
Received May 28, 2020, accepted July 8, 2020, date of publication July 14, 2020, date of current version July 24, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3009264

Pressure, Flow Rate and Operating Speed
Characteristics of a Continuous Flow Left
Ventricular Assist Device During
Varying Speed Support
SELIM BOZKURT
Institute of Cardiovascular Science, University College London, London WC1E 6BT, U.K.

e-mail: s.bozkurt@ucl.ac.uk

ABSTRACT Hydraulic performance of Continuous Flow Left Ventricular Assist Devices depends on
their pressure head and flow rate relations. Hydraulic characteristics of these devices are expressed by
pressure head and flow rate loops in a pulsatile environment as they are implanted between left ventricular
apex and aorta. Nonetheless, constant speed Continuous Flow Left Ventricular Assist Device support
causes complications due to altered blood flow in the patients’ body. Therefore, beat-to-beat varying speed
Continuous Flow Left Ventricular Assist Device support algorithms have been proposed to operate these
devices in synchronized co-pulsating or counter-pulsating modes which can generate more physiological
blood flow in the circulatory system. However, the effect of speed variation on the pressure head and flow rate
loops remains unclear during varying speed Continuous Flow Left Ventricular Assist Device support. In this
study, pressure head, flow rate and operating speed relations during co-pulsating and counter-pulsating pump
support in a Continuous Flow Left Ventricular Assist Device were analyzed utilizing numerical simulations.
Simulation results show that pressure head - flow rate - operating speed loops can express Continuous Flow
Left Ventricular Assist Device characteristics better during varying speed heart pump support. Moreover,
pump flow rate - operating speed and pressure head - operating speed diagrams show the dynamic behavior
of a heart pump, including also the speed. Therefore, understanding the relationship between speed, flow
rate and the pressure difference across a pump may help to develop novel beat-to-beat operating modes to
improve Continuous Flow Left Ventricular Assist Device support.

INDEX TERMS Continuous flow left ventricular assist device, hydraulic characteristics, H-Q loops,
Q-n loops, H-n loops, H-Q-n loops.

I. INTRODUCTION
Continuous FlowLeft Ventricular Assist Devices (CF-LVADs)
are used to bridge the time between the decision to trans-
plant and the actual transplantation in end-stage heart failure
patients. CF-LVAD hydraulic performance for steady flow
depends on the pump pressure head and flow rate (H-Q)
characteristics at a certain speed [1]. CF-LVAD H-Q char-
acteristics can be used to estimate the pump flow rate and
left ventricular pressure under constant speed pump support
[2]. However, CF-LVADs operate in a pulsatile environment
because they are implanted between the apex of the left
ventricle and ascending aorta, [3]. Pulsatile flow rate and
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the pressure difference across a CF-LVAD over each cardiac
cycle result in CF-LVAD H-Q loops [4].

CF-LVADs support the failing heart by unloading the left
ventricle and delivering the blood to aorta continuously by
operating at a constant speed [5]. Constant speed CF-LVAD
support may cause complications such as remodeling in the
blood vessel walls and increased inflammatory response [6],
gastrointestinal bleeding in the circulatory system because
of reduced arterial pulsatility [7] or aortic valve insuffi-
ciency because of altered blood flow in the cardiovascu-
lar system [8]. Moreover, optimal left ventricular unloading
may not be achieved by constant speed CF-LVAD support
because it depends mainly on the cardiac contractions [9].
Therefore, different beat-to-beat co-pulsating and counter-
pulsating CF-LVAD support modes to improve arterial
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pulsatility [10], [11], coronary perfusion [12], aortic valve
function and opening duration [13], left ventricular unloading
[14] and myocardial oxygen consumption [15] have been
developed [16]. The H-Q characteristics during varying speed
CF-LVAD support is affected by the varying pump operating
speed along with the pulsating heart [17]. The shape of the
H-Q loops during synchronous CF-LVAD support depends on
the phase shift and left ventricular contractility still affects the
size of CF-LVAD H-Q loop area [17]. Although, CF-LVAD
H-Q loops show the head and flow rate relationship in a heart
pump and cardiac events occurring during a heartbeat, effects
of pump speed variation remain unclear on the H-Q diagram
for varying speed CF-LVAD support.

In this study, it is aimed to analyze pressure head (H),
flow rate (Q) and operating speed (n) relations in a CF-LVAD
using H-n, Q-n and H-Q-n diagrams for varying speed pump
support via numerical simulations.

II. MATERIALS AND METHODS
The simulations were performed using a numerical model
which describes blood flow rate and pressure in HeartWare
HVAD and a cardiovascular system. The cardiovascular sys-
tem model simulates cardiac function and blood flow in the
circulatory system.

