change in the LV pressure
volume loop, but with decreased RV end-diastolic
volume (or preload to the right ventricle). On the
contrary, depressed RV contractility alone (Cr)
caused a rightward shift of the RV pressure volume
loop, with decreased LV end-diastolic volume (or
preload to the left ventricle).

To illustrate the trend of hemodynamic and pump
variables with increasing mean pump speed (@) under
varying LV and RV contractilities, mean values of key
variables from the experiment (greyhound 2 under
healthy condition) and/or model were plotted in
Fig. 2. Under 0% pump support (baseline condition),
normal LV and RV contractility conditions (H1 and
Cn) yielded the highest mean aortic pressure
(P,) and mean cardiac output (CO), followed by
depressed RV contractility (Cr), depressed LV con-
tractility (CI), and depressed LV/RV contractility
(Clr) conditions.

During pump assist, most variables showed a
change in trend (or slope) with respect to @ at “knee
points” corresponding to the transition between ven-
tricular ejection (VE) (i.e., when aortic valve flow,
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Q. >0) and aortic valve nonopening (ANO) (i.e.,
when Q. ,=0), and between ANO and ventricular
suction states. Compared to simulations using healthy
LV ESPVR parameters (Cn and_ Cr), increasing
® produced a higher increase in fio and CO under
depressed LV contractility conditions (Clr and CI).
Simulations using the same RV contractility param-
eters (Cn vs. Cl and Clr vs. Cr) produced comparable
maximum achievable CO, indicating the importance
of RV contractility in determining the efficiency of
pump assistance. In addition, at low ®, mean pump
flow (Qp) was higher with depressed LV contractility
(Clr and CI) due to lower differential pressure across
the pump, producing a higher pump assistance ratio
(AR) and an earlier transition into ANO state. AR is
defined as O, divided by CO, multiplied by 100% to
get the percentage value. In both experiments and
simulations under normal cardiac contractility condi-
tions (H1 and Cn) with high SV and low LV end-
systolic volume (Vi.), suction occurred temporarily
within each heart beat before full LV_decompression,
and this avoids further increases in P,, and CO.

In regard to pump flow, speed, and current pulsa-
tility (PI1(Qy), PI(®), and PI(l)), defined as their cor-
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responding amplitudes, simulations with reduced LV
contractility (Clr and Cl) demonstrated a gradual
decrease in PI(Q,) until the point of suction. On the
contrary, as suction occurred before full LV decom-
pression in the other two conditions (Cr and Cr), we
did not observe any significant decrease in PI(Q))
throughout the whole range of pumping speeds. The
relationship between PI(w)/PI(I) and ® followed a
similar trend with PI(Q,), except at the region of
regurgitant pump flow where it increased with
increasing .

To illustrate the pressure flow characteristics of
the rotary blood pump under healthy and reduced
heart contractility conditions, we plotted the pres-
sure flow loops in Fig. 3 for two different ®. Com-
pared to the healthy condition (Cr), reduced LV
and RV contractilities (Clr) decreased the area of
the pressure flow loops due to the lesser contribu-
tion from the native heart. Pressure across the
pump (Pouw — Pin) was higher than the pressure dif-
ference between the left ventricle and the aorta
(Pao — Py) during end systole, due to pressure loss in
the cannula.

Effect of systemic afterload

Figure 4 shows that increasing R., substantially
increases peak LV systolic pressure (i.e., afterload
“seen” by the left ventricle), thereby increasing LV
end-diastolic volume (Vies) and Vi, leading to a
decrease in SV. Increasing Vi.q and left atrial pres-
sure (Pi,) leads to an increase in pulmonary arterial
pressure (Pp,) and peak RV systolic pressure, that is,
afterload seen by the right ventricle. On the contrary,

y &n FIG. 3. Effectof ® and heart contractility

on pump pressure flow loops from the

=0 model simulations using optimized model
an) — — =Py P, @ 1500 rpm parameters for greyhound 2 under
é = = =P -P_@2000pm healthy condition (H1) as baseline values.
R/ e e e ——— T P -P_ @ 1500 rpm H, pump differential pressure; Qp, pump
< @ W flow; Cn, model simulations using opti-
T v e PPy, @ 2000 rpm mized LV and RV ESPVR parameters
H-Q static curve @ 1500 rpm from H1 to represent healthy condition;

