
Introduction

Ventricular assist devices (VADs) proved to be effec�

tive for therapy of acute cardiac insufficiency as an alter�

native to heart transplantation [1�4]. Different patho�

physiological disorders of the cardiovascular system

require different therapeutic strategies to be applied for

their treatment using various types of available VADs [5�

7]. Implementation of the strategies, automated control

of VAD within the framework of the selected strategy,

improvement of patient’s quality of life, and prevention of

specific problems accompanying application of an

implanted rotary blood pump (RBP) require various algo�

rithms, methods, and systems of control to be developed. 

The goal of this work was to review the systems, methods,

and algorithms for assisted circulation control published

in the literature within the last five years. Similar reviews

were published previously [8�10]. In particular, several

classifications of control systems for ventricular assist

devices were suggested in these reviews. In contrast to the

previous works, the main goal of the present study was to

discuss the capacity and advantages of VAD control sys�

tems. Control systems used in current clinical practice are

also described.

VAD Control Systems in Clinical Practice 

The blood circulation rate through the HeartWare

HVAD and HeartWare MVAD pumps is assessed by indi�

rect methods from the rotor rotation rate, motor current,

and hematocrit [11�15]. 

The Jarvik 2000 axial pump allows the patient to

adjust the pump speed [16, 17].

In the HeartMate II pump [18] the pump capacity is

assessed from the pump power and speed. 

In the HeartAssist 5 axial pump an ultrasonic flow

sensor attached to the output cannula is used to measure

the circulation rate [19].

Systems for Estimation and Control of the RBP Capacity 

The sensorless method for estimation of the centrifu�

gal blood pump capacity suggested in [20] was based on

measurement of the twisting moment and the rotor rota�

tion rate. The absolute error of estimation of the flow rate

within the range of 0�10 L/min in water and viscous liq�

uid did not exceed 0.51 and 0.77 L/min, respectively. 

Another method for estimation of the centrifugal

blood pump capacity was suggested in [21]. This method

is able to estimate the dynamics of the ventricular restora�

tion. The method is based on a hydrodynamically tested

dynamic pump model described by the following equa�

tion:  
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where Q is the pump capacity; I is the electric current

intensity; ω is the pump speed; a�m are coefficients. The

mean difference between the estimated and measured val�

ues of the mean pump capacity under dynamic conditions

was (0.06 ± 0.31) L/min. The flow characteristic of a

pump under dynamic conditions contains information on

the interaction between the heart and the pump. This

allows the diagnostic indices of contractility of the heart

ventricles to be derived from the flow characteristic.

An algorithm for increasing the pulsation by the car�

diac cycle modulation of the RBP speed was suggested in

[22]. The algorithm was hydrodynamically tested at a

contraction rate of 140 bpm using a Micromed DeBakey

pump. The pump speed was modulated to provide a pump

capacity equal to the capacity at invariable speed. The

suggested algorithm allows the pulsation index to be dou�

bled without changing the mean aortic pressure and the

pump capacity.   

A controller of the implanted RBP capacity was sug�

gested in [23]. A dynamic model was used to estimate the

pump capacity from the pump speed and the motor cur�

rent. The main goal of the controller was to adjust the

pump capacity to the required level. The suggested con�

troller was successfully tested using a mathematical model

of the cardiovascular system. 

Systems for Controlling the RBP Operation Mode 

The control systems are used to monitor and control

the RBP operation modes, such as the back flow or the

ventricular collapse during the cardiac cycle [24]. 

For example, several algorithms for detecting the

ventricular collapse onset using a hydrodynamic system

have been tested in [25]. These algorithms can be imple�

mented in the RBP control system.

A system for detecting the ventricular collapse onset

was described in [26]. This system distinguishes between

three pumping states: normal pump operation, approach

of ventricular collapse, operation in the ventricular col�

lapse mode. It uses the Lagrangian support vector tech�

nique, which combines six indices based on the time dia�

gram of flow through the pump. The system was tested

using the results of in vivo tests of two rotary blood pumps. 

Indices for detecting the ventricular collapse from the

pump speed diagram were suggested in [24]. The sensitiv�

ity of the indices was 98.9%; the specificity, 99.7%. 