HeartWare HVAD is an implantable continuous flow
centrifugal pump with magnetic levitation driving system
[18], [19]. The recommended operating speed range in the
patients for this device is between 2400 rpm and 3200 rpm
[20] with 2800 rpm baseline speed [21]. HeartWare HVAD
support was simulated using a model which describes
CF-LVAD flow rate and the pressure difference across the
pump [22] as given below.

HCF−LVAD

= kn2CF−LVAD − R1nCF−LVADQCF−LVAD − R2Q2
CF−LVAD

−LCF−LVADdQCF−LVAD/dt+ Hrec (1)

Here, HCF−LVAD and QCF−LVAD represent pressure head
and flow rate, R1 and R2 are resistances related with fric-
tion and incidence losses, nCF−LVAD is the CF-LVAD oper-
ating speed, k is the blood flow source term, LCF−LVAD
and Hrec are the inertance and part-load recirculation in the
pump. Parameter values and the detailed description of the
CF-LVAD model can be found in [22].

The cardiovascular system model simulates functions of
heart chambers and blood flow in the circulatory system.
The ventricle models simulate active and passive contraction
phases in the ventricles over a cardiac cycle. The left ventric-
ular pressure (plv) is described in the cardiovascular system
model as given below.

plv = plv,a + plv,p (2)

plv,a(t) = Ees,lv
(
Vlv − Vlv,0

)
fact,lv(t) (3)

plv,p = A exp(BVlv)− 1 (4)

Here, plv,a and plv,p are the active and passive components of
the left ventricular pressure, Ees,lv, and fact,lv are the systolic

elastance and activation function in the left ventricle, A and B
are coefficients used in the passive left ventricular pressure,
Vlv and Vlv,0 are the left ventricular volume and zero-pressure
volume. Left ventricular volume (Vlv) is simulated as given
below.

Vlv = (2/3)πKlvr2lvllv (5)

drlv/dt = (3(Qmv − Qav) / (4πKlvllv))

× (3Vlv / (2πKlvllv))−1/2 (6)

In the equations above, rlv and llv are the left ventricular
radius and long axis length and Klv is a scaling coefficient.
Functions of the right ventricle and atria were simulated using
similar models using different parameter values. The circula-
tory systemwasmodeled using electric analoguemodels with
resistance (R), inertance (L) and compliance (C) properties of
the blood vessels. The heart valves were simulated as ideal
diodes allowing one-way blood flow. The models used to
simulate the change of aortic pressure (pao) and flow rate
(Qao) with respect to time and flow rate through the aortic
valve (Qav) are given below.

dpao/dt = (Qav − Qao) /Cao (7)

dQao/dt =
(
pao − pas − RaoQao

)
/Lao (8)

Qav =
(
plv − pao

)
/Rav (9)

Here, Cao, Rao and Lao are the compliance, resistance and
inertance of the aorta, Rav is the aortic valve resistance and
pas is the blood pressure in the systemic arterioles. The other
compartments in the circulatory system were modeled in the
sameway using different parameter values. Detailed informa-
tion about the simulation of cardiac function and circulatory
system can be found in [23]. CF-LVAD support was simulated
by modifying (6) and (7) as given below.

drlv/dt =
(
3(Qmv − Qav − QCF−LVAD)/(4πKlvllv)

)
× (3Vlv/(2πKlvllv))−1/2 (10)

dpao/dt =
(
Qav + QCF−LVAD − Qao

)
/Cao (11)

Initially, heart failure without CF-LVAD support was
simulated using 1.35 mmHg/mL and 0.9 mmHg/mL left
ventricular systolic elastance (Ees,lv) in the cardiovascular
system model. The selected Ees,lv values allow to simulate
partial and full CF-LVAD support. The aortic valve opens
over a cardiac cycle at 1.35 mmHg/mL left ventricular sys-
tolic elastance, whereas it remains closed at 0.9 mmHg/mL
left ventricular systolic elastance during 2800 rpm baseline
constant speed CF-LVAD support. Also, left ventricular zero
pressure volume (Vlv,0) was increased to 20 mL from 15 mL,
the coefficient Awas reduced to 0.85 from 1 and the systemic
arteriolar resistance was increased to 1.25 mmHgs/mL from
0.95 mmHgs/mL.