H-Q static curve @ 2000 rpm ClIr, model simulations using optimized

LV and RV ESPVR parameters from

N CIr H3 to simulate depressed LV and RV

contractilities.

preload to the right ventricle decreases due to a
reduction in venous return.

Figure 5 summarizes the effect of Ry, and ® on the
hemodynamic and pump variables from both experi-
ment (greyhound 4 under H3 condition) and/or
model. Under 0% pump support (baseline condi-
tion), increasing Rs, increases P,, while reducing SV,
leading to a decrease in CO. o

During pump assist, the rate of increase in P,
and CO with increasing ® was not significantly
varied by R under the VE state. Compared to
the VE state, the rate of change of the above vari-
ables with increasing ® increased during the ANO
state. In terms of AR, decreasing Rs, increases AR
due to a decrease in the pump differential pressure.
In regard to O, and PI, the change in trend of
PI(Q,), PI(®w), and PI(I) with increasing ® across
various pumping state transitions was similar to
that described in the section “Effect of ventricular
contractility.”

To illustrate the pressure flow characteristics of
the rotary blood pump under different systemic
afterload conditions, we plotted the pressure flow
loops in Fig. 6 at two different ®. Increasing Ri.
shifted the pressure-flow loops leftward while
increasing the area of the loop. Due to increasing
pressure loss across the cannula with increasing
pump flow, there was a huge difference (~55 mm Hg)
between the pressure difference across the pump
during end systole (Pow— Pin) and that seen by
the circulation (between the left ventricle and the
aorta, i.e., P, — Py) at lower Ry, and higher ®
conditions.
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Effect of preload

Figure 7 shows that increasing Vi, produces a
rightward shift of the pressure volume loops, causing
an increase in both LV and RV end-diastolic volume,
end-systolic pressure, and SV. At very high Vi
(VH), a significant increase in Pj, substantially
increased afterload seen by the right ventricle,
leading to a much larger increase in RV end-diastolic
volume compared to LV end-diastolic volume.
However, at this stage, there was no further increase

120 - -~
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in SV as the heart was already operating at the higher
end of the Frank-Starling curve.

To illustrate the trend of hemodynamic and pump
variables with increasing ® under varying Viea con-
ditions, mean values of key variables from the experi-
ment (greyhound 3 under HS5 and H7 conditions)
and/or model were plotted in Fig. 8. Under 0%
pump support (baseline condition), increasing Vi
increased all pressures, flows, and volumes in the CVS.
With increasing ®, Q, increased in all conditions,

FIG. 5. Effect of ® and Rs, on lz C_O,
AR, and PI/(Q,) from both the greyhound
experiment and model simulations using
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optimized model parameters for grey-
hound 4 under the “afterload medium
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FIG. 6. Effect of ® and Rs, on pump
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pressure flow loops from the model simu-
lations using optimized parameters for
greyhound 4 under “afterload medium
condition” (H3) as baseline values. H,,
pump differential pressure; @, pump
flow; RI, model simulations using Rs, = 0.
35 mm Hg.s/mL; Rm, model simulations
using Rs, = 0.64 mm Hg.s/mL (i.e., opti-
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counteracted by a slower decrease in mean aortic
valve flow ( Q.. ),leading to an overall increase in CO.
In contrast, maximum achievable Q, and CO
increased with increasing V.. However, due to sub-
stantial increases in RV afterload and preload at
excessively high Vi, conditions (VH), the right ven-
tricle was not able to efficiently utilize the Frank-—
Starling mechanism to generate further increases in
SV. As a result, there was no further improvement at
this stage despite an increase in pressure, volume, and
stroke work, which imposed increasing oxygen

mized R, value for H3); Rh, model simu-
lations using Rsa = 1.5 mm Hg.s/mL.

