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Abstract— Objective: Continuous Flow Left Ventricular Assist 

Devices (CF-LVADs) are miniaturised devices supporting the 
failing left ventricle and alter the blood flow in the cardiovascular 
system which may cause severe health complications. 
Regurgitation and stenosis in mitral and aortic valves may further 
aggravate complications and limit the efficiency of CF-LVAD 
support. Within this context, real-time monitoring of the blood 
flow in the CF-LVAD support will allow early detection of mitral 
and aortic valve problems and timely intervention before the 
valvular problems are worsened. Addressing these issues, this 
study detects mitral regurgitation, stenosis, and aortic 
regurgitation during CF-LVAD support by monitoring CF-LVAD 
electrical current. Methods: Patient-specific electrocardiograph 
RR interval time series with normal sinus rhythm were 
incorporated into a cardiovascular system model including CF-
LVAD whilst simulating mild and moderate mitral regurgitation, 
stenosis, and aortic regurgitation. Spearman rank test was used to 
analyse the correlation between CF-LVAD electrical current 
signal waveforms over left ventricular systole and left atrial 
contraction. Results: Correlation coefficients between the CF-
LVAD electrical current signals in normal heart valve function 
and mild and moderate mitral regurgitation were 0.07 and -0.68. 
In normal heart valve function and mild and moderate mitral 
stenosis were 0.82 and 0.68. Within the normal heart valve 
function and mild and moderate aortic regurgitation the 
correlation coefficients 0.86 and 0.61, respectively. Conclusion: 
These results suggest that CF-LVAD electrical current signal 
waveforms can be used for both diagnosis and prognosis of mitral 
and aortic disorders, thereby representing a potential innovation 
in the field of both bioelectronics and biosensors.  

Index Terms—mitral regurgitation, mitral stenosis, aortic 
regurgitation, CF-LVAD, sensor free biosensing 
 

I. INTRODUCTION 
ONTINUOUS Flow Left Ventricular Assist Devices (CF-
LVADs) are miniaturised devices supporting failing left 

ventricle [1] and alter the blood flow in cardiovascular system 
which may cause complications [2]. Problems in mitral and 
aortic valves such as regurgitation and stenosis may cause 
further complications which limit the efficiency of CF-LVAD 
support [3] [4]. Prolapsed mitral leaflets, ruptured chordae 
tendineae or clefts in the mitral valve may cause primary mitral 
regurgitation after CF-LVAD support [4]. Although 
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intervention to correct the mitral valve is not suggested unless 
ventricular recovery occurs, additional complications due to 
mitral regurgitation increase morbidity in patients implanted 
with a CF-LVAD [4]. For instance, pulmonary hypertension is 
associated with left ventricular dysfunction, and it may be 
worsened with the reverse blood flow through the mitral valve 
[5]. It is also reported that increased pulmonary arterial pressure 
affects heart transplant suitability negatively [6]. The right 
ventricular function is worsened in patients with residual mitral 
regurgitation, and it is associated with postoperative bleeding 
and multiorgan failure [7] whilst severely failing right ventricle 
may require right VAD support [8]. Also, surgical correction of 
the mitral valve during CF-LVAD implantation reduces 
readmissions and morbidities in patients supported with CF-
LVAD [9]. On the other hand, the mitral stenosis affects CF-
LVAD inflow thus having an impact on the pump outflow [4]. 
This might be attributed to the subsequent result of mitral 
regurgitation treatment [4]. Although pump inflow velocities 
are in a similar range in patients with and without mitral 
stenosis during CF-LVAD support [10], the source of blood 
acceleration may be different indicating that cause of impaired 
left ventricular filling is also different [10]. Aortic valve does 
not open fully due to continuous unloading of the left ventricle 
during CF-LVAD support [11]. In this case, aortic valve tissue 
may deteriorate due to altered load and result in reverse blood 
flow through the aortic valve [12]. Patients implanted with a 
CF-LVAD and having uncorrected mild aortic insufficiency 
have a higher risk of developing moderate or severe aortic 
regurgitation [13] which reduces the efficiency of CF-LVAD 
support.  

