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Abstract


This study assesses the electric current parameters and reports on the analysis of the associated degree of myocardial function during left ventricular assist device (LVAD) support. An assumption is made that there is a correlation between cardiac output and the pulsatility index of the pump electric current. The experimental study is carried out using the ViVitro Pulse Duplicator System with Sputnik LVAD connected. Cardiac output and cardiac power output are used as a measure of myocardial function. Different heart rates (59, 73, 86 bpm) and pump speeds (7600–8400 rpm in 200 rpm steps) are investigated. In our methodology, ventricular stroke volumes in the range of 30–80 mL for each heart rate at a certain pump speed were used to simulate different levels of contractility. The correlation of the two measures of myocardial function and proposed pulsatility index was confirmed using different correlation coefficients (values ≥ 0.91). Linear and quadratic models for cardiac output and cardiac power output versus pulsatility index were obtained using regression analysis of measured data. Coefficients of determination for CO and CPO models were in the ranges of 0.914–0.982 and 0.817–0.993, respectively. Study findings suggest that appropriate interpretation of parameters could potentially serve as a valuable clinical tool to assess myocardial therapy using LVAD infrastructure.
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1. Introduction


Heart transplantation for end-stage heart failure patients who are not amenable to medical or surgical therapy remains the gold standard treatment. However, the lack of organ donors will always limit the availability of heart transplants for the majority of end-stage heart failure population. As an alternative, the use of mechanical circulatory support (MCS) devices increased in recent decades and became a valid treatment 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 well-defined assessment criteria, support duration, and particularly, explantation strategies [2,3,4,5,6,7]. In past decades, it was numerously reported that CF LVAD support can lead to cardiac recovery [3,4,5,8,9]. At the same time, the number of people under LVAD support increased dramatically during the last decade, and according to recent data, more than 70% of outcomes are the destination therapy patients [10]. As the technology advances, instrumentation for proper evaluation of ventricular function becomes crucial in developing LVAD treatment and explantation strategies for improving patients’ outcome.



In past decades, the development of automatic or physiological LVAD control methods was intensively carried out by many research groups. These methods are aimed to automatically regulate pump speed in response to changes occurring in the cardiovascular system (CVS) during support, and to changes in ventricular function in particular. Multiple reports on pulsatility measures of different pump characteristics (flow rate, pressure head, electric current, power consumption) proposed to implement automatic pump control strategies were provided [11,12,13,14,15,16]. Mainly, different indices of pump flow rate are used as a pulsatility measure [11,12,14,15,16]. Besides, the pulsatility index of pump motor current was used to determine the safety range of LVAD speed to avoid valve regurgitation and suction state of the ventricle during support [13]. Relations of pulsatility measures to residual ventricular contractility and preload were also shown in the listed reports.



Unfortunately, proposed methods of physiological control have a number of shortcomings impeding their actual use in clinical practice. Although the clinical implementation of physiological pump control remains an unsolved and complex task, there is still an opportunity to introduce a simpler additional noninvasive tool for clinical hemodynamic assessment in heart failure patients with LVADs implanted. Such tools are can be included in the LVAD controllers and providing medically clear parameters that evaluate myocardial function, which may be used along with other tools applied in clinics like echocardiography. It may also be utilized for outpatient monitoring of myocardial function, in particular for the detection of possible cardiac recovery. The development process of such tools can be started at the determination of the relationship between myocardial mechanical function and readily available LVAD intrinsic parameters, such as the pulsatility index of the pump electric current, since it was shown to have a relationship with left ventricular contractility [13,17].



In this study, we aim to assess the pulsatility of the pump electric current and report on the analysis of the associated degree of myocardial function during LVAD support. The main assumption is a correlation between the degree of myocardial function and the electric current pulsatility index. We represent an in-vitro study where the degree of myocardial function is determined by cardiac output (CO) and cardiac power output (CPO). CPO parameter was chosen as the most powerful noninvasively measured predictor of prognosis and mortality in patients with chronic and acute heart failure. CO parameter is a further simplification of CPO, due to their linear relationship [8,18,19,20].