demand on the heart. In terms of AR, increasing Viotal
led to an increase in CO through greater contribu-
tions from the native heart rather than the assist
device. Consequently, the AR was lower at higher
Vlmal-

However, increasing Vi caused an increase
in the pressure flow loop area (Fig.9) due to in-
creasing contribution from the native heart.
High regurgitant pump flow can be observed at
low pump speed settings, particularly under high
Vtotal-
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FIG. 8. Effect of ® and Vi On P,,, CO, AR, and P/(Q;) from both the greyhound experiment and model simulations using optimized
model parameters for greyhound 3 under “volume low condition” (H5) as baseline values. OCC, pump occlusion, where the pump outflow
cannula was occluded to record the baseline hemodynamic variables; VI, model simulations using View = 2864 mL (i.e., optimized Vigta
value for H5) (suction occurring at ® = 2200 rpm); Vm, model simulations using Vi = 3400 mL (i.e., optimized Vi value for H6)
(suction occurring at ® = 2650 rpm); Vh, model simulations using Vi = 3952 mL (i.e., optimized Vi value for H7) (suction has not
occurred throughout the speed ramp study); VH, model simulations using Vi = 5452 mL (i.e., optimized Vi value for H7 + 1500 mL)
(suction has not occurred throughout the speed ramp study); H5, experimental measurements from greyhound 3 under “volume low
condition” (suction occurring at o = 2200 rpm); H7, experimental measurements from greyhound 3 under “volume high condition” (suction
has not occurred throughout the speed ramp study).

model (23) to extend our understanding of the inter-

DISCUSSION actions between the CVS and the IRBP beyond what
In the present article, we have performed param- is readily available experimentally. In terms of pump
eter variations on a validated heart—-pump interaction speed variations in both experiments and model
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simulations, we covered a wide range of pump speed
settings (from 1250 to 3000 rpm). This more than
covers the range of pump speed variations possibly
occurring in a clinical setting. In terms of cardiac
contractility, SVR, and total blood volume, different
perturbations were carried out during the experi-
ments and in the model to perturb the system far
away from the normal operating point (which we
believe are able to cover the wide physiological
ranges possible in patients but not easily reproduc-
ible in acute animal heart failure models). For
example, the range of SVR in our experimental and
simulation results is between 0.45 and 1.6 mm Hg.s/
mL, while the anticipated ranges in human are
between 0.54 and 1.2 mm Hg.s/mL (26). Experimen-
tally, it is only possible to perform a limited range/
number of parameter variations due to inadequate
animal models of heart failure, difficulties in altering
and controlling certain CVS variables in the animal
preparations, and/or the likelihood of sacrificing the
animal.

Effect of cardiac contractility, afterload, and
preload on heart-pump interaction

There has been considerable debate regarding
whether it is more beneficial to operate an LVAD
under partial assistance (AR <100%) or full assis-
tance (i.e., AR=100%) (13,27,28). Goldstein et al.
(13) suggested that partial LVAD support signifi-
cantly reduced LV myocardial oxygen consumption
in a failing heart, while full assist may result in unde-
sirable effects such as aortic valve stasis, myocardial
atrophy, and the impairment of RV function. As tran-
sition into the ANO state occurred at much lower
pump speeds under more severe LV contractility con-
ditions (as shown in our results), full assist is normally
required in these patients to achieve sufficient flow.
Furthermore, both our experimental measurements
and model simulations showed that the ability of
the LVAD in improving CO was highest under the
depressed LV contractility conditions (Fig.2). The
results were consistent with published experimental
findings (28,29). Therefore, it can be concluded that
full assist is beneficial under more severe LV failing
conditions with high end-diastolic volume, while
partial assist is more suitable in the recovering
ventricle. The difference in LVAD efficiency between
healthy and depressed cardiac contractility could be
explained by Guyton (30), who suggested that under
normal resting conditions, CO is controlled almost
entirely by peripheral factors governing return of
blood to the heart, while the heart controls the “per-
missible” amount of output that can be pumped. One
observation from our experimental measurements is