Sensing changes in blood flow or pressure within the CF-
LVADs will be significant improvement in these devices for 
long-term standard care for patients with end-stage heart 
failure. CF-LVAD flow rate and electrical current signal 
waveforms are sensitive to changes in cardiac dynamics [14]. 
Therefore, CF-LVAD signals have been utilised to regulate 
operating speed to optimise the CF-LVAD support. A sensor-
free adaptive control algorithm was used to regulate CF-LVAD 
operating speed according to vascular resistances, volumes, and 
heart rate by controlling the pump flow rate [15]. A sensor-free 
modular multi objective control algorithm was also utilised to 
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control pump operating speed to adjust the level of CF-LVAD 
support according to physical activities [16]. The main 
advantages of sensor-free measurements for the physiological 
activity of heart, in terms of flow, over physical sensors [17], 
optical pressure sensors [18] and other sensing systems [19], 
[20] is that it avoids incorporation of an additional components 
within a device. This reduces the complexity associated with 
implantation of a sensor within body, thereby reducing the risk 
of additional complications in long-term use of CF-VAD [21].  

Henceforth, in this work we detect mitral regurgitation, 
stenosis, and aortic regurgitation during CF-LVAD support by 
continuously monitoring CF-LVAD electrical current. These 
CF-LVAD signals have also the potential to be utilised as 
cardiac monitoring systems and detect complications altering 
blood flow in cardiovascular system during CF-LVAD support. 
Using our approach for the continuous monitoring of mitral and 
aortic valve conditions in patients will allow following the 
progress of valvular problems during CF-LVAD support. In 
addition, the early detection of mitral and aortic valve problems 
will allow timely intervention before the valvular problems are 
worsened. 

II. MATERIALS AND METHODS 
Clinical conditions evaluated in this study were dilated 

cardiomyopathy with normal heart valve functions, mild & 
moderate mitral and aortic regurgitations, and mild & moderate 
mitral stenosis during CF-LVAD support using a patient-
specific electrocardiogram RR interval time series with normal 
sinus rhythm [22] for all the conditions. Mild and moderate 
mitral insufficiencies were simulated considering the criteria 
for regurgitant volume in primary mitral regurgitation [23]. 
Mild and moderate mitral stenoses were simulated considering 
the criteria for mean pressure gradient [24]. Mild and moderate 
aortic insufficiencies were simulated considering the criteria for 
regurgitant volume in aortic regurgitation [25]. Mild right 
ventricular failure was simulated considering the criteria for 
cardiac index and assuming a 2 m2 body surface area in post-
LVAD implantation [26].  

A numerical model simulating cardiac function and blood 
flow rates and pressure in the cardiovascular system served as 
the test platform to evaluate mitral and aortic valvular 
physiologies during CF-LVAD support. The numerical model 
used in this study simulates the relation between heart chamber 
dimensions (i.e., long axis length and basal diameter) and 
pressures. Left ventricular pressure (plv), volume (Vlv) and 
change of basal radius with (drlv/dt) are described as given 
below.  
                     (1) 

              (2) 

                 (3) 

                   (4) 

            (5) 

Here, plv,a and plv,p represents the pressures in the left ventricle 
due to active contraction and filling, respectively. Ees,lv is the 
elastance, fact,lv is the activation function driving the time-
varying cardiac events, A and B are coefficients, Vlv,0 is the 
volume in the left ventricle at zero pressure, Klv and llv is a shape 
parameter and long axis length, Qmv and Qav are the flow rates 
through the valves. The left atrial pressure (pla) and volume (Vla) 
relationship was described using a time-varying elastance (Ela) 
model [27]. 

                    (6) 

           (7) 

Here, Emin,la and Emax,la are the minimal and maximal atrial 
elastances over a cardiac cycle, fact,la is the activation function 
driving the time-varying cardiac events. The right ventricular 
pressure and volume signals were modeled in an equivalent way 
to the left ventricular pressure and volume signals using 
different parameter values. The right atrial pressure and volume 
signals were modeled in an identical manner to the left atrial 
pressure and volume signals using different parameter values. 
The right ventricular and atrial functions were simulated using 
similar equations with different parameter values.  