The interpretation of the LVAD parameters related to the electric current may have a significant clinical predictive value for the assessment of myocardial function and potentially can be used as an extra 24/7 outpatient source of hemodynamic information. The proposed predictive tool may also be useful for monitoring the effectiveness of LVAD support and report the analysis of the associated degree of myocardial function during support, including possible recovery detection.




2. Materials and Methods


2.1. Experimental Setup and Device Description


The experimental study was carried out using the ViVitro Pulse Duplicator System (PDS, SD2001-1; ViVitro Inc., Victoria, BC, Canada) to stimulate various hemodynamic conditions for adults and pediatric patients. (Figure 1, with the Sputnik LVAD, an axial-flow blood pump with a nonpulsatile 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.



The Sputnik LVAD features technical performance parameters which are comparable to the HeartMate II (Abbott Laboratories, Abbott Park, IL, USA) and the HeartAssist5 (Reliant Heart, Houston, TX, USA) VADs [21].



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 the ViVitro Model Heart, which generates the physiological cardiac output 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 piston pump (SuperPump) to reproduce left ventricular contraction.



The hydraulic circuit of the circulatory mock loop consists of an aortic unit, including the aorta and aortic root, which are adjustable compliance chambers; a systemic vascular unit reproducing the physiological resistance of the peripheral circulation; and an atrial unit, which represents an open chamber with a fluid level corresponding to the atrial pressure. Aortic and mitral valves are represented by mechanical disk valves supplied by ViVitro in a standard package.



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 atrial units, are all 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. The waveform of the control signal can be chosen from the list of typical waveforms: FDA (Food and Drug Administration) waveform, triangle waveform, sine waveforms of different systole duration. Furthermore, there is an option to customize waveform according to certain applications. In the presented research, the FDA waveform for the SuperPump control signal was used.



There are several operation processes in the ViViTest software that acquire signals from sensors for 10 consecutive cardiac cycles, review and analyze acquired data, compare data of a series of trials, and calibrate the sensors. Data analysis proceeds sequentially from cycle 1 to 10. Pressure and flow waveforms are displayed along with crossover markers defining critical intervals during the cycle. Automatic algorithms calculate the start and end of the aortic and mitral valve pressure and flow cycles. Data dashboard includes maximum, minimum, mean, and back valve pressures; closing, leakage, and total regurgitation volumes for each valve and relative regurgitation in the percentage of total valve volume.



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 Sputnik LVAD implanted. 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 with 200 rpm-increment steps. This particular speed range was considered because it allows the pump blood flow rate to be maintained in the 1–7 L/min range. HR values were chosen based on the clinical data of patients with implanted LVADs [8]. 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 with gradually changing cardiac states from end-stage heart failure to a normal state, including recovery. Characteristics of each state were simulated according to clinical data reported in the recent work of Jakovljevic et al.




2.2. Investigated Parameters


Systolic, diastolic, and mean aortic pressures were obtained using the ViViTest software. Additionally, the mean aortic pressure was calculated using the following equation represented by Meaney et al. [22].


   P  m e a n   =  P d  + 0.412 ×    P s  −  P d    ,  



(1)




where    P d    and    P s    are the diastolic aortic pressure and the systolic aortic pressure, respectively.



Cardiac output and cardiac power output (CPO) were used as a measure of the degree of myocardial recovery. 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]:


  C O = H R × S V ,  



(2)






  C P O = 0.00222 ×  P  m e a n   × C O .  



(3)







During experiments with the Sputnik LVAD, the electric current was acquired via the electronic control unit of the LVAD.