The system for detecting the aortic valve (AV) clo�

sure suggested in [27] is based on the integral dependence

of the pump input pressure on the pump power per single

cardiac cycle. The dependence was obtained using animal

testing data. It was demonstrated that the estimated

dependence of the input pressure on the pump power

reached its maximum when the pump speed variation led

to complete closure of the aortic valve. The authors

believe that the obtained data can be used as an experi�

mental basis for the development of an automatic con�

troller.  

A similar goal – estimation of the AV state during

RBP operation – was pursued in [28�34]. Thus, clinical

implementation of this function can be considered as an

important task. In particular, it can be used to implement

control strategies for restoration of the myocardium.  

A new method for determination of physiologically

significant modes of RBP operation was suggested in [3].

The method was based on a dynamic RBP model. Later

this method was modified and tested using a mathemati�

cal model of the cardiovascular system. The goal of the

test was to check the ability of the RBP to provide the

required capacity level [36]. It was shown that the method

allowed the required capacity level to be attained. It also

allowed prevention of undesirable states of the cardiovas�

cular system caused by various physiological changes.  

Physiological Control Systems

The main goal of physiological control systems is to

provide the physiological mode of blood circulation, i.e.,

the optimal RBP capacity. An example of such system was

described in [37], where a universal technique for the

centrifugal or axial RBP control was suggested. This tech�

nique was intended to provide the physiological mode of

the RBP operation by maintaining a fixed pressure differ�

ence between the left ventricle and the aorta. An algo�

rithm for the prevention of ventricular collapse by main�

taining the differential speed of the pump above a given

threshold level was also suggested in [37]. The control

system was tested using a model of the cardiovascular sys�

tem at rest and during physical exercise. We suggest

measuring the pressure difference using pressure sensors.  

A similar algorithm for physiological circulation support

was reported in [38]. The main idea of the algorithm was

to support the mean aortic pressure at the level 100 mm

Hg and to increase the pulsation pressure to 20 mm Hg.

For this purpose, the pump speed was modulated using

the indices derived from the aortic pressure diagram.

These indices were used to determine the amplitude and

to synchronize the speed modulation with the cardiac

cycle. The algorithm suggested in this work was tested in

vitro and in a model of the cardiovascular system. 
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A method for determination of the pump speed pro�

files was suggested in [39]. This method optimized the

VAD interaction with the cardiovascular system and

made it possible to develop a personal strategy of VAD

control. It was based on a mathematical model of the car�

diovascular system and the RBP. The speed profiles syn�

chronized with the cardiac cycle obtained by this method

were found to be optimal for maximizing the blood flow

through the aortic valve and minimizing the impact work. 

A method of physiological control similar to the Starling

mechanism was reported in [40�42]. The required value

of the flow through the pump was estimated using the lin�

ear ratio between the mean flow QVAD and the flow pulsa�

tion QVAD, PULS. This ratio was derived from the depend�

ence of the pump flow on the end�diastolic pressure in the

left ventricle with substitution of QVAD, PULS instead of

PLVED. The obtained dependence was found to be similar

to the Starling curve. 

At the end of each time step t, after measuring or

estimating QVAD, t and QVAD, PULS, t, a new position of the

point OPt relative to the control line CLn is determined

(Fig. 1). If the state of the cardiovascular system changes,

the working point deviates from the control line. A new

value of the mean flow through the pump is estimated at

the next moment QVAD, t+1 to bring the QVAD, PULS, t to a new

working point OPt+1 in the control line CLn. This proce�

dure is described by the following equation: 

where QVAD, t+1 is the required flow through the pump;

QVAD, t is the mean pump capacity; QVAD, PULS, t is the pump

flow pulsation; θn is the slope angle of the control line

CLn.

The method based on selection of the flow pulsation

through the pump is considered to be optimal for stable

control of blood circulation using the controller described

in [43]. This method was tested using a model simulating

the state of the cardiovascular system under conditions of

physical exercise and sudden blood loss. The similarity

with the Starling mechanism, which describes the biolog�

ical heart reaction to changes in preload, makes it possi�

ble to prevent the scenarios of excessive or insufficient

evacuation of blood from the ventricle.

Several controller models for physiological control

of VAD based on similar principles are described in [44,

45]. For example, in [45] it was suggested to regulate the

pump speed and, as a sequence, the pump capacity

according to the end�diastolic volume of the left ventri�

cle. This controller was tested using a hydrodynamic sys�

tem with given left ventricular volume; thus, the problem

of the volume measurement was not discussed in this

work. The results of the study showed the controller to be

highly sensitive to the preload. It allowed fast regulation

of the pump speed and made it possible to prevent the

scenarios of excessive or insufficient evacuation of blood

from the ventricle. Later, a method of calibration of sim�

ilar controllers sensitive to the preload was developed

[46]. This method was tested using a numerical model of

blood circulation.