The circulatory system includes systemic and pulmonary 
circulations and cerebral circulation. Blood flow rates and 
pressures in the circulatory system were simulated using an 
electric analogue model which includes resistance, inertance, 
and compliance elements. Detailed information about the 
cardiovascular system model can be found in [27], [28]. 

CF-LVAD model utilised in this study simulates the 
hydrodynamic and mechanical characteristics of an axial flow 
heart pump which is an optimised version of DeBakey pump 
[29]. Hydraulic characteristics of the CF-LVAD were simulated 
using a flow source term (K1), hydraulic resistance (RCF-LVAD), 
inertance (LCF-LVAD) and operating speed of the CF-LVAD (nCF-

LVAD) [30] as given below. 

    (8) 

Mechanical characteristics of the CF-LVAD were simulated 
by modelling the electrical torque (Te) and load torque (Tp) of 
the pump as described in [31] and are given below. 

             (9) 

                   (10) 

      (11) 

p = p + plv lv,a lv,p

( )p (t)=E V -V f (t)lv,a es,lv lv lv,0 act,lv

( )B V -Vlv lv,0p =A e -1lv,p
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 Here, JCF-LVAD rotor inertia, C0 is static friction torque, Cv is 
the viscous damping factor of the motor, km is the torque 
constant and ICF-LVAD is the electrical current. K2, K3 and K4 are 
the empirical coefficients used to describe load torque. 
Parameter values used in the equations describing the hydraulic 
and mechanical characteristics of the CF-LVAD are given in 
Table 1. 

Parameter values simulating CF-LVAD support with normal 
sinus rhythm and modified parameter values used to simulate 
clinical conditions in the cardiovascular system model are given 
in Table 2. Other parameter values used in the cardiovascular 
system model can be found in [27]. 

The main mechanical components of an axial flow CF-
LVAD are an inducer, impeller, and diffuser in a flow channel. 
The rotating impeller accelerates the blood and generates blood 
flow whilst increasing the outlet pressure of the CF-LVAD to 
improve the perfusion level in the cardiovascular system. The 
motor stator located in the pump housing generates a magnetic 
field and magnets embedded impeller rotate the impeller. In this 
study, CF-LVAD electrical current waveform is used to 
monitor the changing conditions in a heart with CF-LVAD. An 
illustrated representation of a CF-LVAD-supported heart and 
the main electrical and mechanical components of the CF-
LVAD together with studied clinical cases are given in Figure 
1. 

CF-LVAD was operated at 10000 rpm speed by using 
proportional-integral (PI) control which regulated the pump 
current in the simulations. P and I gains were 0.008338 and 

4.007 respectively and they were tuned using the PID tuner 
application in Simulink. Simulations were performed in Matlab 
Simulink R2021b using variable step size ode15s solver. 
Maximum step size was 1e-3 s and relative tolerance was 1e-3 
in all the simulations. The electric analogue of the 
cardiovascular system model is given Figure 2. 

Skewness and kurtosis of CF-LVAD electrical current and 
flow rate signals waveforms over left ventricular systole and 
left atrial contraction were compared considering Gaussian 
curves. Because mitral and aortic blood flow occurs due to 

TABLE I 
PARAMETER VALUES USED IN THE EQUATIONS DESCRIBING THE HYDRAULIC 

AND MECHANICAL CHARACTERISTICS OF THE CF-LVAD 

CF-LVAD Parameter Value 

JCF-LVAD [g cm2] 3.95 
C0 [N mm/A] 8.56 

Cv [N mm/rpm] 3.75×10-5 
K1 [mmHg s2] 0.00323 
K2 [N mm s2] 0.0017 
K3 [N mm s2/mL] -0.00003 
K4 [N mm s/mL] 0.00596 
RCF-LVAD [mmHg s/mL] 0.238 
LCF-LVAD [mmHg s2/mL] 0.00168 
J is the inertia, C0 and Cv are the static friction torque and viscous damping 

factor in the motor, K1, K2, K3 and K4 are the empirically determined 
coefficients, RCF-LVAD and LCF-LVAD are pump resistance and inertance, 
respectively 
 