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


  P I =    I  m a x   −  I  m i n      I  m e a n     ,  



(4)




where    I  m a x    ,    I  m i n     and    I  m e a n     are maximum, minimum, and mean values of the electric current averaged over all cardiac cycles during one simulated hemodynamic condition. The represented PI is calculated in the same way as similar to the PI of HeartMate II, which is automatically calculated by the device as the difference between the maximum and minimum pump power consumption divided by average pump power consumption averaged over 15 s [17,23,24]. Since electric current and power consumption are linearly related through stabilized supply voltage and averaging period of 15 s can correspond to a stable state of CVS, the analogy is evident.




2.3. Correlation between CVS and Pump Parameters


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, pump, and aorta, respectively; H represents the pressure head across the pump; I is the electric current measured in the motor windings; A is the external work of the left ventricle; and 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:


   Q 3  =  Q 1    +    Q 2  ;  



(5)






  H =  P 2  −  P 1  .  



(6)







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 generated by the continuous-flow rotary pump (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 the maximum flow acceleration and flow pulsatility at baseline pump speed as an alternative to a regression coefficient between the maximum flow acceleration and flow pulsatility at different pump speeds [25]; (2) the external work of the ventricle expressed by the area inside the P-V diagrams which correlates with the area inside dynamic H-Q curves [26]; or (3) energetic characteristics of LV-LVAD interaction [27]. Our hypothesis is that changes in the work (A) of the left ventricle affect the recorded parameter of the electric current (I). In particular, we assume that myocardial function may be evaluated by changing I.



In order to investigate the correlation between cardiac function and pulsatility index of the pump electric current, a comparison of cardiac output and cardiac power output characteristics vs. PI was performed. The obtained data was processed using univariate linear and nonlinear regression analysis.





3. Results


Figure 3 demonstrates the time chart of the Sputnik LVAD electric current measured at different CO levels with similar heart rates and LVAD speed levels. Different HRs and LVAD speed levels are given to highlight the change in pulsatility of electric current. LVAD speed levels correspond to the minimum, mean, and maximum values of the investigated speed range. Represented CO levels correspond to simulated states of initial LVAD support and significant myocardial recovery. A significant increase of the peak-to-peak amplitude of electric current with increasing CO can clearly be observed. At the same time, the mean electric current changes less significantly. This can be expressed as an overall rise in the electric current pulsatility. Therefore, possible prediction of recovery using the proposed PI of the electric current of the Sputnik LVAD can be supported by a visible correlation of CO to pulsatility.



Statistical analysis of the measured data was performed to comprehensively evaluate this correlation. Table 1 and Table 2 represent the statistical data of correlation and regression analyses for different regression models of CO and CPO, respectively, versus pulsatility index of the Sputnik LVAD electric current, for three different heart rates.



As one can see from the statistical data, regression analysis was performed for simple linear regression models and two types of quadratic models, which include and exclude the linear term. Statistical significance of the models was tested using F-test versus constant models for measured data sets. Moreover, Pearson’s correlation coefficient and Spearman’s rank correlation coefficient were calculated for each data set. Statistically significant and similar values of these coefficients suggest that investigated parameters are strongly correlated and can be either linear or nonlinear monotonic relationships.



Analysis of regression residuals was performed for all proposed regression models. Statistical hypotheses of normality, zero autocorrelation, and homoscedasticity for regression residuals were tested to approve or disapprove adequacy of the models. In fact, residuals were normally distributed and homoscedastic, but autocorrelated for all tested models. Therefore, the only concern was to obtain models with nonautocorrelated residuals implementing correction of data sets given that normality and homoscedasticity of residuals persists. Unfortunately, this concern was not satisfiable for any linear model with reasonable correction of a data set, implying that these models are inadequate for given data sets. Thus, all linear models represented were obtained for initial data sets, which are shown in Figure 4. On the contrary, all quadratic models represented were obtained for corrected data sets with evident outliers excluded from the fit. It should be noted that corrected data sets for quadratic models of CPO were reduced more significantly (3–8 outliers excluding) than for CO models (1–3 outliers excluding). However, residuals of all shown quadratic models were found to be normally distributed, nonautocorrelated and homoscedastic implying that these models are adequate for corrected data sets at least.



