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Abstract
We studied a control method of rotary blood pumps (RBPs), which is called as the cardiac beat synchronization (CBS) system. 
Usually, RBPs operate at constant target rotational speed, meanwhile, the CBS system modulates target speed synchronizing 
with cardiac beat. We built a computer simulation method to evaluate the CBS system. This simulator acquires a mathematical 
model of a circulatory system including a RBP and can provide us the theoretical hemodynamics when our control method 
is applied. We compared theoretical results with experimental ones with the model focusing on both pulsatility and aortic 
valve (AV) opening interval enhanced by the CBS system. Our simulator could reproduce behavior of the circulatory system 
whether the RBP is connected or not. Comparison among no RBP, constant assist, systolic assist, and diastolic assist modes 
indicated that pulsatility is enhanced with systolic assist theoretically. While systolic assist decreased AV opening interval, 
diastolic assist made it longer than the ones in other control strategies.

Keywords  Rotary blood pump · Synchronization with cardiac beat · Pulsatility · Simulation

Introduction

Left ventricular assist devices (LVADs) based on rotary 
blood pumps (RBPs) are widely used for patients suffer-
ing from cardiac diseases. Quality of life (QOL) has been 
improved by the progress in development of RBPs.

We had studied a control method of RBPs, which is called 
as a cardiac beat synchronization (CBS) system. Usually, 
RBPs operate at constant target rotational speed, meanwhile, 

the CBS system modulates target speed synchronizing with 
cardiac beat. We demonstrated that the method enables 
unloading of the ventricle, prolonging on aortic valve (AV) 
opening interval, mimicking off test, and so on [1–5]. Pir-
bodaghi has also reported that modulating rotational speed 
of a RBP enhances pulsatility [6].

These results are mostly from experimental setups like 
animal tests. Meanwhile, an actual circulation is a dynamic 
time-variant system in nature, thus, it is difficult to evaluate 
all of combinations of parameters, such as vascular imped-
ance, cardiac function, and control configurations of RBPs. 
Not only experimental results but also theoretical mecha-
nisms should be studied to clarify changes in hemodynamics 
introduced by the control strategy. We can validate results 
from actual tests by comparing with theoretical ones in var-
ious conditions. Also, computer simulation can highlight 
small and obscure changes, such as AV opening.

For these issues, we built a computer simulation method 
to evaluate the CBS system. This simulator acquires a math-
ematical model of a circulatory system including a RBP and 
can provides us the theoretical hemodynamics when our con-
trol method is applied. Prior researches revealed an interac-
tion between RBPs and a circulatory system with simulation 
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study; however, operation of RBPs was simply assumed as a 
constant rotational speed mode or non-synchronized control 
mode in many cases [7–12]. Vandenberghe [13] and Boz-
kurt [14] investigated sinusoidal modulation of the rotational 
speed, but the waveform is different from our implementa-
tion. Htet reported co-pulse assist with an axial pump [15], 
but the counter-pulse mode is another important option.

In this paper, we describe mathematical models derived 
from circuit models for left heart system including the 
RBP. We compared theoretical results with experimental 
ones focusing on both pulsatility and AV opening interval 
enhanced by CBS system.

Materials and methods

Modeling circulatory system with/without RBP

A circulatory system, which consists of the left ventricle 
(LV), left atrium, aorta, and RBP, is represented in anal-
ogy with an electrical circuit model. Figure 1 shows mod-
els, which include and exclude the RBP, respectively. See 
Table 1 for acronyms used in this paper.

Parameters for vascular resistance, inertia, and compli-
ance were defined as constant values. Windkessel model 
with 2 elements was used for aortic impedance. Ventricu-
lar function was simulated with a time-variant elastance 
model. The RBP was modeled as a constant power supply.Lp 
was determined with the trial and error manner referring 
to animal experimental results. LAP was a constant value, 
but atrial contraction is added at the end diastole. The 

contraction was simulated with a sinusoid with an amplitude 
of + 7 mmHg and a half-cycle period of 0.16 s [7, 8, 16].