 
 

TABLE I I 
PARAMETER VALUES SIMULATING VALVULAR CONDITIONS DURING CF-

LVAD SUPPORT 

 Rmv,f 
[mmHgs/mL] 

Rmv,f 
[mmHgs/mL] 

Rav,b 
[mmHgs/mL] 

NHVF 0.0025 - - 
MVreg,mi 0.0025 0.3 - 

MVreg,mo 0.0025 0.1 - 
MVste,mi 0.035 - - 
MVste,mo 0.090 - - 
AVreg,mi 0.0025 - 1.5 
AVreg,mo 0.0025 - 3 
NHVF, MV and AV are normal heart valve function, mitral and aortic 

valves, R is the resistance, subscripts reg, ste, mi and mo represent 
regurgitation, stenosis, mild and moderate, f and b represent forward and 
backward blood flow. 
 

 
 

 
Fig. 1.  Illustration of a failing left ventricle and CF-LVAD support. a) Inflow 
cannula (1) positioned at the left ventricular apex, pump housing (2) and the 
outflow graft (3) between the pump outlet and ascending aorta, inducer (4), 
impeller (5), diffuser (6) and motor stator (7) in the CF-LVAD, b) mitral 
regurgitation in a heart with CF-LVAD, c) mitral stenosis in a heart with CF-
LVAD, d) aortic regurgitation in a heart with CF-LVAD.  

 
Fig. 2.  Electric circuit representation of the cardiovascular system model with 
the CF-LVAD. 
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active atrial and ventricular contractions over these cardiac 
cycle phases. The correlation between the CF-LVAD electrical 
current and flow rate and the severity of the mitral and aortic 
valve disorders was evaluated using the non-parametric 
spearman rank correlation in GraphPad Prism software. 
Correlations between the CF-LVAD current and flow rate and 
the valvular disorders were estimated during atrial contraction 
and ventricular systole. CF-LVAD current and flow rate sample 
distributions over the atrial contraction and ventricular systolic 
phases were calculated by modelling signal waveforms in a 
Gaussian distribution. Detailed information about the statistical 

comparison of the CF-LVAD electrical current and flow rate 
signal waveforms are given as Supplementary Material. 

III. RESULTS 
CF-LVAD electrical current and flow rate signal waveforms 

over 15 seconds for normal heart valve function, mild and 
moderate mitral regurgitation and stenosis and mild and 
moderate aortic regurgitation are given in Figure 3. 

The increased blood flow rate through the CF-LVAD due to 
left ventricular contraction increases also the left ventricular 
CF-LVAD electrical current. CF-LVAD electrical current 

 
Fig. 3. a) CF-LVAD electrical current signal waveform, b) CF-LVAD flow rate signal waveform for normal heart valve function, c) CF-LVAD electrical current 
signal waveform, d) CF-LVAD flow rate signal waveform for mild and moderate mitral regurgitation, e) CF-LVAD electrical current signal waveform, f) CF-
LVAD flow rate signal waveform for mild and moderate mitral stenosis, g) CF-LVAD electrical current signal waveform, h) CF-LVAD flow rate signal waveform 
for mild and moderate aortic regurgitation (LV, LA, MV and AV represent left ventricle, left atrium, mitral valve and aortic valve). 
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decreases during the left ventricular relaxation because of the 
reduced CF-LVAD blood flow rate. CF-LVAD flow rate and 
electrical current increase during the left ventricular filling 
whereas a hump is noticeable CF-LVAD flow rate and 
electrical current signals dues to left atrial contraction. Mitral 
regurgitation altered CF-LVAD electrical current and flow rate 
signal waveforms over the left ventricular relaxation phase. 
Moreover, both amplitudes of the CF-LVAD electrical current 
and flow rate signals decreased with worsened mitral 
regurgitation. The hump due to left atrial contraction in CF-
LVAD flow rate and electrical current signals was noticeable in 
mild and moderate regurgitation. Mitral stenosis reduced 
amplitudes of CF-LVAD flow rate and electrical current signals 
over a cardiac cycle. The hump due to left atrial contraction in 
CF-LVAD flow rate and electrical current signals disappeared 
in moderate mitral stenosis. Aortic regurgitation did not alter 
CF-LVAD flow rate and electrical current signals, however, 
both signals shifted up with worsened aortic regurgitation. 
Comparison of the CF-LVAD electrical signal waveforms for 
normal heart valve function and mitral regurgitation, mitral 
stenosis and aortic regurgitation is given in Figure 4. 