Statistical significance of regression coefficients can be explained in terms of p-values included in the presented statistical data. Thus, at the most common 5% significance level, all the coefficients are significant, except for constant terms in linear regression models for both CO and CPO at 59 bpm. Those terms can be called statistically less significant for the measured data sets, although the general significance of all obtained regression coefficients has to be discussed.



Initially measured data sets and finally obtained regression models of CO and CPO vs. PI for three different heart rate values (59, 73, and 86 bpm) are shown in Figure 4A,C,E and Figure 4B,D,F, respectively. Actual regression equations and coefficients of determination adjusted for the number of regression coefficients are given near the curves. Represented relationships tend to be strictly monotonic in the given range of PI, except for quadratic models of CPO with the linear term. Those relationships have an obvious local minimum at a certain value of PI closer to the left end of the range.



However, an increase in PI suggests an increase in cardiac output and CPO for any represented model at least over most of the PI range. Since the pump operating mode is not changed, it can be assumed that a change in myocardial function takes place. Moreover, Figure 4 shows that the slope of the linear regression curves and the tangent slope to quadratic curves increase with increasing heart rate. This may indicate a more explicit improvement in myocardial function for higher heart rates.




4. Discussion


Since it was shown that patients with end-stage heart failure can recover cardiac function with a combination of LVAD and medical therapies [4,6,8,9,20,25,28,29], an additional noninvasive tool for outpatient hemodynamic monitoring appears to be necessary. If a certain degree of myocardial function following LVAD implantation is assessed in clinics during the post-operative period, the ability to evaluate myocardial function noninvasively during the outpatient period is essential and should be addressed. Despite potential complications attributable to various discrepancies that may vary from mechanical aspects to electric (windings losses, rotor losses, friction loss, etc.), finding reliable correlations between parameters of different devices and hemodynamic parameters will be necessary. However, the 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 pump electric current and myocardial function.



The use of the Sputnik LVAD was in the focus of represented experiments. The major goal was to determine the possibility of assessing the energetic parameters of the heart using the recorded pump electric parameters [20]. The assumption about the correlation between investigated parameters (CO vs. PI and CPO vs. PI) was confirmed by means of represented correlation and regression analyses. According to presented statistical data, quadratic models of both types are better fits for CO estimation using the proposed PI than linear ones. In terms of statistical significance, the best fits for CO in the given ranges of PI can be determined as quadratic models with the included linear term. Regression analysis of CPO models revealed almost the same trends in statistical significance.



However, concern on the physical nature of the investigated the relationships should be addressed to assume their expected form and compare it to the obtained models. At first, a monotonically increasing function for these relationships can be assumed as an expected form in the physiological range. It can be discussed separately whether this function should be strictly increasing or just nondecreasing. Since the coverage of the physiological range of contractility measures is out of doubt in this study, a further assumption is to suppose this function in a simple form. For this, presented forms of regression models were chosen. Secondly, if zero pulsatility of the pump electric current corresponds to zero pump support, it must be obvious that a certain positive level of contractility should be observed at this point. This positive contractility level can be determined as an actual contractility level of the unsupported left ventricle. For linear models, there is only one (linear CO model at 59 bpm) that estimates contractility level at zero pulsatility of the pump current with a positive value. Other linear models for both CO and CPO estimate this level with a negative value. Furthermore, with HR increasing, this negative estimate level significantly decreases. On the contrary, quadratic models with linear term significantly overestimate this contractility level, making it grow with increasing HR. As a mean, quadratic models with excluded linear term address this concern in a more or less appropriate manner for both CO and CPO responses, except for the only model of CPO at 86 bpm where this level is estimated as negative. Thus, quadratic models with the excluded linear terms can be suggested as the most appropriate for CO estimation using PI given their overall statistical significance and adequacy for measured data sets along with better conformity to the physical nature of the relationship.