First, CF-LVAD assistance was simulated for 2700 rpm,
2800 rpm and 2900 rpm constant speed pump support.
Varying speed CF-LVAD support was simulated adding a
sinusoidal speed variation with 200 rpm amplitude to the
simulated constant pump speeds over a cardiac cycle.
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FIGURE 1. a) Electric-analogue of the cardiovascular system model. R, L
and C denote resistance, inertance and compliance, p denotes pressure,
MV, AV, TV and PV are mitral, aortic, tricuspid and pulmonary valves, la, lv,
ra and rv denote left atrium and ventricle and right atrium and ventricle,
ao, as, vs denote aorta, systemic arterioles and veins, po, ap, vp
pulmonary arteries, pulmonary arterioles and pulmonary veins,
b) representative left ventricular pressure (plv) and CF-LVAD operating
speed signals for co-pulsating and counter-pulsating pump support
(nCF-LVAD,co, nCF-LVAD,counter) over a cardiac cycle. p, nmax, nmin and
nav represent pressure, maximal, minimal and average CF-LVAD speeds.

Effect of CF-LVAD operating speed amplitude was
evaluated also simulating pump support at 2800 rpm mean
speed with 400 rpm amplitude over a cardiac cycle.

Effect of the left ventricular contraction strength on the
CF-LVAD H-Q, Q-n, H-n and H-Q-n loops was evaluated
using 1.35 mmHg/mL and 0.9 mmHg/mL left ventricular
systolic elastances at 2800 rpm mean speed with 200 rpm
amplitude over a cardiac cycle.

CF-LVAD speed amplitudes for the varying speed support
were selected as 200 rpm and 400 rpm considering the clini-
cally used speed amplitude during Lavare cycle in HeartWare
HVAD devices [20].

The speed variation in the CF-LVAD was simulated to
provide co-pulsating and counter-pulsating pump support by
shifting the speed signal 0.4 s over a cardiac cycle. The
varying speed CF-LVAD support over a cardiac cycle was
simulated as given below.

nCF−LVAD = nCF−LVAD,avg
+ sin (2π (t− D)/T)An,CF−LVAD (12)

Here, nCF−LVAD is the CF-LVAD speed, t is the
instantaneous time,D is the delay to shift the pump speed sig-
nal, T is the duration of a cardiac cycle and An,CF−LVAD is the
amplitude of the CF-LVAD speed signal. Electric-analogue
of the cardiovascular system model, representative left ven-
tricular pressure and CF-LVAD operating speed signals for
co-pulsating and counter-pulsating pump support over a
cardiac cycle are given in Figure 1.

Duration of a heartbeat was 0.8 s in the simulations.
Simulations were performed using Matlab Simulink R2017a.
The set of equations was solved using the ode15s solver.

The maximum step size was 1e-3 s and the relative tolerance
was set to 1e-3.

III. RESULTS
Left ventricular and aortic pressure signals over a cardiac
cycle for heart failure and constant speed CF-LVAD support
at 2800 rpm for 1.35 mmHg/mL and 0.9 mmHg/mL left
ventricular systolic elastance are given in Figure 2.

Cardiac outputs for the heart failure simulated using
1.35 mmHg/mL and 0.9 mmHg/mL left ventricular systolic
elastances were 4.39 L/min and 3.67 L/min. Mean flow rate
(mean pump output and average flow rate through the aortic
valve) in circulatory system at 2800 rpm speed CF-LVAD
support for 1.35 mmHg/mL elastance was 5.04 L/min
whereas the mean pump output at 2800 rpm speed CF-LVAD
support for 0.9 mmHg/mL left ventricular systolic elas-
tances was 4.89 L/min. Cardiac phases in CF-LVAD H-Q
loops under constant speed pump support at 2800 rpm and
co-pulsating and counter-pulsating pump support at 2800 rpm
average speed with 200 rpm speed amplitude over a cardiac
cycle and heart failure with 1.35 mmHg/mL left ventricular
systolic elastance are given Figure 3.

Point 1 shows the closure of mitral valve and onset of the
systolic phase, which are noticeable in the CF-LVAD H-Q
loops for all the support modes. Point 2 in the CF-LVAD
H-Q loop shows the opening of aortic valve. The pressure
difference across CF-LVAD remains constant until the aortic
valve closes. Point 3 shows the closure of aortic valve and
the beginning of isovolumic relaxation in the left ventricle.
Point 4 shows the opening of mitral valve. Cardiac phases in
CF-LVAD Q-n, H-n and H-Q-n loops under co-pulsating and
counter-pulsating pump support at 2800 rpm average speed
with 200 rpm speed amplitude over a cardiac cycle and heart
failure with 1.35mmHg/mL left ventricular systolic elastance
are given in Figure 4.