It was demonstrated in hydrodynamic tests [47] that

physiological control systems using the end�diastolic

pressure of the left ventricle as preload were especially

effective for the prevention of ventricular collapse.  

Conclusion

A review of control algorithms, methods, and sys�

tems for ventricular assist devices is presented. Special

attention is paid to their capacity and advantages for

treatment of cardiac insufficiency. VAD control systems

used in current clinical practice are described.  

It can be noted that evaluation of the aortic valve

state during the RBP operation is the most�in�demand

function of the control systems. This function is impor�

tant for conservation of the functional activity of the aor�

tic valve, restoration of the activity of the myocardium,

and development of new strategies of therapy of patients

with moderate cardiac insufficiency.

Control systems for biventricular assist devices were

not considered in this work. The disadvantages of the

control systems requiring pressure measurement in the

left ventricle or the aorta can be overcome using nonin�

vasive estimation techniques similar to that reported in

[48]. 
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Fig. 1. Selection of a new working point on the control line CLn in

the case of changes in the state of the cardiovascular system [43].



160 Petukhov and Telyshev

This work was supported by the Russian Ministry of

Education and Science (Federal Targeted Program for

Research and Development in Priority Areas of Develop�

ment of the Russian Scientific�and�Technological

Complex for 2014�2020); Project No. 14.579.21.0102,

September 22, 2015; unique identifier of the project

RFMEFI57915X0102.

REFERENCES

1. Lima B., Mack M., Gonzalez�Stawinski G.V., Tr. Cardiovasc.

Med., 25, No. 4, 360�369 (2015).

2. Patel C.B., Cowger J.A., Zuckermann A., J. Heart Lung Transpl.,

33, No. 7, 667�674 (2014).

3. Garbade J., Barten M.J., Bittner H.B., Mohr F.�W., Clin. Cardiol.,

36, No. 7, 378�382 (2013).

4. Schumer E.M., Black M.C., Monreal G., Slaughter M.S., Eur.

Heart J., 1�8 (2015).

5. Holley C.T., Harvey L., John R., J. Thor. Dis., 6, No. 8, 1110�1119

(2014).

6. Kyo S., Minami T., Nishimura T. et al., J. Cardiol., 59, No. 2, 101�

109 (2012).

7. Lenneman A.J., Birks E.J., Curr. Treat. Opt. Cardiovasc. Med., 16,

No. 3, 1�9 (2014). 

8. AlOmari A.�H.H., Savkin A.V., Stevens M. et al., Physiol. Meas.,

34, No. 1, 1�27 (2013).

9. Bozkurt S., Australas. Phys. Eng. Sci. Med., 1�16 (2015).

10. Walter M., Heinke S., Schwandtner S., Leonhardt S., 2012 IEEE

Int. Conf. Control Applications (CCA) (2012), pp. 57�62.

11. Reyes C., Voskoboynikov N., Chorpenning K. et al., ASAIO J., 62,

No. 1, 15�19 (2016).

12. Chorpenning K., Brown M.C., Voskoboynikov N. et al., ASAIO J.,

60, No. 1, 115�118 (2014).

13. Cheung A., Chorpenning K., Tamez D. et al., Innovations, 10, No.

3, 150�155 (2015).

14. Kapur N., Paruchuri V., Esposito M. et al., J. Heart Lung Transpl.,

32, No. 4, Suppl., 53�54 (2013).

15. Kishimoto Y., Takewa Y., Arakawa M. et al., J. Artif. Org., 16, No.

2, 129�137 (2013).

16. Healy A.H., Koliopoulou A., Drakos S.G. et al., Ann. Thor. Surg.,

99, No. 5, 1794�1796 (2015).

17. Stanfield J.R., Selzman C.H., Artif. Org., 37, No. 9, 825�833

(2013).

18. Slaughter M.S., Pagani F.D., Rogers J.G. et al., J. Heart Lung

Transpl., 29, No. 4, 1�39 (2010).

19. Pektok E., Demirozu Z.T., Arat N. et al., Artif. Org., 37, No. 9,

820�825 (2013).