Although the same considerations may be attributed to CPO estimation using PI, it should be noted that measured data sets were significantly corrected to eliminate autocorrelation of regression residuals. In fact, residual autocorrelation can be related to inappropriate choice of regression form, neglect of other possible significant factors, and cyclic recurrence of the measured data. Since the regression form can be approved by the presented models at least in the measured range, it may be suggested that other factors should be taken into account rather than just PI in case of CPO estimation. However, the presence of cyclic recurrence in the measured data sets should also be considered a limiting factor for CPO model adequacy.



Additionally, it should be noted that despite overestimation of statistical significance of the presented linear models, due to residual autocorrelation, they can be considered compatible to measured data sets in the given range of PI. Although they may provide a rougher estimate of contractility measures than quadratic models, it may be proposed as a sufficient noninvasive tool for outpatient monitoring of myocardial function for the initial indication of recovery process.



Although evaluation methods of the presented relationships can be utilized and included in the LVAD controller to provide a simple, noninvasive tool for outpatient hemodynamic monitoring, extensive research is needed to generalize this methodology for any RBP.



4.1. Applicability for Physiological Pump Control


In addition to the outpatient application, the proposed evaluation method of myocardial function has the potential to be utilized in the development of an algorithm for physiological pump control to automatically change and maintain pump speed at an optimal value for a current state of myocardial function. Numerous reports represent the application results of LVAD electric parameters for myocardial function assessment. For instance, Karantonis et al. reported on the noninvasive identification of regurgitant pump flow, ventricular ejection, nonopening of the aortic valve, and collapse of the ventricle wall [30]. Moreover, there are reports on controllers monitoring aortic valve opening [31], detecting the suction state of the ventricle [32], and based on physical activity level index [33]. Previously, an LVAD controller based on the use of pulsatility ratio of pump flow rate and pressure head was reported [14,15,16]. The pulsatility index of pump motor current was used to determine the safety range of LVAD speed to avoid valve regurgitation and suction state of the ventricle during support [13]. There is a report theoretically assessing the Starling-like pump controller and justifying the use of flow pulsatility as the measure of choice [12]. Besides, the method for cardiac contractility assessment using only pump flow and pump speed was reported [11].



All the listed control methods are representatives of physiological pump control, which is supposed to automatically optimize the pump speed in a safety range for a specific state of the patient’s CVS. However, these methods have certain shortcomings which do not allow us to use them in clinical practice. The main issue is that medical practitioners cannot rely on automatic algorithms based on not clearly understandable nonmedical parameters. Most control algorithms are non- or semiautomatic themselves, due to the need for manual selection of reference intrinsic parameters for a specific patient. It should be noted that the main parameters that need to be constantly evaluated under CF operating conditions are blood flow rate through the pump and pressure at the pump inlet (preload) and pump outlet (afterload) [34,35]. Other disadvantages are linked to methods of determination of these parameters, which are: (1) Direct measurement, and (2) estimation through indirect methods using readily available intrinsic LVAD parameters (e.g., pump speed and electric current or power consumption) to derive flow rate via a process model [7,36,37,38,39,40,41,42,43]. Direct measurement increases invasiveness which is not always necessary or available in long-term support. And the second approach has limitations in accuracy caused by the low system efficiency of rotary blood pumps (RBPs), which makes it difficult to assess the direct correlation between electric and hydraulic parameters of the system [7,42,43,44,45,46,47]. For instance, the maximum efficiency of CF RBP typically does not exceed 30 % [48,49,50,51]. Such a low efficiency can be explained by various energy losses in the whole system, i.e., electric, mechanical, and hydraulic losses [52,53]. Mainly, conversion of mechanical energy into hydraulic becomes low efficient, due to the substantially larger ratio between the clearance gap and the diameter of the impeller in miniaturized blood pumps compared to industrial pumps with large impellers. This inflicts higher energy losses compared to other loss types [54,55].