CF-LVAD flow rate decreases sharply after the closure of
aortic valve, which is shown with point 3 on the CF-LVAD
Q-n loops. The pressure difference across the pump decreases
rapidly with the onset of the systole, which is shown with
point 1 on the CF-LVAD H-n loops. Ejection phase between
point 2 and point 3 is barely noticeable and followed by a
rapid increase in the pressure difference across the CF-LVAD.
Rapid increase of the differential pump pressure is followed
by a plateau which can be seen after the opening of mitral
valve on the CF-LVAD H-n loop. Q-n and H-n loops under
co-pulsating and counter-pulsating CF-LVAD support have
similar shapes, however, flipped horizontally due to phase
shift in the pump operating speed over a cardiac cycle.
CF-LVAD H-Q loops in the cardiovascular system model
simulating heart failure with 1.35 mmHg/mL left ventricu-
lar elastance under constant pump speed, co-pulsating and
counter-pulsating CF-LVAD support at 2700 rpm, 2800 rpm
and 2900 rpm average pump operating speeds over a cardiac
cycle are given in Figure 5.

Increasing the average pump operating speed over a
cardiac cycle did not change the shape of the CF-LVAD
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FIGURE 2. a) Left ventricular and aortic pressure signals (plv, pao) over a cardiac cycle for the heart failure
simulated using 1.35 mmHg/mL left ventricular elastance, b) plv and pao over a cardiac cycle for the heart
failure simulated using 0.9 mmHg/mL left ventricular elastance, c) plv and pao over a cardiac cycle at
2800 rpm constant speed CF-LVAD support for the heart failure simulated using 1.35 mmHg/mL left
ventricular elastance, d) plv and pao over a cardiac cycle at 2800 rpm constant speed CF-LVAD support for
the heart failure simulated using 0.9 mmHg/mL left ventricular elastance.

FIGURE 3. Cardiac phases in CF-LVAD H-Q loops for a) 2800 rpm constant speed CF-LVAD support, b) co-pulsating CF-LVAD support at 2800 rpm average
speed with 200 rpm amplitude, c) counter-pulsating CF-LVAD support at 2800 rpm average speed with 200 speed rpm amplitude over a cardiac cycle
(AV and MV denote aortic and mitral valves).

H-Q loops remarkably, whereas pump H-Q loops shifted to
the right. Aortic valve remained closed over a cardiac cycle
under CF-LVAD support at 2900 rpm average speed for all
the pump operating modes. Therefore, the left ventricular

ejection phase disappeared in the CF-LVAD H-Q loops for
all the pump support modes. Aortic valve remaining closed
over a cardiac cycle did not significantly alter the shape of
CF-LVAD. However, it increased the minimal pressure
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FIGURE 4. Cardiac phases in CF-LVAD Q-n loops for a) co-pulsating CF-LVAD support at 2800 rpm average speed with 200 rpm speed amplitude,
b) counter-pulsating CF-LVAD support at 2800 rpm average speed with 200 rpm speed amplitude, cardiac phases in CF-LVAD H-n loops for c) co-pulsating
CF-LVAD support at 2800 rpm average speed with 200 speed rpm speed amplitude, d) counter-pulsating CF-LVAD support at 2800 rpm average speed with
200 speed rpm amplitude, cardiac phases in CF-LVAD H-Q-n loops for e) co-pulsating CF-LVAD support at 2800 rpm average speed with 200 rpm speed
amplitude, f) counter-pulsating CF-LVAD support at 2800 rpm average speed with 200 rpm speed amplitude over a cardiac cycle (AV and MV represent
aortic and mitral valves).

FIGURE 5. CF-LVAD H-Q loops in the cardiovascular system model simulating heart failure with 1.35 mmHg/mL left ventricular elastance under
a) constant speed, b) co-pulsating and c) counter-pulsating CF-LVAD support at 2700 rpm (H-Q2700), 2800 rpm (H-Q2800) and 2900 rpm (H-Q2900)
average pump operating speeds over a cardiac cycle.

difference across the pump. CF-LVAD Q-n, H-n and H-Q-n
loops under co-pulsating and counter-pulsating pump support
at 2700 rpm 2800 rpm and 2900 rpm average pump operating

speeds with 200 rpm amplitude over a cardiac cycle and heart
failure with 1.35mmHg/mL left ventricular systolic elastance
are given in Figure 6.
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FIGURE 6. CF-LVAD Q-n loops for a) co-pulsating and b) counter-pulsating CF-LVAD support at 2700 rpm (Q-n2700), 2800 rpm (Q-n280) and 2900 rpm
(Q-n2900) average pump operating speeds with 200 rpm speed amplitude, CF-LVAD H-n loops for c) co-pulsating and d) counter-pulsating CF-LVAD
support at 2700 rpm (H-n2700), 2800 rpm (H-n2800) and 2900 rpm (H-n2900) average pump operating speeds with 200 rpm speed amplitude,
CF-LVAD H-Q-n loops for e) co-pulsating and f) counter-pulsating CF-LVAD support at 2700 rpm (H-Q-n2700), 2800 rpm (H-Q-n2800) and 2900 rpm
(H-Q-n2900) average pump operating speeds with 200 rpm speed amplitude.