that during speed ramp studies under healthy LV
conditions, LV suction occurred temporarily during
end systole at pump speeds before full LV decom-
pression (or ANO state), that is, when maximum LV
pressure (Pimax) Was still relatively high. This is
because at relatively high cardiac contractility, the
left ventricle ejects a large amount of blood during
systole, leading to low LV end-systolic volumes.

Our simulation results also showed that one impor-
tant determinant of the maximum achievable CO
under LVAD assistance is the RV contractility. As
suggested by Farrar (31), the first basic principle of
CVS-LVAD interaction which relates to RV function
is that there is increased venous return to and CO
from the right ventricle. Suction occurred when there
was a mismatch between RV and LV output, that is,
when the LVAD attempted to increase blood flow
beyond the capability of the right ventricle. It was
reported that right-sided circulatory failure (RSCF)
occurs in 15-30% of the patients supported with an
LVAD (32) due to three reasons: existing RSCF,
reduced RV contractility due to leftward shift of the
interventricular septum, and functional mismatch
between the LVAD and the native circulation (31).
Due to high sensitivity of the right ventricle to after-
load, pulmonary afterload also played an important
role in determining the efficiency of rotary pump
support. LVAD assistance is most beneficial under
normal pulmonary vascular resistance with passively
elevated F,,, as pump assistance is able to reverse
pulmonary hypertension by reducing LV filling pres-
sure (31).

In regard to the effect of afterload on the hemody-
namic variables during LVAD assistance, our results
showed that the best pumping speed for rotary blood
pump operation varies substantially with SVR (sys-
temic afterload) (Fig.5). Due to high sensitivity of
the rotary pump flow to pump differential pressure
(33), an increase in CO with decreasing SVR was
contributed mostly by the assist device rather than
the native heart. The increase in @, due to a decrease
in pump differential pressure significantly decreased
LV end-diastolic volume, leading to a decrease in
LV pumping efficiency through the Frank-Starling
mechanism. The level of P, and CO increase with
increasing pump speed is also relatively lower for low
SVR conditions. Therefore, it may be more advanta-
geous to drive the rotary blood pump at lower pump
speeds under low SVR conditions, as there is an
increased risk of suction associated with high pump
speeds. On the contrary, regurgitant pump flow, which
increases volume loading on the left ventricle, can be
observed at high afterload pressures for lower pump
speeds (34). As reported in the literature (35) and
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shown in our results, suction occurred at higher pump
speeds under higher SVR conditions due to an
increase in the LV end-systolic volume with increas-
ing SVR. Thus, it is more beneficial to operate an
LVAD at higher speeds with increasing systemic
afterload in order to more efficiently improve CO
and LV unloading as well as avoid regurgitant
pump flow, thereby reducing RV afterload (through
a reduction in P,) and myocardial oxygen
consumption. However, care has to be taken to
ensure that the arterial pressure is within physiologi-
cally reasonable limits in order to avoid
overperfusion. . L

Increasing Vi increases P, and CO (Fig. 8), at
the expense of increasing volume loading on the
heart. However, it was observed from both our
experimental data and model simulation results that
excessively increasing Viow leads to pulmonary con-
gestion with no further increase in SV, as the heart is
already operating on the higher end of the Frank—
Starling curve and therefore could not efficiently
utilize the Frank-Starling mechanism. This phenom-
enon is frequently observed in heart failure patients
with significant fluid retention (36). Although LVAD
assistance substantially reduces pulmonary conges-
tion by decreasing B,, the efficiency of the LVAD at
high volume depends on the existing RV condition
(32). We also observed an increase in pulmonary
vascular resistance under low Vi, low SVR,
and high pump speed conditions. One common
feature shared by these three conditions is low B,
(below a threshold value of ~6 mm Hg), which
reflected low pulmonary blood volume. An increase
in pulmonary vascular resistance limits venous return
to the left ventricle while increasing pulmonary after-
load, leading to an earlier transition into suction
(37). Consequently, there is a relatively lower aug-
mentation of CO with increasing ® under these
conditions.