Simulation with differential equation solver

Basic differential equations are derived from the model in 
Fig. 1. A cardiac cycle consists of isovolumic contraction 

Fig. 1   Circuit models circula-
tory systems
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Table 1   Abbreviations and acronyms

Unit: resistance—mmHg  s/mL, compliance—mL/mmHg, iner-
tance—mmHg⋅s/mL

Acronyms Component Abbrev./Value

pV (t) Left ventricular pressure LVP
pA(t) Aortic pressure AoP
pLA(t) Left atrial pressure LAP
pBP(t, iR(t)) Blood pump pressure BP
V(t) Left ventricular volume LVV
V0 Left ventricular dead volume –
iA(t) Aortic flow AoF
iR(t) Pump flow PF
iA(t) + iR(t) Total flow TF
E(t,V(t)) Ventricular elastance –
N(t) Rotational speed N
R Vascular resistance 1.0–1.4
C Arterial compliance 0.8
r Aortic resistance 0.05
LA Aortic inertance 0.001
LP Pump inertance 0.2
RMV Mitral valve resistance 0.005
AV Aortic valve –
MV Mitral valve –
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phase (ICP), ejection phase (EP), isovolumic relaxation 
phase (IRP), and filling phase (FP). We can obtain non-
homogeneous simultaneous ordinary differential equations 
(SODEs) for each phase of cardiac cycle of the form (Eq. 1). 
We can compute numerical solutions with an ordinary dif-
ferential equation solver, such as R Ver. 3.5.0. 

We prepared 8 sets of SODEs for each phase with or with-
out assistance of the RBP (refer to "Appendix"). Simulation 
of each phase is finished when condition (Eq. 2) is satisfied. 
The last values in the previous phase are used as initial val-
ues for the next phase.

Modeling RBP

In this paper, we simulate the pressure and flow performance 
of the RBP (P–Q curve) with a polynomial model (Eq. 3).

Parameters are identified with the measured P–Q curve 
of EVAHEART​® (Sun Medical Tech. Res. Corp.) using the 
least squares method.

Modeling viscoelasticity of left ventricle

Viscoelasticity of a LV is represented with an elastance 
curve. We employed a model proposed by Zhong [17], which 
consists of E(t,V(t)) = Ea(t) + Ep(V(t)) , where Ea(t) is the 
active elastance representing the contraction of LV, and 
Ep(V(t)) is the passive elastance representing the ventricu-
lar pressure response to ventricular volume change (the so-
called Starling’s law), respectively. In this study, we used 3 
sets of cardiac conditions, middle/upper/lower cardiac func-
tion (MCF/UCF/LCF) based on the literature [17].

Analysis

Waveforms obtained from the simulator were evaluated with 
their averaged/peak-to-peak values. Suffix mean and peak 
refer to mean and peak-to-peak values in the cardiac cycle, 

(1)
d

dt
x(t) = A(t)x(t) + b(t)

(2)

ICP: pV (t) > pA(t)

EP: pV (t) < pA(t)

IRP: pV (t) < pLA(t)

FP: t = tend

(3)
pBP

(

t, iR(t)
)

=

{

3
∑

k=1

(

akN(t) + bk
)

iR
k(t)

}

+
{

a0N
2(t) + b0N(t) + c0

}

(4)

⎧

⎪

⎨

⎪

⎩

ak =
�

−2.37 × 10−4, 5.55 × 10−3, −3.09 × 10−2, 8.82 × 10−4
�

bk =
�

4.86 × 10−2, −1.36 × 10−2, 4.48 × 10−1
�

ck =
�

−4.04 × 101
�

respectively. Pulsatility index (PI) [18] and assist ratio (AR) 
were calculated with (Eq. 5) and (Eq. 6), respectively. Time 
resolution was set to 2 ms. Rotational speed N (rpm) was set 
from 1000 to 2200 rpm per 50 rpm.

