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Abstract
Ejection Fraction (EF) is an important parameter that is used 

in the diagnosis of heart failure. It provides a measure of the ability 
of the heart to pump blood into the circulatory system. For patients 
implanted with a continuous flow left ventricular assist device (LVAD), 
the standard definition of EF provides a measure of the combined 
ability of both the heart to pump blood through the aortic valve and 
the LVAD to pump blood continuously out of the left ventricle both 
into the circulatory system. In this paper, we introduce a new concept 
of EF, labeled Aortic Valve Ejection Fraction (or AVEF) which provides 
an accurate measure of only the ability of the heart to pump blood 
through the aortic valve while the LVAD is actively running. We 
investigate the benefits of AVEF and its relation to the LVAD speed 
using a well-established mathematical model of an LVAD-assisted left 
ventricle. We compare the sensitivities of the new AVEF index and 
the standard EF index to changes in heart contractility over a wide 
range of after loads. Our results show that AVEF is more sensitive 
to changes in heart contractility than EF. At a typical LVAD speed of 
4,000RPM, a 10% improvement in heart contractility over time for a 
patient with congestive heart failure yields 13.20% increase in AVEF, 
while the same increase in contractility yields only 7.52% increase in 
EF. The AVEF index could provide a reliable, non-invasive mechanism 
for monitoring improvements in heart contractility for patients 
implanted with LVAD.
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Introduction 
Cardiac contractility is the intrinsic ability of the heart muscle 

to generate a force for the left ventricle to contract and pump 
blood into the circulatory system [3, 13, 14, 32]. A reduction in 
contractility without compensatory changes in other vascular 
physiologies results in reduced cardiac output, which in turn 
causes downstream organ dysfunction leading to symptoms of 
heart failure. Ejection Fraction (EF) is a measure of the ability 
of the left ventricle to pump blood through the aortic valve, thus 
acting as a surrogate for the effects of cellular contractility, which 
is typically not easily measured. EF is defined as

Where SV = LVEDV - LVESV is the stroke volume, LVEDV 
is the left ventricular end-diastolic volume and LVESV is the 
left ventricular end-systolic volume. The numerator in (1) 
corresponds to the volume of blood ejected through the aortic 
valve, and the denominator corresponds to the volume of blood 
available in the ventricle before ejection. Generally, EF in the range 
of 55% to 75% is considered normal while declining EF values 
less than 50% indicates progressive heart failure. Measuring EF is 
an important factor in determining how well the heart is pumping 
blood and in diagnosing and tracking heart failure.

Heart failure is a disease that affects more than 650,000 
Americans every year and in its initial stages is often managed 
through lifestyle changes and medications [33]. However, as 
the disease progresses more advanced treatment becomes 
necessary. In isolated left heart disease, a continuous flow left 
ventricular assist device (LVAD) is an option for treating patients 
with advanced heart failure [4, 7, 10, 19, 27, 33]. For patients 
supported with an LVAD, EF remains an important metric in 
assessing their heart condition even though it represents the 
ability of the heart to pump blood while the ventricle is being 
continuously emptied by the LVAD [11]. LVADs are typically used 
as a bridge-to-transplantation or destination-therapy. They can 
also be used as a bridge-to-recovery for a small subset of patients 
whose heart muscles have the potential to recover with the 
assistance of an LVAD [9, 25]. An important challenge for these 
patients is in assessing whether the left ventricle is regaining its 
ability to pump while supported by the LVAD.

Recent studies have identified LVAD parameters to assess 
contractility of the heart [2, 17]. The measurement of cardiac 
performance as an assessment of heart contractility has also been 
studied extensively [6, 15, 16, 18]. For patients without an LVAD, 
one standard measure to assess contractility is EF as defined in  (1) 
[1, 22]. The numerator and denominator of (1)  can be determined 
using the left ventricular volume (LVV) curve. However, for LVAD 
patients the left ventricle is not sufficiently preloaded due to the 
flow in the LVAD, causing a change in the shape of the LVV curve. 
Any measure of EF with an LVAD implanted will consequently 
reflect the combined ability of both the heart and the LVAD to 

SVEF= 100           (1)    
LVEDV

×
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pump blood, hence not providing an accurate measure of cardiac 
performance. Therefore, a new index that takes into account the 
presence of the LVAD and gauges the sole ability of the heart to 
pump blood through the aortic valve despite alteration in preload 
and afterload may be beneficial. When measured periodically, this 
index should be able to determine if the heart’s pumping ability is 
improving while the LVAD is still implanted.