Comparison of existing control strategies

Due to the overall insensitivity of the rotary
pump to preload, various physiological control strat-
egies which attempt to adapt to varying cardiac
demand and clinical states of the heart have been
proposed. Three main criteria have been suggested
for safe operation of an IRBP (38), including (i) suf-
ficient CO to meet metabolic requirements; (ii)
maintaining systolic arterial pressure within a physi-
ological range to avoid overperfusion or underper-
fusion; and (iii) maintaining P, within a normal
physiological range to avoid pulmonary congestion
and suction.
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Among the various physiological control algo-
rithms, preload-based control strategies are the most
widely used for clinically available pumps, where the
pump speed is adjusted according to the amount of
venous return. The direct method of measuring
preload to the ventricle is by using an implantable
pressure sensor at the left atrium, ventricle, or pump
inlet (39). However, due to reduction in system reli-
ability, increased cost, and risks associated with the
implantation of invasive sensors, researchers have
looked into ways to indirectly estimate preload
(15,17-19,40).

One of the most popular noninvasive preload-
based control strategies is PI control, based on the
close relationship between pump flow or differential
pressure pulsatility and LV filling pressure (18). It
was shown from the published findings as well as our
experimental and model simulations that PI(Q,)
decreases with increasing pump speed until the point
of suction, and their relationship varies with heart
contractility, afterload, and preload. Our simulation
results (Figs. 2, 5, and 8) showed that PI(Q,) reaches
its minimum value just before the onset of suction,
and that this occurs at higher pump speeds with
increasing SVR, cardiac contractility, and Vioa. Fur-
thermore, the magnitude of minimum PI/(Q,) showed
a substantial increase with increasing cardiac con-
tractility, but remained relatively constant regardless
of variations in SVR and Vuu. The nonmonotonic
function of PI(Q,) with respect to pump speed, with
an abrupt change in slope when suction occurs,
creates instability in classical feedback control, where
the controller would react to an increase in PI(Q))
during suction by increasing pump speed even
further. This has deleterious effects on the patients
and therefore must be avoided. Inclusion of a suction
detector (41) would effectively make the controller
robust toward this discontinuity.

As reported by Arndt et al. (17), due to the depen-
dence of PI on heart contractility, afterload, and
preload, controlling PI to a fixed set point may fail to
avoid adverse pumping states such as suction during
sudden perturbations of the circulatory system. In
order to overcome this problem, Arndt et al. pro-
posed an extremum seeking algorithm which regu-
lated the GPI. The clinician was allowed to choose
either full assist before suction (minimum GPI), or at
the boundary between partial assist and full assist
(GPI = a predefined small value.). Some limitations
of the control method included the risk of overper-
fusion and the difficulty in choosing the appropriate
reference value for GPI. Although the changes in
PI(w) or PI(I) showed a close resemblance with
PI(Q,) during variations in ®, heart contractility,
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SVR, and Vo, they showed a different trend under
regurgitant flow in our experimental and simulation
results (not shown), that is, an increase instead of a
decrease with increasing ®. Therefore, compared to
pump flow, they are less suitable as control param-
eters for PI control.