20. Hijikata W., Rao J., Abe S. et al., Sens. Mat., 27, No. 4, 297�308

(2015).

21. Granegger M., Moscato F., Casas F. et al., Artif. Org., 36, No. 8,

691�699 (2012).

22. Bozkurt S., van Tuijl S., Schampaert S. et al., Med. Eng. Phys., 36,

No. 10, 1288�1295 (2014).

23. Lim E., Alomari A.�H.H., Savkin A.V. et al., Artif. Org., 35, No. 8,

174�180 (2011).

24. Ng S.�C., Lim E., Mason D.G. et al., Artif. Org., 37, No. 8, 145�

154 (2013).

25. Ochsner G., Amacher R., Daners M., 2013 Eur. Control Conf.

(ECC) (2013), pp. 3108�3112.

26. Wang Y., Simaan M., IEEE J. Biomed. Health Inf., 17, No. 3, 654�

663 (2013).

27. Jansen�Park S.�H., Spiliopoulos S., Deng H. et al., Eur. J. Card.�

Thor. Surg., 46, No. 3, 356�360 (2014).

28. Granegger M., Schima H., Zimpfer D., Moscato F., Artif. Org.,

38, No. 4, 290�297 (2014).

29. Ooi H.�L., Ng S.�C., Lim E. et al., Artif. Org., 38, No. 3, 57�67 (2014).

30. Alonazi K., Lovell N., Dokos S., 36th Ann. Int. Conf. IEEE Eng.

Med. Biol. Soc. (EMBC) (2014), pp. 3013�3016.

31. Hayward C., Lim C. P., Schima H. et al., Artif. Org., 39, No. 8,

704�709 (2015).

32. Granegger M., Masetti M., Laohasurayodhin R. et al., IEEE

Trans. Biomed. Eng., No. 99, 1�7 (2015).

33. Ooi H.�L., Seera M., Ng S.�C. et al., IEEE J. Biomed. Health Inf.,

No. 99, 1�9 (2015).

34. Wang Y., Faragallah G., Simaan M., Eur. Control Conf. (ECC)

(2014), 140�145.

35. Petukhov D.S., Telyshev D.V., Med. Tekh., No. 6, 44�47 (2014).

36. Petukhov D.S., Telyshev D.V., Selishchev S.V., Sovr. Tekhnol.

Med., No. 2, 28�33 (2016).

37. Wang Y., Koenig S.C., Slaughter M.S., Giridharan G.A., ASAIO

J., 61, No. 1, 21�30 (2015).

38. Huang F., Ruan X., Fu X., ASAIO J., 60, No. 3, 269�279 (2014).

39. Amacher R., Asprion J., Ochsner G. et al., Bioeng., 1, No. 1, 22�

46 (2013).

40. Bakouri M., Salamonsen R., Savkin A. et al., 9th Asian Control

Conf. (ASCC) (2013), pp. 1�6.

41. Bakouri M., Salamonsen R., Savkin A. et al., 35th Ann. Int. Conf.

IEEE Eng. Med. Biol. Soc. (EMBC) (2013), pp. 675�678.

42. Bakouri M.A., Salamonsen R.F., Savkin A.V. et al., Artif. Org., 38,

No. 7, 587�593 (2014).

43. Salamonsen R.F., Lim E., Gaddum N. et al., Artif. Org., 36, No.

9, 787�796 (2012).

44. Mansouri M., Salamonsen R.F., Lim E. et al., PLoS ONE, 10, No.

4, 1�16 (2015).

45. Ochsner G., Amacher R., Wilhelm M.J. et al., Artif. Org., 38, No.

7, 527�538 (2014).

46. Dual S.A., Ochsner G., Meboldt M., Schmid D.M., Abs. XLII

Congr. Eur. Soc. Artif. Org. (ESAO) (2015), pp. 404.

47. Pauls J.P., Stevens M.C., Bartnikowski N. et al., Ann. Biomed.

Eng., 1�11 (2016).

48. Pennings K., van Tuijl S., van de Vosse F. N. et al., Int. J. Artif.

Org., 38, No. 8, 433�443 (2015).


	Abstract
	Introduction
	VAD Control Systems in Clinical Practice
	Systems for Estimation and Control of the RBP Capacity
	Systems for Controlling the RBP Operation Mode
	Physiological Control Systems
	Conclusion
	REFERENCES

