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Abstract: In this paper, we aim to assess the electric current parameters and report the
analysis of the associated degree of ventricular recovery during left ventricular assist
device (LVAD) support. An assumption was made there is a linear relationship between
ventricular recovery degree and the pump electric current pulsatility index (PI). The
experimental study was carried out using the ViVitro Pulse Duplicator System with
Sputnik 1 LVAD connected. Cardiac output (CO) and cardiac power output (CPO) were
used as a measure of ventricular recovery degree. Different heart rates (HR) (59, 73,
86 bpm) and pump speeds (7600–8400 rpm in 200 rpm steps) were investigated.
Ventricular stroke volumes in the range of 30–80 ml for each heart rate at certain pump
speed were used. The obtained relationships of CO and CPO vs. PI was linear as the
coefficients of determination for each regression curve were more than 0.8. CO vs. PI:
R2=0.9218; 0.9271; 0.9172 and CPO vs. PI: R2=0.8517; 0.841; 0.8244 for HR=59 bpm;
73 bpm; 86 bpm, respectively. Study findings suggest that adequate interpretation of
parameters could potentially serve as a valuable clinical tool to assess ventricular recovery
based on LVAD infrastructure without requiring any special hemodynamic assessment.
Key words: heart failure, left ventricular assist device, cardiac recovery, mechanical circulation
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Introduction
Heart transplantation for heart failure patients who are not amenable to medical or surgical therapy
remains the gold standard treatment for end-stage heart failure. However, the lack of organ donors
will always limit the availability of heart transplants for the majority of the end-stage heart failure
population. As an alternative, the use of mechanical circulatory support (MCS) devices has
increased in recent decades and has become a valid clinical option. [1]
Although the overall usage of continuous-flow (CF) left ventricular assist devices (LVADs)
continues to increase, therapy management aspects remain challenging, with no consensus on welldefined assessment criteria, support duration, and particularly, explantation strategies. [2–7] In
past decades it was numerously reported that CF LVAD support can lead to cardiac recovery. [3–
5,8,9] As the technology advances, instrumentation for ventricular recovery evaluation becomes
crucial in improving of patient outcomes. Proper recovery evaluation leads to better overall
assessment and helps to develop treatment and explantation strategies in patients supported with
MCS.
Today’s ventricular assist devices (VADs) mainly use continuous-flow pump technology. [10,11]
The only moving part in such pumps is an impeller driven by a brushless DC motor. The main
parameters that need to be constantly assessed under continuous-flow operating conditions to
implement physiological pump control are the blood flow through the pump, the pressure at the
pump inlet (preload) and the pressure at the pump outlet (afterload). [12,13] Output parameters
like blood flow rate and pressure drop in the pump result from the controlled impeller rotation
speed. Two methods to determine the blood flow rate can be used: 1) a direct measurement, and
2) an estimation through indirect methods using intrinsic LVAD parameters to derive flow rate via
a process model. [7,12,14–20] However, the second approach has limitations in accuracy caused
by the low system efficiency of rotary blood pumps, which makes it difficult to assess the direct
correlation between the electric and hydraulic parameters of the system. [7,19–22] For instance,