Our group has also deeply investigated the relationship between pump power consumption and blood flow rate [56]. This relationship was studied for two generations of CF RBPs: (1) The first generation of Sputnik LVAD that was successfully implemented into clinical practice [57,58], and (2) the second generation under development, which is aimed at miniaturization and reducing the risk of blood cell trauma [44]. The nonlinear relationship 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 [37]. The described relationship shows that estimation of the blood flow rate in axial pumps using indirect methods does not reliably determine the lower range values.



Furthermore, some physiological control methods lack consideration of errors in measurement or estimation of pulsatility measure, pump flow rate, or pressure head.



The represented pulsatility index is simply and readily available from an LVAD controller without any complex calculations and/or invasive measurements of hemodynamic parameters. CPO or CO parameters are commonly used by clinicians for evaluation of myocardial function and can be verified, if necessary, by noninvasive tools in clinics. And there is no need to manually select any reference parameters for the represented evaluation method. Therefore, the represented method can potentially overcome some of the common shortcomings of physiological control methods. However, this opportunity should be addressed in future work.




4.2. Study limitations


This in-vitro study has a number of limitations that should be noted. Firstly, the necessity of extensive research on the generalization of the represented methodology for any other RBP besides Sputnik LVAD should be addressed. Secondly, validation of results in a broad range of hemodynamic conditions should also be performed, as the PI may be affected by volume status, inotropic medications, or during exercise rather than myocardial recovery [17]. 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]. Besides, only the mechanical activity of the left ventricle specific for sinus rhythm was studied, and the electrophysiological measurements were not carried out. The reaction of the proposed method to simulated physical exercise with higher heart rates or tachycardia as a symptom of heart failure might be of interest. Frank–Starling mechanism was also not implemented in the ViVitro PDS for this study. Since ventricular contractility depends on both the sympathetic stimulation on the heart and the preload changes, the pulsatility index has also been shown to have a relationship with preload [12]. This inflicts another limitation that preload contribution into the pulsatility index was not considered in this study. Modification of the current experimental setup to mimic the right ventricle can help to validate the obtained data. Furthermore, in-vivo studies should be performed for the data validation.



Furthermore, the study lacks specificity/sensitivity analysis and evaluation of possible sources of error. Proposed relationships between myocardial function and pump electric current pulsatility may be related to other factors affecting the pump current. Finally, since the proposed evaluation methods require a sufficient increase in accuracy in view of a lack of clinical data, its relevance as a predictor of clinical performance remains to be proven.





5. Conclusions


Study findings suggest that a strong correlation of CO and CPO to PI parameter has the potential to be described using regression analysis. Proposed CO regression models were shown to have better performance in the investigated PI range than CPO models. Moreover, it was shown that quadratic models describe this correlation better than linear ones. Thus, proposed quadratic CO models should be considered the ones which may be used as a valuable clinical tool to noninvasively assess myocardial function and assist with strategies of patients’ management and device explantation. In addition, they may be used as an extra 24/7 outpatient source of hemodynamic information for initial detection of possible recovery.



The general methodology presented in this paper may be applied to any continuous-flow LVAD, provided the specific characteristics to compute the used index are known. Further work needs to address this generalization claim and test the method for different designs.
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Figure 1. Image (A) of ViVitro Pulse Duplicator System SD2001-1 with the Sputnik LVAD connected (B) and the block diagram. 
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Figure 2. LVAD biotechnical system. H, pressure head 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, the 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. 
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Figure 3. Time chart of the Sputnik LVAD electric current at similar HRs and speed levels for the two different CO levels corresponding to the simulated states of initial LVAD support and significant myocardial recovery. LVAD speed levels (black and red curves for 7600 rpm; green and blue curves for 8000 rpm; turquoise and magenta curves for 8400 rpm) are the minimum, mean, and maximum speed values in the investigated range. 
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Figure 4. Measured data sets and regression models of cardiac output (A,C,E) and cardiac power output (B,D,F) versus pulsatility index of the Sputnik LVAD electric current for three heart rate values—59 (red), 73 (green) and 86 (blue) bpm. Regression equations and coefficients of determination adjusted to the number of coefficients are given near the curves. Error bars correspond to the point size. 
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Table 1. Data of statistical analysis of different regression models for CO response.
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Response