CF-LVAD Q-n and H-n loops shifted right for increasing
average pump operating speeds over a cardiac cycle. The
pressure difference across pump was around zero in the
CF-LVAD H-n loops for the average pump speeds allowing
to open the aortic valve over a cardiac cycle. Aortic valve
remained closed over a cardiac cycle with the increase of
average pump speed to 2900 rpm for both co-pulsating and
counter-pulsating support modes. Therefore, the pressure dif-
ference across the pumpwas also increased at the peak systole
and the ejection phase did not appear on the CF-LVAD H-n
loops at 2900 rpm average pump operating speed (Fig. 6 c,d).
Also, CF-LVAD H-Q-n loops under both co-pulsating and
counter-pulsating support modes shifted up with the increase
in the average pump operating speed over a cardiac cycle.
CF-LVADH-Q loops under constant speed pump support and
co-pulsating and counter-pulsating pump support modes for
2800 rpm average operating speed with 200 rpm and 400 rpm
speed amplitudes and heart failure with 1.35 mmHg/mL left
ventricular systolic elastance are given in Figure 7.

Ejection phase on the CF-LVAD H-Q loop shifted
right whereas filling phase extended towards left with the

increasing CF-LVAD speed amplitudes under co-pulsating
pump support. Increasing the CF-LVAD speed amplitudes
over a cardiac cycle shifted ejection phase on the CF-LVAD
H-Q loop to the left whereas filling phase looks like a cleft on
the CF-LVAD H-Q loop under counter-pulsating pump sup-
port. CF-LVADQ-n, H-n andH-Q-n loops under co-pulsating
and counter-pulsating pump support at 2800 rpm average
pump operating speed with 200 rpm and 400 rpm amplitudes
over a cardiac cycle and heart failure with 1.35 mmHg/mL
left ventricular systolic elastance are given in Figure 8.

Increasing the pump speed amplitude during the systolic
phase increases the CF-LVAD flow rate during the peak sys-
tole under co-pulsating CF-LVAD support. On the other hand,
reduced pump operating speed due to a higher pump speed
amplitude over the diastolic phase decreased the minimal
CF-LVAD flow rate under co-pulsating pump support mode
(Fig. 8a). Counter-pulsating pump support did not affect the
minimal and maximal CF-LVAD flow rates, whereas the size
of the CF-LVAD Q-n loop was relatively large for a higher
CF-LVAD speed amplitude over a cardiac cycle (Fig. 8b).
Maximal and minimal pressure levels were similar for both
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FIGURE 7. CF-LVAD H-Q loops under 2800 rpm constant speed pump support (H-Q2800) and a) co-pulsating and
b) counter-pulsating pump support modes for 2800 rpm average operating speed with 200 rpm (H-Q2800-200)
and 400 rpm (H-Q2800-400) amplitudes.

FIGURE 8. CF-LVAD Q-n loops under a) co-pulsating and b) counter-pulsating pump support modes for 2800 rpm average operating speed with
200 rpm (Q-n2800-200) and 400 rpm (Q-n2800-400) amplitudes, CF-LVAD H-n loops under c) co-pulsating and d) counter-pulsating pump support
modes for 2800 rpm average operating speed with 200 rpm (H-n2800-200) and 400 rpm (H-n2800-400) amplitudes, CF-LVAD H-Q-n loops under e)
co-pulsating and f) counter-pulsating pump support modes for 2800 rpm average operating speed with 200 rpm (H-Q-n2800-200) and 400 rpm
(H-Q-n2800-400) amplitudes.

200 rpm and 400 rpm pump speed amplitudes whereas the
size of the CF-LVADH-n loops were larger for 400 rpm pump
speed amplitude under co-pulsating and counter-pulsating
CF-LVAD support. Here, it should be noted that the average

CF-LVAD speed over a cardiac cycle was 2800 rpm allowing
the aortic valve to open which plays a role on the minimal
pressure and maximal flow rate levels in the CF-LVAD.
Co-pulsating pump support shifted the CF-LVADH-Q-n loop
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FIGURE 9. CF-LVAD H-Q loops under a) constant speed, b) co-pulsating and c) counter-pulsating pump support modes at 2800 rpm average pump speed
over a cardiac cycle with 200 rpm speed amplitude and heart failure with 1.35 mmHg/mL (H-Q2800-E = 1.35) and 0.9 mmHg/mL (H-Q2800-E = 0.9) left
ventricular systolic elastances.

up over the systolic phase, whereas the pump flow rate
reduced over the diastolic phase (Fig. 8e). Counter-pulsating
pump support shifted the CF-LVAD H-Q-n loop down over
the systolic phase (Fig. 8f). CF-LVAD H-Q loops under con-
stant speed, co-pulsating and counter-pulsating pump sup-
port modes at 2800 rpm average pump speed with 200 rpm
speed amplitude and heart failure with 1.35 mmHg/mL and
0.9 mmHg/mL left ventricular systolic elastances are given
in Figure 9.