In this paper, we propose a definition for this EF index, which 
we will refer to as the Aortic Valve Ejection Fraction (or AVEF). 
We investigate the feasibility of using AVEF, in comparison to 
EF, to monitor improvements in heart contractility that might 
occur while the LVAD is implanted. The lack of availability of 
animal or human heart contractility and LVAD hemodynamic 
data currently limits our ability to test AVEF on in-vivo data. As 
a proof of concept, we utilize a standard validated left ventricle-
LVAD mathematical model based on a generic axial continuous 
flow rotary pump. This mathematical model is dynamic, time-
varying and nonlinear and has been extensively used in prior 
LVAD studies [24, 5, 30]. It consists of six coupled time-varying 
differential equations that represent the relationships between 
the hemodynamic variables of the left ventricle, including the 
left ventricular pressure (LVP), the left atrial pressure (LAP), 
the arterial pressure (AP), the aortic pressure (AoP), the total 
aortic flow (QT) and pump flow (QP). The model provides enough 
complexity to give an accurate representation of the left ventricle 
and LVAD functions. The model is driven by the elastance function 
E(t) of the left ventricle, defined over one cardiac cycle and the 
rotational speed in RPM of the LVAD pump.

Definition and Characterization of AVEF 
In the presence of a continuous flow LVAD, the pump 

continuously unloads the left ventricle, while blood flows through 
the aortic valve only during the ejection phase of the cardiac 
cycle. Figure 1 shows two typical LVV curves for the same patient 
with congestive heart failure (CHF), one for a ventricle without 
LVAD and the other for the same ventricle with an LVAD running 
at 4,000 RPM. For the patient without LVAD, the numerator of EF 
in 1 corresponds to the difference between the volumes at points 
D and C (or A and B), while the denominator corresponds to the 
volume at point D.

If the standard EF (1) is used for an LVAD patient (as is 
currently the practice), then points D’ and C’ are used instead of 
D and C in calculating the numerator and denominator of (1). The 
resulting measure of EF will no longer reflect the ability of the 
heart to pump through the aortic valve, but instead it will now 
reflect the combined ability of both, heart and LVAD, to pump into 
the circulatory system.

Due to the continuous flow through the LVAD, the contraction 
and relaxation phases are not isovolumic and hence are difficult 
to distinguish on the LVV for the ventricle with LVAD. The 
difference between the volumes at points A’ and B’ represents the 
sum of blood ejected through the aortic valve and withdrawn by 
the LVAD, and points C’ and D’ represent the beginning and end 
of the filling phase. Thus, in order to account for the effect of the 
LVAD on LVV, instead of considering the end diastolic and systolic 

volumes, the denominator in our new definition should be the 
volume of blood available in the ventricle immediately before 
ejection. Thus, we define the Aortic Valve Ejection Fraction, AVEF, 
as:

Where VAV is the volume of blood ejected only through the 
aortic valve and LVVBE is the left ventricular volume immediately 
before the beginning of ejection. In Figure 1, VAV   is the difference in 
volume between points A’ and B’ adjusted by the amount of blood 
withdrawn by the LVAD and LVVBE corresponds to the volume at 
A’ which is the blood volume in the ventricle immediately at the 
time when the aortic valve opens.

AVVAVEF= 100             (2)
LVVBE

×

Figure 1: Plot of LVV for a patient without LVAD (blue) and with LVAD 
(brown) over one cardiac cycle. The times ta and tb represent the begin-
ning and end of the ejection phase and tc represents the beginning of the 
filling phase. Variables with prime notation correspond to the patient 
with LVAD