	
HR, bpm

	
Regression Equation

	
Term

	
Estimate

	
SE

	
p-Value






	
CO

	
59

	
    b 1  +  b 2  · x   

	
    b 1    

	
0.39

	
0.19

	
0.0514




	
    b 2    

	
52.6

	
3.3

	
6.20 × 10−14




	
F-test vs. constant

	
255

	

	
6.20 × 10−14




	
    b 1  +  b 2  · x +  b 3  ·  x 2    

	
    b 1    

	
2.1

	
0.3

	
2.10 × 10−07




	
    b 2    

	
−26.2

	
12.1

	
0.043




	
    b 3    

	
777.8

	
120.3

	
2.09 × 10−06




	
F-test vs. constant

	
410

	

	
1.51 × 10−17




	
    b 1  +  b 2  ·  x 2    

	
    b 1    

	
1.51

	
0.07

	
9.34 × 10−16




	
    b 2    

	
521.3

	
19.7

	
3.67 × 10−18




	
F-test vs. constant

	
698

	

	
3.67 × 10−18




	
Pearson’s r

	
0.9577

	
6.20 × 10−14




	
Spearman’s ρ

	
0.9720

	
5.75 × 10−16




	
73

	
    b 1  +  b 2  · x   

	
    b 1    

	
−0.9

	
0.3

	
0.007




	
    b 2    

	
88.09

	
5.15

	
1.41 × 10−14




	
F-test vs. constant

	
293

	

	
1.41 × 10−14




	
    b 1  +  b 2  · x +  b 3  ·  x 2    

	
    b 1    

	
3.3

	
0.5

	
3.99 × 10−06




	
    b 2    

	
−86.0

	
21.9

	
0.0008




	
    b 3    

	
1663.8

	
210.6

	
1.01 × 10−07




	
F-test vs. constant

	
635

	

	
1.65 × 10−19




	
    b 1  +  b 2  ·  x 2    

	
    b 1    

	
1.17

	
0.11

	
9.21 × 10−10




	
    b 2    

	
859.43

	
31.45

	
6.75 × 10−18




	
F-test vs. constant

	
747

	

	
6.75 × 10−18




	
Pearson’s r

	
0.9629

	
1.41 × 10−14




	
Spearman’s ρ

	
0.9716

	
6.84 × 10−16




	
86

	
    b 1  +  b 2  · x   

	
    b 1    

	
−2.45

	
0.45

	
1.41 × 10−05




	
    b 2    

	
135.3

	
8.2

	
3.17 × 10−14




	
F-test vs. constant

	
271

	

	
3.17 × 10−14




	
    b 1  +  b 2  · x +  b 3  ·  x 2    

	
    b 1    

	
6.1

	
1.4

	
0.0004




	
    b 2    

	
−216.11

	
58.03

	
0.0014




	
    b 3    

	
3434.1

	
571.5

	
8.81 × 10−06




	
F-test vs. constant

	
382

	

	
4.59 × 10−16




	
    b 1  +  b 2  ·  x 2    

	
    b 1    

	
0.7

	
0.2

	
0.003




	
    b 2    

	
1349.0

	
69.6

	
6.98 × 10−15




	
F-test vs. constant

	
376

	

	
6.98 × 10−15




	
Pearson’s r

	
0.9601

	
3.17 × 10−14




	
Spearman’s ρ

	
0.9484

	
5.83 × 10−13








x denotes PI;    b i    are regression coefficients; SE is a standard error of an estimate for regression coefficient; F-test vs. constant denotes a value of F-statistic for null-hypothesis that a data set follows simpler of the two: A proposed model and a constant model; Pearson’s r denotes Pearson’s correlation coefficient; Spearman’s ρ denotes Spearman’s rank correlation coefficient.
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Table 2. Data of statistical analysis of different regression models for CPO response.