Reducing the left ventricular systolic elastance also
decreased the size of CF-LVAD H-Q loop area for all the
simulated pump support modes. Moreover, the aortic valve
remained closed over a cardiac cycle and aortic valve ejec-
tion phase disappeared in the CF-LVAD H-Q loops for heart
failure simulated with 0.9 mmHg/mL left ventricular sys-
tolic elastance. CF-LVAD Q-n, H-n and H-Q-n loops under
co-pulsating and counter-pulsating pump support modes at
2800 rpm average pump speed with 200 rpm speed amplitude
and heart failure with 1.35 mmHg/mL and 0.9 mmHg/mL left
ventricular systolic elastances are given in Figure 10.

Reduced left ventricular elastance value also reduced the
size of the CF-LVADQ-n, H-Q and H-Q-n loop sizes for both
co-pulsating and counter-pulsating pump support modes.
CF-LVAD Q-n and H-n loops show that pressure difference
across the CF-LVAD increases whereas the pump flow rate
decreases for a lower left ventricular elastance at the peak
systole for both co-pulsating and counter-pulsating pump
support modes because aortic valve remains closed over a
cardiac cycle. H-Q, Q-n and H-n loop areas over a cardiac
cycle are given in Figure 11.

Increasing the average CF-LVAD speed over a cardiac
cycle reduced H-Q loop area for all the pump support
modes. Co-pulsating CF-LVAD support generated rela-
tively large H-Q loops. Increasing the speed amplitude
in co-pulsating CF-LVAD support mode also increased
the H-Q loop area. CF-LVAD H-Q loop area was rela-
tively small for a smaller left ventricular systolic elastance.

Increasing average CF-LVAD speed over a cardiac cycle
reduced total CF-LVAD Q-n loop area for all the pump sup-
port modes. Counter-pulsating CF-LVAD support generated
relatively large CF-LVAD Q-n loops. Increasing the speed
amplitude in co-pulsating and counter-pulsating CF-LVAD
support modes also increased the total Q-n loop area.
CF-LVADQ-n loop area was relatively small for a smaller left
ventricular systolic elastance. Increasing average CF-LVAD
speed over a cardiac cycle reduced total CF-LVAD H-n
loop area for all the pump support modes whereas the
area of Loop 1 increased for increasing average CF-LVAD
speed over a cardiac cycle. Co-pulsating CF-LVAD support
generated relatively large CF-LVAD H-n loops. Increasing
the speed amplitude in co-pulsating and counter-pulsating
CF-LVAD support modes also increased the total H-n loop
area. CF-LVAD H-n loop area was relatively small for a
smaller left ventricular systolic elastance. Average CF-LVAD
flow rates and the pressure difference across the pump for
at 2700 rpm, 2800 rpm and 2900 rpm average CF-LVAD
speed with 200 rpm and 400 rpm amplitude under constant
speed, co-pulsating and counter-pulsating CF-LVAD support
for heart failure with 1.35 mmHg/mL and 0.9 mmHg/mL
systolic elastances are given in Table 1.

IV. DISCUSSION
Size and shape of the H-Q loops are affected by the pressure
and flow rate characteristics of the pump, contraction strength
of the left ventricle and events over a cardiac cycle such as
aortic valve opening under constant speed CF-LVAD support
[22]. Size and shape of the H-Q loops are also affected
by the variation in operating speed of CF-LVADs under
varying speed heart pump support [17]. Effect of the speed
variation on the shape of the H-Q loop is noticeable over
the diastolic phase, which is shown between point 4 and
point 1 (Fig. 3). Shape of the CF-LVAD H-Q loops under
varying speed support becomes different with respect to
the shape of the H-Q loops generated under constant speed
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FIGURE 10. CF-LVAD Q-n loops under a) co-pulsating and b) counter-pulsating pump support modes at 2800 rpm average pump speed over a cardiac
cycle with 200 rpm speed amplitude and heart failure with 1.35 mmHg/mL (Q-n2800-E = 1.35) and 0.9 mmHg/mL (Q-n2800-E = 0.9) left ventricular
systolic elastances, CF-LVAD H-n loops under c) co-pulsating and d) counter-pulsating pump support modes at 2800 rpm average pump speed over a
cardiac cycle with 200 rpm speed amplitude and heart failure with 1.35 mmHg/mL (H-n2800-E = 1.35) and 0.9 mmHg/mL (H-n2800-E = 0.9) left
ventricular systolic elastances, CF-LVAD H-Q-n loops under e) co-pulsating and f) counter-pulsating pump support modes at 2800 rpm average pump
speed over a cardiac cycle with 200 rpm speed amplitude and heart failure with 1.35 mmHg/mL (H-Q-n2800-E = 1.35) and 0.9 mmHg/mL
(H-Q-n2800-E = 0.9) left ventricular systolic elastances.