Unlike EF, where the numerator and denominator can be 
easily determined from the LVV curve, the numerator and 
denominator of AVEF cannot be easily determined from the LVV 
curve because points A’ and B’ (the end of diastole and systole) 
are not easily identifiable on the curve. To be able to identify these 
points accurately, the effect of the pump needs to be removed 
from the LVV with LVAD. Figure 2 shows a plot of VLVAD, the volume 
of blood withdrawn from the left ventricle by the LVAD during the 
same cardiac cycle, and Figure 3 shows the LVV plot of Figure 1 
adjusted by removing VLVAD. With this adjustment, the beginning 
and end of the ejection phase become easily identifiable as point 
A’, the point at which LVV starts decreasing and point B’ when LVV 
becomes constant again. Thus, points A’ and B’ correspond to the 
instants of the opening and closing of the aortic valve as shown 
in Figure 1. Points B’ in Figures 1 and 3 do not correspond, due to 
the volume of blood that was withdrawn by the pump while the 
aortic valve was open between t’a and t’b (13.4 ml in this case). 
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Additionally, point C’ in Figure 3 represents the beginning of the 
filling phase, thus identifying the relaxation phase. Removing the 
effects of the pump alters the LVV curve in the filling phase, as can 
be seen in Figure 3.  This will not affect the AVEF index since the 
filling phase does not play a role during ejection. Thus, from the 
LVV plot shown in Figure 3, VAV = 21ml represents the difference 
in volume between points A’ and B’, and LVVBE = 119ml is the 
corresponding volume at point A’. This yields a calculated AVEF = 
(21/119) x 100=18%. For this patient, calculating EF using points 
D’ and C’ yields EF = ((124-79)/124) x 100 = 36%. If this patient 
did not have an LVAD, his EF would be determined using points D 
and C as EF = ((130 – 83)/130) x 100 = 36%. For the patient with 
LVAD, the difference between AVEF=18% and EF=36% is because 
in addition to the flow through the aortic valve, EF includes blood 
flow through the LVAD while AVEF does not. It should be pointed 
out that for a patient without LVAD, AVEF will be the same as EF.

Figure 2: Plot of VLVAD , the volume of blood withdrawn by the LVAD over 
one cardiac cycle

Figure 3: Plot of LVV for a patient with LVAD after the effect of the LVAD 
flow is removed

Characterization of AVEF and EF as a Function of 
LVAD Speed

Contractility of the heart muscle is generally measured in 
terms of its elastance, which represents the change in pressure 
per unit volume [26, 28]. An important measure of the elastance 
function is its maximum value, Emax, which usually occurs within 
the ejection cycle. A correlation between Emax and EF to establish 
the degrees of CHF as defined to follow the New York Heart 
Association (NYHA) classification is noted in Table 1 [12, 29]. 
Figure 1 was obtained using our model for a CHF patient with 
Emax = 1.0 mmHg/ml without LVAD and with an LVAD set at 4,000 
RPM (LVAD flow rate of 2.35 L/min).

Table 1: Map of NYHA Classification and Condition of Heart Failure

Condition of Heart EF (%)
Emax 

(mmHg/ml)
NYHA 
Class

Normal 50 – 70 > 2.0 -

Mild Dysfunction 40 – 49 1.25 – 2.0 I

Moderate Dysfunction 30 – 39 0.8 – 1.25 II

Severe Dysfunction < 30 <0.8 III – IV

An important distinction between EF and AVEF is that AVEF 
depends on the LVAD rotational speed. Thus, in order to test 
the effectiveness of AVEF we examined the LVV curve with and 
without LVAD data for different degrees of CHF and different 
rotational speeds of the LVAD. We simulated the hemodynamics 
of an LVAD patient with Emax = 1.0 mmHg/ml and calculated AVEF 
for a range of speeds from 2,000 to 10,000 RPM. The resulting 
plot, Figure 4 shows that AVEF decreases with increasing speed 
and confirms that the contribution of the left ventricle to the 
total flow decreases as the contribution of the LVAD increases. At 
6,700 RPM, the aortic valve closes permanently and AVEF = 0% 

Figure 4: AVEF versus LVAD Rotational Speed
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reflecting the fact that the total flow at this and larger speeds are 
solely through the LVAD with no flow through the aortic valve. 
The specific case that was discussed earlier in the LVV of Figure 
1 at 4,000 RPM is indicated in Figure 4 showing an AVEF =18%. 
Table 2 provides a comparison of AVEF and EF for the same LVAD 
patient considered in Figure 1 whose unassisted EF is 36%. This 
table shows that AVEF decreases rapidly while EF changes very 
little with increasing speed up to a speed of 6,700 RPM when the 
aortic valve closes. For speed larger than 6,700 RPM, AVEF = 0 
while EF increases rapidly and reaches a value of 49% at a speed 
10,000 RPM. The increased distortion in the EF values at large 
LVAD speeds, makes EF an unreliable index for estimating the 
correct patient’s ejection fraction when the aortic valve is closed 
at large LVAD speeds.