3

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 March 2020

doi:10.20944/preprints202003.0229.v1

the maximum efficiency of continuous-flow rotary pump typically does not exceed 30 %. [23–26]
Such a low efficiency can be explained by various energy losses in the whole system, i.e., by
electric, mechanical and hydraulic energy losses.
The relationship between the pump power consumption and blood flow rate has been extensively
studied and reported by our group. [27] This relationship was studied for two generations of
continuous-flow rotary pumps: 1) the first generation of Sputnik LVAD that has been successfully
implemented into clinical practice, [28] and 2) the second generation development, which was
aimed at miniaturization and reducing the risk of blood cell trauma. [21] The nonlinear relation
between blood flow rate and power consumption demonstrates that the minimum power
consumption cannot be obtained at the point of zero flow in the pump. [14] The described
relationship shows that estimation of the blood flow in axial pumps using indirect methods does
not reliably determine the blood flow rate in lower range values.
The recovery evaluation protocol is based primarily on echocardiographic assessment, and
adequate evaluation is often impeded by quality of visualization, user subjectivity, mechanical
ventilation, swelling in the early postoperative period and variability of hemodynamic conditions
in patients during assessment of ventricular function while on LVAD support. [29]
In this paper, we aim to assess the electric current parameters and report the analysis of the
associated degree of left ventricular recovery during LVAD support. An assumption was made
that there is a linear relationship between ventricular recovery degree and the pulsatility index of
the pump electric current.
The interpretation of the LVAD parameters related to electric current could have a valuable clinical
predictive value by allowing ventricular recovery assessment with possibility to avoid additional
hemodynamic measurements. The proposed predictive tool could also be useful for monitoring the
effectiveness of LVAD support and report the analysis of the associated degree of left ventricular
recovery during LVAD support.
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Materials and Methods
Experiment setup and device description. The experimental study was carried out using the
ViVitro Pulse Duplicator System (PDS, SD2001-1; ViVitro Inc., Victoria, BC, Canada) that
allows simulation of various hemodynamic conditions for adult and pediatric patients. (Figure 1,
with a Sputnik 1 LVAD, an axial-flow blood pump with a nonpulsatile flow that achieves a flow
of up to 10 l/min., connected). The PDS consists of a hydraulic circuit based on the ViVitro Heart
Model, the SuperPump pulsatile pump, an ultrasonic flow sensor (ME-11PXL Clamp-on Tubing
Flow sensors; Transonic Systems, Ithaca, NY, USA) and the ViViTest data acquisition system.

Figure 1. Image (A) of ViVitro Pulse Duplicator System SD2001-1 with the
Sputnik 1 LVAD connected (B) and the block diagram

The Sputnik 1 LVAD features technical performance parameters that are on the same level as or
better than a HeartMate II or a HeartAssist 5 VAD Systems. [30] The dimensions of the pump are:
length, 81 mm; maximum diameter, 34 mm; impeller diameter, 15.6 mm; and pump weight, 246
g.
The SuperPump pulsatile pump is a digitally controlled hydraulic piston pump generating
physiological cardiac flows. Digital control allows the operator to set the stroke volume (SV) of
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the ViVitro Model Heart, which generates the physiological cardiac output (CO) in the hydraulic
circuit at a pre-set heart rate. The ViVitro Model Heart is an acrylic chamber divided into two parts
(piston pump and hydraulic circuit) by the silicon membrane and is driven by the pulsatile pump
(SuperPump) in order to reproduce left ventricle (LV) contraction.
The hydraulic circuit of the circulatory mock loop consists of:
•

An aortic unit including an aortic root and an aorta which are adjustable compliance
chambers;

•

A systemic vascular unit reproducing the physiological resistance of the systemic
vasculature, and;

•

An atrium unit, which represents an open chamber, with a fluid level corresponding to
an atrium pressure level.

The ultrasonic flow sensor is connected to a signal converter to validate the flow measurements.
The signal from the system, along with signals from three pressure sensors connected to the
ViVitro Model Heart aortic and atria, are transmitted to the ViViTest data acquisition system. In
combination with the ViViTest software, the system allows the operator to record and analyze the
data of physiological flows and pressures in the hydraulic circuit, and also to adjust the control
signal of the SuperPump pulsatile pump.
A glycerol-water mixture with a dynamic viscosity of 3.5 mPa·s at 22.0 °C was used in the
hydraulic circuit to reproduce the blood viscosity of a patient with an implanted Sputnik 1 LVAD.
In this study, we investigated different heart rates (HR), i.e., 59, 73 and 86 bpm, and pump speeds
ranging from 7600 to 8400 rpm in 200 rpm-increment steps. This particular speed range was
chosen because it allows the operator to maintain the blood flow through the pump in the range of
1 to 7 liters per minute. Ventricular stroke volumes in the range of 30–80 ml for each heart rate
value at a certain pump speed were used. It is consistent to gradually changing cardiac states from
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end-stage heart failure to normal state including recovery. Characteristics of each state were
simulated according to clinical data reported in the recent work of Jakovljevic, et al. [8]
Systolic, diastolic and mean aortic pressures were obtained using the ViViTest software.
Additionally, the mean aortic pressure was calculated using the following equation:
𝑃𝑚𝑒𝑎𝑛 = 𝑃𝑑 + 0,412 × (𝑃𝑠 − 𝑃𝑑 ),

(3)

where 𝑃𝑑 and 𝑃𝑠 are the diastolic aortic pressure and the systolic aortic pressure, respectively.
Cardiac output and cardiac power output (CPO) were used as a measure of ventricular recovery
degree. CPO is the hydraulic energy required by the heart to provide enough blood flow to the
systemic circulation. [9] CO and CPO were calculated as follows [8]:
𝐶𝑂 = 𝐻𝑅 × 𝑆𝑉 ,

(4)

𝐶𝑃𝑂 = 0,00222 × 𝑃𝑚𝑒𝑎𝑛 × 𝐶𝑂.