However, Giridharan etal. (20) proposed that
maintaining a constant average pressure difference
between the left ventricle and the aorta provided
sufficient physiological perfusion to the body over a
wide range of physical activities and clinical cardiac
conditions. Furthermore, they developed a model-
based method for the estimation of pump differential
pressure using pump speed and current. Neverthe-
less, the present study uses a centrifugal blood pump
which is less appropriate for use in model-based dif-
ferential pressure estimation based on noninvasive
pump parameters, due to the higher degree of decou-
pling between pump flow and pump differential pres-
sure (20). Furthermore, it was shown from both our
experiments and simulations (Figs. 3, 6, and 9) that
although pressure across the pump (Pow — Pin) Was
similar to pressure seen by the circulation (Pa, — Pi)
at end diastole, there was quite a large difference
between these values at end systole, especially under
the higher pump flow conditions. Therefore, the
control variable, that is, the average pressure differ-
ence between the left ventricle and the aorta, was
different from the estimated pump differential pres-
sure in our study.

Using a similar approach to Giridharan et al., Wu
etal. (7) based their algorithms on the control of
aortic pressure rather than pump differential
pressure. A state space model of the human circula-
tory system as well as measurements of pump differ-
ential pressure was used to estimate the aortic
pressure. The primary advantage of these algorithms
was that it allowed for an automatic response to the
changing metabolic demands of the circulatory
system (22). However, it was shown from our results
(Figs. 5 and 8) that maintaining pump differential
pressure or aortic pressure at a constant value may
increase the risk of suction under low SVR or Vi
conditions while producing lower than optimal CO
under higher Vi conditions. In particular, most
CHF patients experience reduced ability in the
regulation of SVR during an increase in cardiac
demand due to varying levels of neurohormonal
abnormalities and deterioration in the metabolic
vasodilatation response (42,43). For example, the
decreased muscle flow in a CHF patient is not only
caused by enhanced vasoconstriction, but also caused
by impaired metabolic vasodilation (possibly due to
abnormal endothelium function). This significantly

affects the outcome of the control algorithm, which
requires that the natural regulatory mechanism func-
tions adequately in response to a change in the meta-
bolic demand (21). Although Wu et al. (7) attempted
to overcome this limitation by deriving their refer-
ence aortic pressure using the measured pump
differential pressure, it was difficult to determine
the appropriate relationship between these two
variables.

Study limitations

In the present model, we have not taken into
account aspects of reflex control as well as autoregu-
latory systems due to their complexity. In order to
represent various events such as exercise and pos-
tural changes, it is important to incorporate the above
mechanisms into the software model. However,
careful attention would have to be taken while
modeling the autoregulatory and autonomic reflex
mechanisms based on existing observations reported
in the literature using normal subjects, as reports
have shown that the autoregulatory and reflex
response in a chronic heart failure patient may
be significantly different from that of a healthy
subject (44).

CONCLUSION

We have investigated the effect of alterations in the
model parameter values, that is, cardiac contractility,
SVR, and Vi, on the efficiency of rotary pump assis-
tance, using an optimized dynamic heart-pump inter-
action model previously developed in our laboratory.
Using our observations from both experimental and
simulation results, we comparatively evaluated a
number of previously proposed control parameters,
including PI control, GPI control, constant average
pressure difference control, and constant aortic pres-
sure control. It was found that the previously pro-
posed control strategies were not able to perform
well under highly varying circulatory conditions
which alter the amount of venous return to the heart.
Among these, control algorithms which relied on LV
filling pressure, for example, Pi, control or PI control,
appeared to be the most robust as they emulated the
Frank-Starling mechanism of the heart. Ideally, P,
control provides the most promising form of control;
however, this requires the implantation of an invasive
pressure sensor in the left atrium. Noninvasively, PI
control requires a suction detector to avoid the insta-
bility caused by the discontinuity in PI(Q,) at the
suction onset. The heart—pump interaction model can
be used as (i) a predictive tool for various studies, for
example, response to exercise and postural changes;
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(ii) a platform for the evaluation of robust
physiological pump control algorithms; and (iii) a
tool to study the correlation between physiological
variables and noninvasive variables under various
conditions.
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