	
Response

	
HR, bpm

	
Regression Equation

	
Term

	
Estimate

	
SE

	
p-Value






	
CPO

	
59

	
    b 1  +  b 2  · x   

	
    b 1    

	
−0.06

	
0.07

	
0.37




	
    b 2    

	
11.76

	
1.13

	
3.69 × 10−10




	
F-test vs. constant

	
108

	
3.69 × 10−10




	
    b 1  +  b 2  · x +  b 3  ·  x 2    

	
    b 1    

	
0.51

	
0.08

	
1.43 × 10−05




	
    b 2    

	
−15.1

	
3.8

	
0.001




	
    b 3    

	
259.6

	
37.9

	
3.85 × 10−06




	
F-test vs. constant

	
213

	
2.93 × 10−12




	
    b 1  +  b 2  ·  x 2    

	
    b 1    

	
0.19

	
0.03

	
1.01 × 10−05




	
    b 2    

	
111.8

	
7.6

	
2.62 × 10−10




	
F-test vs. constant

	
216

	
2.62 × 10−10




	
Pearson’s r

	
0.9080

	
3.69 × 10−10




	
Spearman’s ρ

	
0.9345

	
8.37 × 10−12




	
73

	
    b 1  +  b 2  · x   

	
    b 1    

	
−0.4

	
0.1

	
0.0008




	
    b 2    

	
20.3

	
1.7

	
7.27 × 10−11




	
F-test vs. constant

	
135

	
7.27 × 10−11




	
    b 1  +  b 2  · x +  b 3  ·  x 2    

	
    b 1    

	
1.27

	
0.09

	
1.93 × 10−09




	
    b 2    

	
−49.8

	
3.9

	
4.70 × 10−09




	
    b 3    

	
670.4

	
38.4

	
6.72 × 10−11




	
F-test vs. constant

	
1.17 × 103

	
2.61 × 10−16




	
    b 1  +  b 2  ·  x 2    

	
    b 1    

	
0.13

	
0.04

	
0.0023




	
    b 2    

	
191.1

	
10.8

	
2.18 × 10−12




	
F-test vs. constant

	
313

	
2.18 × 10−12




	
Pearson’s r

	
0.9170

	
1.17 × 10−10




	
Spearman’s ρ

	
0.9557

	
1.04 × 10−13




	
86

	
    b 1  +  b 2  · x   

	
    b 1    

	
−0.92

	
0.16

	
1.11 × 10−05




	
    b 2    

	
34.82

	
3.03

	
5.20 × 10−11




	
F-test vs. constant

	
132

	
5.20 × 10−11




	
    b 1  +  b 2  · x +  b 3  ·  x 2    

	
    b 1    

	
2.3

	
0.4

	
2.13 × 10−05




	
    b 2    

	
−97.5

	
16.8

	
1.32 × 10−05




	
    b 3    

	
1289.7

	
164.9

	
2.35 × 10−07




	
F-test vs. constant

	
307

	
3.44 × 10−15




	
    b 1  +  b 2  ·  x 2    

	
    b 1    

	
−0.19

	
0.09

	
0.046




	
    b 2    

	
378.5

	
27.1

	
8.88 × 10−12




	
F-test vs. constant

	
195

	
8.88 × 10−12




	
Pearson’s r

	
0.9229

	
5.20 × 10−11




	
Spearman’s ρ

	
0.9574

	
6.68 × 10−14








x denotes PI;    b i    are regression coefficients; SE is a standard error of an estimate for regression coefficient; F-test vs. constant denotes a value of F-statistic for null-hypothesis that a data set follows simpler of the two: A proposed model and a constant model; Pearson’s r denotes Pearson’s correlation coefficient; Spearman’s ρ denotes Spearman’s rank correlation coefficient.
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