In the systolic assist mode, rotational speed was set to 
N + Nd in systole and N − Nd in diastole, where Nd is differ-
ence from original rotational speed in systole and diastole. In 
diastolic assist mode, rotational speed was set to N − Nd and 
N + Nd in systole and diastole, respectively. In each case, the 
waveform becomes square wave whose duty ratio is equal to 
systolic and diastolic ratios.

Results

Figure 2 shows the simulated waveforms of pressure, vol-
ume, flow rate, and miscellaneous data in MCF condition. 
In these figures, systemic resistance and left atrial pressure 
increased slightly in each cardiac cycle to obtain end systolic 
and diastolic pressure–volume relationships (ESPVR and 
EDPVR, respectively).

Figure 3 shows averaged and peak-to-peak values of total 
flow, pump flow, aortic flow, and aortic pressure in the case of 
no RBP/constant assist/systolic assist/diastolic assist, respec-
tively. PI is shown in Fig. 4. Nd was set to 400 rpm in systolic 
and diastolic assist modes.

TFpeak and PFpeak were enhanced with systolic assist com-
paring with constant and diastolic assist modes. Pulse pres-
sure, represented by AoPpeak , became larger with systolic assist. 
AoFpeak did not change largely in each assist mode. TFpeak and 
AoFpeak decreased along with the increase in assist ratio, mean-
while, PFpeak did not change largely by the ratio. In contrast, 
pulse pressure increased by the ratio. PI also showed that sys-
tolic assist promotes pulsatility compared to constant assist, 
while diastolic assist decreased the index.

Figure 5 shows AV opening interval per assist ratio. In this 
simulation, aortic valve is opened only in EP passively, thus, 
the interval is equal to the duration of EP.

Connecting the RBP made AV opening interval shorter 
compared to the no RBP condition. While systolic assist 
decreased AV opening interval, diastolic assist made it longer. 
The interval was obviously prolonged in MCF and UCF condi-
tions, while it was not so clear in LCF condition. There was lit-
tle difference in the interval when assist ratio was almost close 
to 100% in each cardiac function.

(5)PI =
max

{

iR(t)
}

−min
{

iR(t)
}

mean
{

iR(t)
} × 10

(6)AR =
mean

{

iR(t)
}

mean
{

iR(t)
}

+mean
{

iA(t)
} × 100
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Fig. 2   Simulated time-series 
waveforms and P–V loops
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(b) Constant assist (N = 1600 rpm).
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(c) Systolic assist (N = 1600 rpm, Nd = 400 rpm).
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Discussion

Evaluation of proposed simulator

Simulated results with no RBP in Fig. 2 could imitate tra-
ditional time-series data and P–V loop [16, 19]. Besides, 
hemodynamics in the circulatory system with the RBP is 
different from the conventional one, which does not include 

the RBP. For example, both isovolumic contraction and 
relaxation phases are not isovolumic anymore, since the 
RBP drains blood from the ventricle. LVV in ICP and IRP 
are not constant but decreases. In addition, reduced AoPpeak , 
increased AoPmean , and suppressed AoF when rotational 
speed is higher are common findings shown in clinical cases, 
animal experiments, and mock studies [1, 20, 21, 22]. In 
spite of that, our simulator could reproduce such behaviors 
of the circulatory system even if the RBP is connected.
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Fig. 3   Total flow, pump flow, aortic flow, and aortic pressure in no RBP/constant assist/systolic assist/diastolic assist per assist ratio (solid line: 
peak to peak, dashed line: average)
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Benefits for pulsatility

RBPs generates only constant flow by itself; however, 
changes in preload or afterload of the RBP caused by con-
traction of the left ventricle results in an output from the 
RBP pulsatile. Amplitude of the pulse is mainly determined 
by the static characteristics of the RBP. Generally, the flatter 
P–Q curve generates more pulsatility [18].

Although the concept is clear, there is an interaction 
between the RBP and the circulatory system, since the RBP 
changes LVP (preload) by reducing LVV , and AoP (after-
load) by outputting flow to aorta, respectively. However, an 
illustrative explanation with LVP , AoP , and P–Q curve is 
informative, but it is not sufficient enough for quantitative 
evaluation of pulsatility. The relationship becomes more 
complex when the rotational speed is dynamically changed 
with CBS control. We employed mathematical simulation to 
evaluate pulsatility quantitatively.