Mitral regurgitation reduced the amplitude of CF-LVAD 
electrical current. Although left ventricular contraction did not 
affect the CF-LVAD electrical current signal waveform, 
maximal CF-LVAD electrical current over a cardiac cycle 
decreased with the worsening of the regurgitation through the 
mitral valve. Also, minimal CF-LVAD current over a cardiac 
cycle increased with worsening of mitral regurgitation. Mitral 
stenosis reduced maximal CF-LVAD current over a cardiac 
cycle. Worsened mitral stenosis resulted in a relatively higher 
reduction in maximal CF-LVAD electrical current over a 
cardiac cycle and CF-LVAD electrical current amplitude. 
Moreover, the stiffened mitral valve resulted in a relatively 
small hump in CF-LVAD electrical current signal in mild 
stenosis during atrial contraction and the hump in CF-LVAD 
electrical current signal disappeared in moderate mitral 
stenosis. Worsening of aortic regurgitation increased overall 
CF-LVAD electrical current over a cardiac cycle. Signal 
waveforms, skewness, and kurtosis of CF-LVAD electrical 
current and flow rate over left ventricular systole and left atrial 
contraction and the correlation between CF-LVAD electrical 
current and flow rate signal for normal heart valve function, 
mitral regurgitation, mitral stenosis, and aortic regurgitation are 
given in Figure 5.  

CF-LVAD electrical current and flow rate signals over left 

ventricular systole have negative skewness values for the 
simulated valvular conditions. Progress of the mitral 
regurgitation reduced the skewness of both CF-LVAD 
electrical current and flow rate signals over the left ventricular 
systole. Skewness of the CF-LVAD electrical current and flow 
rate signals over left ventricular systole in mild mitral stenosis 
was relatively high, however, worsened mitral stenosis reduced 
the skewness. Progress of the aortic regurgitation increased the 
skewness of the CF-LVAD electrical current and flow rate 
signals during the left ventricular systole. CF-LVAD electrical 
current signal over the left atrial contraction has negative 
skewness in the simulated valvular conditions apart from 
moderate aortic stenosis. Skewness of the CF-LVAD electrical 
current signal over the left atrial contraction in mild and 
moderate aortic stenosis was relatively less whereas other 
valvular conditions caused relatively high negative skewness in 
CF-LVAD electrical current signal during left atrial 
contraction. Skewness of the CF-LVAD flow rate signal during 
the left atrial contraction increased with the progression of 
mitral or aortic regurgitation. Although mild mitral stenosis 
results in a relatively less skewed CF-LVAD flow rate signal 
during left atrial contraction, the progression of mitral stenosis 
increases the skewness of the CF-LVAD flow rate signal during 
left atrial contraction. 

 Kurtoses of CF-LVAD electrical current signals over the left 
ventricular systole in simulated valvular conditions were 
comparable to each other as well as the CF-LVAD flow rate 
signals. Kurtoses of the CF-LVAD electrical current signals 
over the left atrial contraction were positive for normal valvular 
function, and mitral and aortic regurgitation whereas negative 
kurtosis values characterised mitral stenosis. On the other hand, 
CF-LVAD flow rate signal during left atrial contraction had 
positive kurtosis values. Mitral or aortic regurgitation increased 
kurtosis of the CF-LVAD flow rate signal during left atrial 
contraction. Although mild mitral stenosis results in a smaller 
kurtosis CF-LVAD flow rate signal during left atrial 
contraction, the progression of mitral stenosis increases the 
kurtosis of the CF-LVAD flow rate signal during left atrial 
contraction. 