CF-LVAD support. Because CF-LVADs do not operate
around a standard H-Q loop during a varying speed heart
pump support. Simulation results show that the generated
H-Q loops under varying speed CF-LVAD support are the
projections of H-Q-n loops on the H-Q plane. Therefore, the
effect of the pump speed variation on an H-Q diagram for
a varying speed CF-LVAD support algorithm may remain
unclear. On the other hand, CF-LVAD Q-n and H-n diagrams
show the pump speed variation together with pump flow rate
and pressure difference across the pump.

CF-LVAD Q-n and H-n loops are generated during
varying speed heart pump support. Size and shape of the
CF-LVAD Q-n and H-n loops are affected by the pressure
and flow rate characteristics of the pump, contraction strength
of left ventricle and the applied speed variation. Opening
of the aortic valve did not have any noticeable effects on
the shape of CF-LVAD Q-n loops whereas minimal pressure
difference across the pump was increased when the aortic
valve remained closed over a cardiac cycle due to relatively
high average pump speed (Fig. 6) or low left ventricular
systolic elastance (Fig. 10). CF-LVAD speed variation over a

cardiac cycle also affected the shape and size of the Q-n and
H-n loops. Counter-pulsating CF-LVAD support generated
relatively large pump Q-n loops for the same average pump
speed and speed amplitude over a cardiac cycle. This becomes
more apparent for relatively high CF-LVAD speed amplitudes
during counter-pulsating pump support (Fig. 11b). Such a
result suggests that CF-LVAD speed increase over the dias-
tolic phase can generate a higher variation in pump flow rate
over a cardiac cycle. Co-pulsating CF-LVAD support gener-
ated relatively large pump H-n loops for the same average
pump speed and speed amplitude over a cardiac cycle. This
result suggests that increasing the CF-LVAD speed over sys-
tolic phase generates a higher variation in pressure difference
across the pump over a cardiac cycle.

Left ventricular systolic elastance also plays a role on size
of the CF-LVAD H-Q, Q-n and H-n loops. However, it does
not affect the shape of these loops significantly. Areas of
the CF-LVAD H-Q, Q-n and H-n loops become larger for
relatively high left ventricular systolic elastances.

CF-LVAD H-Q-n loops show the variation of CF-LVAD
flow rate, pressure difference across the CF-LVAD and
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TABLE 1. Average CF-LVAD flow rates and pressure differences across the
pump at 2700 RPM, 2800 RPM and 2900 RPM average CF-LVAD speed
with 200 RPM and 400 RPM amplitude under constant speed,
co-pulsating and counter-pulsating (CS, Co, Cou) CF-LVAD support for
heart failure with 1.35 mmHg/mL and 0.9 mmHg/mL systolic elastances.

operating speed over a cardiac cycle; therefore, they provide
a complete representation of hydraulic CF-LVAD character-
istics for varying speed heart pump support. Changes of the
pump flow rate and pressure difference under co-pulsating
and counter-pulsating support are in the same direction in the
CF-LVAD H-Q-n loops (Fig. 4e, 4f). Therefore, contraction
and relaxation behaviors of the left ventricle have a signif-
icant influence on the pump flow rate and pressure differ-
ence signals. Effect of the phase difference in the CF-LVAD
operating speed can be seen on the orientations of CF-LVAD
H-Q-n loops. CF-LVADoperating speed amplitude affects the
size of the pump H-Q-n curves. Moreover, a higher speed
amplitude shifts CF-LVAD H-Q-n loops on the speed axis
up or down depending on the pump support mode.

Dynamic pump H-Q characteristics under constant speed
CF-LVAD support have been investigated to estimate the
pump flow rate by Pennings et al. [24]. It has been found
that static H-Q characteristics provide only a basis for the
estimation for the CF-LVAD flow. Therefore, dynamic pump
H-Q characteristics which are generated because of beating
left ventricle needs to be used to estimate the flow rate more
accurately [24]. The simulation results show that the H-Q
loop area depends on the variation of pump speed under
varying speed CF-LVAD support. Therefore, CF-LVAD Q-n
and H-n characteristics need to be considered as well for the
proposed varying speed CF-LVAD support modes to estimate
the pump variables. Another study by Graefe et al. [25]
found that CF-LVAD H-Q characteristics play a role on the
unloading of the left ventricle during exercise, therefore,
sustaining exercise capacity of a failing heart also depends
on the CF-LVAD H-Q characteristics under constant speed