As shown in Figs. 3 and 4, pulse pressure and PI, which 
are indices for pulsatility, were increased by systolic 
assist and decreased by diastolic assist in UCF and NCF 

conditions. In LCF condition, pulsatility in diastolic assist 
was a little larger than the one in constant assist.

RBPs boost pump flow when the pressure difference 
( AoP − LVP ) is decreased as shown in P–Q curves. As 
pressure swings, the peak-to-peak value of the pump flow 
becomes larger. The RBP operating at constant rotational 
speed cannot produce any pulsatility without any change in 
pressure difference. In contrast, changing rotational speed 
within the cardiac cycle can alter peak-to-peak value by 
itself.

In the LCF condition, pulsatility derived from change 
in rotational speed was superior to the one based on static 
characteristics. In UCF and NCF conditions, systolic assist 
emphasized peak values by increasing pressure and flow at 
systolic phase and decreasing them at diastolic phase. As 
discussed above, both mechanisms, which are from P–Q 
curve and rotational speed modulation, should be taken into 
account in practical use.

Animal studies showed that systolic assist enhanced pulse 
pressure [3, 4], pulsatility of carotid artery, and aortic flow 
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[5]. Our results could indicate enhancement of pulsatility 
with systolic assist theoretically.

It is known that RBP with a flat P–Q curve can output 
pulsatile flow even if pulsatility of LV is relatively small. 
EVAHEART blood pump can provide more pulsatility due 
to the flatter P–Q curve compared with other RBPs [23]. 
The CBS system can additionally enhance pulsatility with 
systolic assist.

Imamura [24] reported that pulsatile VADs improve 
reverse remodeling of the left ventricle with a wider pulse 
pressure. He also suggested that preserving pulsatility dur-
ing RBP assist will contribute to a better recovery rate. Sys-
tolic assist will possibly promote reverse remodeling with 
enhanced pulsatility.

Benefits for aortic valve opening

Aortic insufficiency (AI) is sometimes found in the patients 
with RBPs [25, 26]. Figure 5 showed that AV opening 
interval was shortened by connecting the RBP. The interval 
decreases as assist ratio increased by changing the rotational 
speed.

It is inevitable that by connecting RBP, AoP increased, 
since BP = AoP − LVP . Additionally, LVP is decreased 
by RBP with more drainage from LV in systole. Decreased 
Ep(V(t)) due to less volume causes lower dP∕dt (slope of 
LVP on ICP) through Starling’s law. In systolic assist, both 
increased AoP and decreased LVP work together to delay the 
opening point of AV, where AoP < LVP , and to advance the 
closing point of AV, where LVP < AoP . In contrast, dias-
tolic assist enhanced the AV opening interval with opposite 
mechanism.

The main factors for AV opening, such as AoP , LVP , and 
BP , are all interactive with each other. In Fig. 5, only small 
differences were found among constant/systolic/diastolic 
assist when the assist ratio is more than 80%. In the LCF 
condition, the interval was almost equal in constant and sys-
tolic assist mode. In these cases, AoPmean is kept high with 
a higher pump pressure, while the peak of LVP is lower as 
pulsatility is reduced. Then, it becomes harder that peak of 
LVP exceeds AoP in systole. We should note that effect of 
the control strategy is limited in some cases based on cardiac 
function and circulatory condition.

Moazami illustrated that the co-pulse mode decreases 
AV opening interval due to increased arterial pressure dur-
ing systole [27]. Figure 3 showed that AoPpeak increased 
by systolic assist, while the mean value was not largely 
modified; in other words, systolic assist increases the aor-
tic pressure in systole than the one in constant assist. Our 
simulation proved this indication for decreased AV open-
ing theoretically.