 Aortic regurgitation increased the overall CF-LVAD 
electrical current and flow rate over a cardiac cycle, therefore, 
high negative differences in the mean values in these signals 
were obtained. Mitral stenosis decreased CF-LVAD electrical 
current and flow rate, therefore, positive differences in the mean 
values over left ventricular systolic and left atrial contraction 

 
Fig. 4.  CF-LVAD electrical current signal for a) normal heart valve function and mitral regurgitation, b) normal heart valve function and mitral stenosis, c) 
normal heart valve function and aortic regurgitation (MV and AV represent mitral valve and aortic valve). 
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phases in these signals were obtained. Mitral regurgitation 
decreased the CF-LVAD electrical current and flow rate during 
left ventricular systole and increased them during left atrial 
contraction. Therefore, differences in the mean groups were 
positive over left ventricular systole whereas differences in the 
mean groups were negative during left atrial contraction. 

 Spearman correlation revealed that mitral regurgitation 
affects CF-LVAD electrical current signal waveform during left 
ventricular systole. There was a low correlation (ρ=0.07) 
between the CF-LVAD electrical current signal waveforms in 
normal heart valve function and mild mitral regurgitation 
whereas the correlation was negative (ρ=-0.68) between the CF-
LVAD electrical current signal waveforms in normal heart 
valve function and moderate mitral regurgitation. Although 
there was a high correlation (ρ=0.82) between the CF-LVAD 
electrical current signal waveforms in normal heart valve 
function and mild mitral stenosis, the progression of mitral 

stenosis reduces the correlation coefficient (ρ=0.68) over left 
ventricular systole. Similarly, CF-LVAD electrical current 
signal waveforms in normal heart valve function and mild aortic 
regurgitation were highly correlated (ρ=0.86) whereas the 
progression of aortic regurgitation reduced the correlation 
coefficient (ρ=0.61) over left ventricular systole. CF-LVAD 
electrical current signal waveforms were in normal heart valve 
function and mitral and aortic regurgitation were highly 
correlated (ρ=0.97, 0.89, 0.99 and 0.98), whereas mitral 
stenosis reduced the correlation (ρ=0.69) between CF-LVAD 
electrical current signal waveforms in normal heart valve 
function and mitral stenosis during left atrial contraction. 

IV. DISCUSSION 
The amplitude of CF-LVAD electrical current and flow rate 

signal over a cardiac cycle reduced in mitral regurgitation. This 
was because reverse blood flow through the mitral valve during 

 
Fig. 5. Signal waveforms, skewness and kurtosis of CF-LVAD electrical current and flow rate over left ventricular systole and left atrial contraction for normal 
heart valve function, mitral regurgitation, mitral stenosis and aortic regurgitation, the correlation between CF-LVAD electrical current and flow rate signal over 
left ventricular systole and left atrial contraction for normal heart valve function, mitral regurgitation, mitral stenosis and aortic regurgitation (MV and AV 
represent mitral valve and aortic valve, subscripts f, n, mi, mo, r and, s represent function, normal, mild, moderate, regurgitation and stenosis). 
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left ventricular contraction and relaxation reduced forward CF-
LVAD flow over left ventricular systole. CF-LVAD electrical 
current and flow rate signal waveforms were altered during left 
ventricular relaxation. Mitral regurgitation affects the 
relaxation function of the left ventricle because left atrial 
pressure and the left ventricular filling pressure at the beginning 
of left ventricular filling increase remarkably [32]. The 
correlation between CF-LVAD electrical signals in normal 
heart valve function and mild mitral regurgitation was 
extremely low whereas there was a negative correlation 
between CF-LVAD electrical signals in normal heart valve 
function and moderate mitral regurgitation over left ventricular 
systole. Such a result suggests that even mild mitral 
regurgitation can be detected from CF-LVAD electrical current 
and the progression of mitral regurgitation over time can be 
monitored. 