(5)

During experiments with the Sputnik 1 LVAD, the electric current values were calculated based
on power consumption (W) and supply voltage (U) acquired via the electronic control unit of the
LVAD:
𝑊

𝐼 = 𝑈,

(6)

The pulsatility index (PI) of the Sputnik 1 LVAD electric current was calculated as follows:

𝑃𝐼 =

𝐼𝑚𝑎𝑥 −𝐼𝑚𝑖𝑛
𝐼𝑚𝑒𝑎𝑛

,

(7)

where 𝐼𝑚𝑎𝑥 , 𝐼𝑚𝑖𝑛 and 𝐼𝑚𝑒𝑎𝑛 are maximum, minimum and mean values of the electric current
averaged over all cardiac cycles during one simulated hemodynamic condition.

7

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 March 2020

doi:10.20944/preprints202003.0229.v1

Parameters of the pump. A block diagram of the LVAD biotechnical system is shown in Figure
2. It represents the following parameters:
•

P1 and P2 are pressures in the left ventricle and aorta, respectively.

•

Q1, Q2, and Q3 are the blood flow rates through the aortic valve, continuous-flow rotary
pump, and aorta, respectively.

•

H represents the head pressure across the pump.

•

I is the electric current measured in the motor windings.

•

A is the external work of the left ventricle.

•

ω is the rotation speed of the pump set to continuous flow mode.

Among the described parameters, it is necessary to highlight the following equations:
𝑄3 = 𝑄1 + 𝑄2 ;

(8)

𝐻 = 𝑃2 − 𝑃1 ,

(9)

Control issues of the LVAD presented in Figure 2 include: 1) the discrepancy between the
parameters that need to be controlled ensuring circulatory support (i.e., P1, P2, Q1, Q3); 2) the
parameters that continuous-flow rotary pump generates (H, Q2); and, 3) the parameters that can be
tracked and changed in real time during LVAD support (I, ω). It was previously shown that there
are ways to find correlations between different parameters using: 1) a ratio between maximum
flow acceleration and flow pulsatility at baseline pump speed as an alternative to a regression
coefficient between maximum flow acceleration and flow pulsatility at different pump speeds [29];
2) the external work of the ventricle expressed by the area inside the P-V diagrams correlates with
the area inside dynamic H-Q curves [31]; or 3) energetic characteristics of LV-LVAD interaction.
[32] In our work, it is hypothesized that changes in the work (A) of the left ventricle affect the
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recorded parameter of the electric current (I). In particular, it is assumed that by changing I, it is
possible to evaluate the myocardial function recovery.

Figure 2. Biotechnical block diagram of LVAD. H, head pressure across the pump;
Q1, aortic valve flow rate; Q2, pump flow rate; Q3, aortic flow rate to systemic
circulation; P1, pump inlet pressure; P2, pump outlet pressure; ω, rotation speed
of the pump impeller; I, pump electric current measured in the motor windings; A,
external work of the left ventricle. Red arrows indicate parameters under the study,
black arrows indicate other parameters of circulation supported with LVAD.

In order to investigate the effect of cardiac muscle recovery on the pump electric current pulsatility
index (PI), a comparison of cardiac output and cardiac power output characteristics vs. PI was
performed. The obtained data was processed using a regression analysis.
Results
Figure 3 represents the data of the cardiac output and cardiac power output, depending on the
pulsatility index of the Sputnik 1 LVAD electrical current, for three different heart rate values.
Typical relationships between CO and CPO vs. PI for different heart rate values (59, 73 and 86
bpm) are show in Figure 3A and 3B, respectively. These relationships tend to be linear, especially
in the case of CO values (Figure 3A). Coefficients of determination for each heart rate value are
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given in the plot to highlight the linearity. Even though these coefficients are smaller for CPO
(Figure 3B) in comparison to CO, the linearity is still visible and obvious. This allows us to infer
that an increase in PI indicates a linear increase in cardiac output. Therefore, as the pump
operational mode was not changed, it can be assumed that a cardiac recovery takes place.
Moreover, Figure 3 shows that slope of the regression curve increases with increasing heart rate.