Imamura [24] reported that EVAHEART pump can 
reduce AI. There are several factors that leads to AI, but, 

a small opening of the valve causes histological changes 
in AV [28]. Our simulation revealed that diastolic assist 
can additionally enhance AV opening interval, which has 
been already improved in constant assist mode with a flat-
ter P–Q curve. A longer AV opening interval will prevent 
AV from coaptation.

Tolpen [29] assessed AV opening with a mock circula-
tion and a high-speed camera. The results indicated that a 
lower rotational speed increased the interval in each car-
diac function. It is consistent with our results, but they 
did not include changes in the rotational speed within a 
cardiac cycle.

Comparison with simulation studies

Vandenberghe [13] had evaluated their control method for 
a RBP with simulation; however, they applied sinusoidal 
modulation to the rotational speed. The duty cycle of a 
sine wave is 50%, meanwhile, the ratio between systole 
and diastole is not always 50% but varies from approxi-
mately 30 to 60% according to the heart rate [30]. As our 
CBS controller is capable of adjusting systolic and diastole 
intervals independently, we can increase or decrease rota-
tional speed within systole and diastole. It also can alter 
rotational speed not gradually but in a step shape, thus, 
ideal systole and diastole assist is achieved.

Ising [31] considered the ratio by introducing pulse 
width, however, the waveform was modified to make the 
averaged pump flow in each condition become almost 
equal. In contrast, we did not adjust averaged flow but 
compared each condition with assist ratio to compare pul-
satility and AV opening interval among constant, systolic, 
and diastolic assist mode, while the effect from assistance 
of the RBP was almost equal.

Bozkurt reported a simulation study for varying rota-
tional speed within the cardiac cycle [14]. The modulated 
waveform in the study seems a bit complex, since they 
tried to regulate total flow in each condition. They insist 
that the left ventricular volume at end diastole ( LVVED ) 
is reduced with the counter-pulse mode. In our simulation, 
decrease in LVVED was not so obvious in the diastolic 
assist mode. Their model is for whole circulation, thus, 
augmented total flow increases LAP and vice versa.

Comparison with in vitro/vivo studies

Bozkurt also reported a method to obtain more pulsatility by 
keeping pump flow constant [32]. It is remarkable that their 
results showed that rotational speed was a bit higher in sys-
tole, and then, the peak-to-peak values of aortic pressure and 
pump flow were enhanced when the feedback control was 
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applied. Our results also showed pulsatility is augmented 
with systolic assist.

Ising evaluated co-pulse, counter-pulse, and asynchro-
nized modulation of the rotational speed in a mock circula-
tion and bovine model with ischemic heart failure [33]. Their 
results also revealed co-pulsation increased pulse pressure 
and counter-pulsation slightly decreased it. Since their mock 
system and animal model simulated heart failure physiol-
ogy, their results should be compared to our LCF condition, 
where it is the worst case among our 3 levels. In our LCF 
simulation, PI in diastolic assist was almost equal to one in 
constant assist.

Their experiments include some combinations of con-
figurations, such as rotational speed, modulation amplitude, 
and frequencies. Our results also include 3 levels of cardiac 
function and a more detailed resolution of parameters, taking 
advantage of the computer simulation.

Limitations

Our current RBP model is not a dynamic but a static model. 
It is commonly seen that the rotational speed of the RBP is 
passively fluctuated by cardiac contraction [2]. It is possi-
ble to simulate that by swinging rotational speed along the 
cardiac cycle if needed. In this study, we added no modula-
tion to rotational speed in constant assist mode to make the 
difference among each control mode clear.

Conclusion

Our mathematical model for CBS system could clarify the 
contribution of the control strategy to pulsatility and AV 
opening. The simulation demonstrated that systolic assist 
enhances pulsatility in various cardiac conditions. Diastolic 
assist will reduce AI by extending AV opening interval when 
full bypass is avoided.
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Appendix

Parameters of SODEs for circulatory system 
without rotary blood pump

Isovolumic contraction/relaxation phase

Equations are solved with initial conditions.

Ejection phase

Filling phase

Parameters of SODEs for circulatory system 
with rotary blood pump
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