Mitral stenosis affected CF-LVAD electrical current and flow 
rate signal waveforms during left atrial contraction. The 
amplitude of the hump in these signals due to atrial contraction 
decreased. Mitral valve leaflets thickened and immobile 
obstructing blood flow in mitral stenosis [33]. Therefore, 
increased left ventricular pressure because of atrial contraction 
is not noticeable in the left ventricle and CF-LVAD inlet 
pressure. The correlation coefficients between CF-LVAD 
electrical current signal in normal heart valve function and both 
mild and moderate mitral stenosis were 0.69 suggesting that 
mitral stenosis can be detected by monitoring CF-LVAD 
electrical current over left atrial contraction. Also, relatively 
low skewed CF-LVAD electrical current signals and negative 
kurtosis values may be used to detect mitral stenosis. However, 
monitoring CF-LVAD electrical current only over left atrial 
contraction or using skewness or kurtosis may not allow 
detection of the progression of mitral stenosis. The correlation 
coefficient for the CF-LVAD electrical current signal reduced 
from 0.82 to 0.68 for mild and moderate mitral stenosis over the 
left ventricular systole. Therefore, the progression of mitral 
stenosis can be detected by monitoring CF-LVAD current 
during both left ventricular systole and left atrial contraction.  

CF-LVAD electrical current signals were highly correlated 
with each other for normal heart valve function and mild aortic 
regurgitation. The correlation coefficient between the CF-
LVAD electrical current signals for normal heart valve function 
and moderate aortic regurgitation reduced to 0.61 over left 
ventricular systole. Therefore, moderate aortic regurgitation 
may be detected by comparing CF-LVAD electrical current 
signals over left ventricular systole. However, the detection of 
mild aortic regurgitation requires using a different method 
during CF-LVAD support. 

The pump characteristics are expected to affect the results, 
however, problems in mitral and aortic valvular functions again 
will alter the electrical current signal waveforms and it will be 
possible to detect the altered signal waveforms. Therefore, the 
proposed methods to monitor the valvular functions can also be 
used in the third generation centrifugal CF-LVADs as well. 
Complications such as thrombosis may also affect the results 
and it may alter the signal waveforms further in a CF-LVAD. 
However, it is also possible to detect obstruction in a CF-LVAD 

[34]. Therefore, again the proposed method can be utilised to 
detect and identify additional complications and it may be 
possible to monitor valvular functions in combination with the 
occurring complications in the patients implanted with CF-
LVAD. 

Monitoring mitral and aortic valvular function and detecting 
the severity of heart valve disorders in a cardiovascular system 
supported by a CF-LVAD without using additional sensors will 
help to avoid complications that may occur due to interaction 
with blood. Moreover, continuous monitoring and storing of 
data about the status of the heart during CF-LVAD support may 
be combined with the Internet of Things as described by [35] or 
smart biosensing technologies and portable devices with the 
transition Healthcare systems [36] will have a positive impact 
on patients' life quality.  

In this study, severe mitral and aortic valve disorders were 
not studied because the aim was to show that it is possible to 
detect early-stage mitral and aortic valve disorders and monitor 
progression using CF-LVAD intrinsic parameters. Detection of 
moderate valvular disorders will reduce the risk of severe 
valvular disorders during CF-LVAD support. Also, aortic 
stenosis during CF-LVAD support was not studied in this paper 
because CF-LVAD support does not depend on the aortic valve 
function if the aortic valve remains closed over a cardiac cycle 
[37]. Cardiac phases must be detected to implement the 
proposed heart valve disorder monitoring method during CF-
VAD support. CF-LVAD characteristics and electrical current 
waveform have been used to track the cardiac contractile state 
[38]. Similar methods can be used also to detect cardiac phases 
and the proposed method in this study can be used to monitor 
valvular function during CF-LVAD support. 

V. CONCLUSION 

In this work, CF-LVAD electrical current signal waveforms 
were monitored to detect mitral aortic valvular functions during 
CF-LVAD support. CF-LVAD electrical current signal 
waveforms can be used to evaluate the severity and progress of 
mitral and aortic disorders. This helps translate the measurands 
of a biodevice into biosensing signals without an additional 
physical element acting as a sensor in the feedback loop of the 
biodevice. These positive outcomes of our study have 
demonstrated the potential of conducting a sensor-free 
biosensing for CF-LVADs. The clinical translation of our study 
may lead to better monitoring of CF-LVAD patients and 
subsequently reduce morbidity and improve life quality of 
patients during CF-LVAD treatment. 
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