FIGURE 11. a) CF-LVAD H-Q loop area at 2700 rpm, 2800 rpm and
2900 rpm (2700, 2800, 2900) average speed with 200 rpm and 400 rpm
speed amplitude (200, 400) under constant speed, co-pulsating and
counter-pulsating (CS, Co, Cou) CF-LVAD support for heart failure with
1.35 mmHg/mL and 0.9 mmHg/mL (1.35, 0.9) systolic elastances, b)
CF-LVAD Q-n loop area at 2700 rpm, 2800 rpm and 2900 rpm (2700, 2800,
2900) average speed with 200 rpm and 400 rpm speed amplitude (200,
400) under co-pulsating and counter-pulsating (Co, Cou) CF-LVAD support
for heart failure with 1.35 mmHg/mL and 0.9 mmHg/mL (1.35, 0.9)
systolic elastances, c) CF-LVAD H-n loop area at 2700 rpm, 2800 rpm and
2900 rpm (2700, 2800, 2900) average speed with 200 rpm and 400 rpm
speed amplitude (200, 400) under co-pulsating and counter-pulsating
(Co, Cou) CF-LVAD support for heart failure with 1.35 mmHg/mL and
0.9 mmHg/mL (1.35, 0.9) systolic elastances.

pump support. CF-LVAD pressure sensitivity also plays a role
on the left ventricular unloading, thus afterload of the right
ventricle [26]. Severe mitral insufficiency may increase the
right ventricular afterload as well [26]. It has already been
shown that changing the CF-LVAD operating speed continu-
ously over a cardiac cycle may improve the unloading of the
left ventricle [27]. Unloading of the left ventricle with mitral
valve insufficiency under varying speed CF-LVAD support
will also depend on the pump speed variation. So, the effect
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of the speed variation on the unloading of the left ventricle
during different hemodynamic states needs to be investigated
along with the pump H-Q characteristics. CF-LVAD Q-n and
H-n loops may help to understand the dynamic behavior of
a pump during different hemodynamic states. Here, it should
be noted that ideal diodes were used as heart valve models in
the simulations. More elaborated models simulating reverse
flow through the heart valves will allow to analyze heart valve
insufficiency in a more realistic way.

Varying speed CF-LVAD support have implications on
the cardiac function and blood flow in the circulatory
system. Left ventricular unloading is improved under
counter-pulsating CF-LVAD support [27]. Aortic valve open-
ing duration and coronary perfusion are also increased under
counter-pulsating CF-LVAD support [12], [28]. Arterial
pulsatility is increased under co-pulsating CF-LVAD sup-
port [29]. Therefore, physiologic implications of varying
speed CF-LVAD support have been known [30]. However,
optimal hemodynamic outcome from the varying speed
CF-LVAD support for different purposes requires further
research. Therefore, CF-LVAD Q-n, H-n and H-Q-n loops
investigated in this study may help to develop varying
speed CF-LVAD support algorithms which can improve the
outcome of heart pump therapy.

Although shape and size of H-Q loops in different
CF-LVADs resemble each other, H-Q characteristics of
CF-LVADs are different in each device, therefore, H-Q loop
shapes and sizes for each CF-LVAD are also slightly different
under same conditions [31]. Similar differences can also be
expected in Q-n and H-n loop characteristics for different
CF-LVADs. Moreover, different CF-LVAD speed variation
algorithms will generate different size and shape Q-n and H-n
loops. Therefore, analyzing pressure, flow rate and operating
speed characteristics of CF-LVADs also requires to analyze
H-Q, Q-n and H-n loops for each varying speed CF-LVAD
mode separately.

Co-pulsating and counter-pulsating CF-LVAD support
require synchronization of heart beats and pump speed sig-
nals over each cardiac cycle. R wave in the natural ECG
has a very sharp peak at the beginning of the systolic phase.
This peak is used for synchronization purposes in clinics, for
MR or CT imaging. Synchronizing a pump with this signal
may be feasible in real applications.

V. CONCLUSION
CF-LVAD H-Q loops reveal hydraulic characteristics of
heart pump only under constant speed CF-LVAD support.
However, proposed CF-LVAD speed variation algorithms
aiming to alleviate the harmful effects of the constant speed
pump support change CF-LVAD speed continuously over a
cardiac cycle. CF-LVAD Q-n, H-n and H-Q-n diagrams show
the dynamic behavior of a pump including also the speed.
Therefore, understanding the relationship between speed,
flow rate and the pressure difference across a pump may
help to develop novel pump operating modes to improve
CF-LVAD support.
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