Figure 3. Cardiac output (A) and cardiac power output (B) as a function of Sputnik
1 LVAD electrical current pulsatility index for three heart rate values: 59 (red), 73
(green) and 86 (blue) bpm. Linear regression equations and coefficients of
determination are given by the curves.
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Represented criterion variables are the recovery measure of the left ventricle with LVAD
implanted, which have linear correlation with the Sputnik 1 LVAD electric current pulsatility
index. Thus, recovery degree can be evaluated by this index only with possibility to avoid other
hemodynamic measurement.
Discussion
In this work, we used the Sputnik 1 LVAD as a research object in experiments. Assuming that the
use of LVADs may result in myocardial recovery, it is imperative to be able to accurately evaluate
parameters of the LV chamber during hemodynamic measurements. Moreover, finding reliable
correlations between different devices and hemodynamic parameters will be necessary, despite
potential complications attributable to various inconsistencies that may vary from mechanical
aspect to electrical (windings losses, rotor losses, friction loss, etc.). However, precise estimation
may be a limiting factor in this case. Nevertheless, provided that these estimations were performed
in a correct and meticulous manner, it is possible to evaluate the correlation between the pulsatility
index of electric current and cardiac muscle recovery.
According to numerous reports, patients in end-stage heart failure are able to recover cardiac
function with a combination of LVAD and medical therapies. [3–6,8,9,29] It was noted that the
cardiac function of patients with an explanted LVAD can reach levels equivalent to those of
healthy controls. The recovery degree was evaluated during hemodynamic measurements at rest
and in response to physical exercise testing in LVAD-implanted patients. [8] A sufficient degree
of recovery may serve as an indication of effectiveness of LVAD therapy, or as an indicator to
start explantation procedures.
The main parameters that need to be controlled while providing circulatory support are the pressure
drop in the pump and blood flow rate. In order to control the blood flow rate and the pressure drop
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in modern LVADs, indirect estimation methods are used, based on the analysis of such parameters
as the electric current, power consumption, [15] blood viscosity, [16] rotation speed of LVAD
impeller, torque, hematocrit level and Reynolds number. [17,18]
It is possible to reliably and precisely estimate the blood flow in centrifugal-type LVADs, since
the power consumption depends linearly on the blood flow rate and the pressure drop. In axialtype LVADs, this relationship is characterized by a non-linear, non-monotonic function, which
allows reliable estimation of the blood flow rate only over 2 liters per minute. [14,18]
In this study, the major goal was to determine the possibility of assessing the energy parameters
of the heart depending on the recorded pump electric parameters. It should be noted that the
purpose of the study was not to obtain an accurate regression model. The assumption was made
that investigated relationships between CO or CPO and PI can be linear, and the results indicate
the validity of the assumption. However, from the graphs presented, it can be seen that the slope
of the relationship changes with increasing value of the pulsatility index of the pump electric
current, which indicates the non-linear nature of the relationship. This concern will be taken into
account in the further work.
Limitations
This study has a number of limitations which should be noted. The possibility of mitral
regurgitation (MR) was not considered, despite the clinically observed MR improvement
following LVAD implantation in end-stage heart failure patients. [7] Also the study lacks of
specificity/sensitivity analysis and evaluation of possible sources of error. A linear relationship
between heart recovery and pump current is due to the other factors that can alternate pump current.
Only the mechanical activity of the left ventricle specific for sinus rhythm was studied. The
electrophysiological measurements were not collected. Validation of the results in a broad range
of hemodynamic conditions will be addressed once we move closer towards in vivo studies.
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Since the presented evaluation method requires a sufficient increase in accuracy and the study
lacks of clinical data, its relevance for the predictability of clinical performance is still to be
proven.
Conclusion
Investigation of electric current parameters and report on the associated degree analysis of left
ventricular recovery during LVAD support were performed in this study. The linear relationship
between cardiac output or cardiac power output and the pulsatility index of electric current was
also explored. Study findings suggest that adequate interpretation of parameters could potentially
serve as a valuable clinical tool to assess ventricular recovery and assist with strategies of device
explantation possibly without requiring any special hemodynamic assessment. The unique feature
of the proposed methodology is that the system feedback should enable continuous monitoring of
ventricular function, based on LVAD infrastructure.
The general methodology presented in this paper may be applied to any continuous flow LVAD,
provided the specific characteristics to compute the used indices are known. Further work needs
to address this generalization claim and test the method for different designs.
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