Table 2: Comparison of AVEF and EF at Different LVAD Speeds for an 
LVAD Patient Whose Unassisted EF is 36%

Speed (RPM) AVEF (%) EF (%)

2,000 28 37

3,000 23 36

4,000 18 36

5,000 12 35

6,000 5 35

7,000 0 35

8,000 0 39

9,000 0 44

10,000 0 49

Sensitivity of AVEF to Changes in Heart Contractility 
As mentioned earlier, the current practice is to rely on the EF 

index to monitor possible improvements in heart contractility for 
patients supported with LVAD. The question is; how does AVEF 
compare to EF in assessing improvements in heart contractility 
in LVAD patients? While the absolute value of these indices may 
not be of much interest, it is their sensitivity to small changes in 
contractility that provides the necessary information about the 
condition of the heart in an LVAD patient. In many cases, marginal 
improvements in heart contractility may be of interest and these 
can only be detected if the index can provide sufficient sensitivity 
to these changes to make the detection possible.

 Since AVEF depends on the LVAD speed, its usefulness will be 
most effective if monitored at a specific speed setting. This does 
not disadvantage AVEF since the current practice is to keep the 
speed setting fixed in outpatient LVAD control. For a fixed speed 
setting, it is important to first assess if an increase in AVEF over 
a period of time can be attributed to an increase in contractility 
over the same period. Figure 5a shows plots of AVEF versus Emax 
for LVAD speeds in the range 2,000 to 10,000 RPM. As seen in 
the previous section, AVEF is equal to 0 when the aortic valve 
is permanently closed. Thus, an important property of AVEF is 
that its value does incorporate the status of the aortic valve at 

each speed setting. Furthermore, there are no irregularities in the 
AVEF profile over the range of Emax. These plots show that at any 
fixed speed setting, there is a clear positive correlation between 
AVEF and Emax.

Figure 5a: AVEF versus Emax parametrized for speeds in the range 2,000 
to 10,000 RPM

Next, we will examine the sensitivity of AVEF to variations 
in Emax at a fixed LVAD speed over a wide range of patient 
physiological conditions. The patient’s afterload is altered 
using the systemic vascular resistance SVR. A value of SVR=1.0 
mmHg-s/ml was taken as the base value representing normal 
afterload. At a fixed LVAD speed of 4,000 RPM, Figure 5b shows 
a bar chart plot of AVEF for values of SVR ranging from 0.8 to 1.2 
mmHg-s/ml.  For each value of afterload, Emax was increased from 
0.5 to 2.5 mmHg/ml. This Figure illustrates how AVEF varies 
with after load and heart contractility. For a fixed afterload, AVEF 

Figure 5b: AVEF versus SVR (afterload) for different CHF conditions 
characterized by Emax
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increases with increasing  Emax and for a fixed Emax, AVEF decreases 
with increasing afterload. Knowledge of the afterload, however, 
would still be required if the exact amount of increase in Emax is 
needed. As an illustration, at an after load of SVR = 1.0 a change in 
Emax from 1.0 to 1.5 (50% increase) yields a change in AVEF from 
18 to 28 (a 56% increase). Similarly, for an Emax = 1.5, a change in 
SVR from 1.0 to 1.1 (10% increase) yields a change in AVEF from 
28 to 26 (7% decrease). This high sensitivity of AVEF to changes 
in Emax for a wide range of physiological conditions is largely 
due to the fact that the flow through the aortic valve, which AVEF 
measures, carried with it a high percentage of information about 
contractility of the left ventricle.

Why is AVEF more Reliable than EF to Correlate 
with Contractility?

In order to appreciate the differences in sensitivity and 
characteristics between AVEF and EF, we reproduced the results 
of Figures 5a and 5b when EF is used instead of AVEF for the 
same LVAD patient. Figures 6a and 6b show plots of EF versus 
Emax   for the same range of LVAD speeds and afterloads considered 
for AVEF in Figures 5a and 5b. A close examination of Figure 6a 
shows a much more disorganized behavior of EF versus speed 
(this is also apparent in Table 2) than Figure 5a. Additionally, the 
behavior for Emax < 1.5 is completely different that when Emax > 1.5. 
Figure 6b shows that EF is less sensitive than AVEF to variations 
in heart contractility. For the same illustration considered above 
in the case of AVEF, the 50% increase in Emax (1.0 to 1.5) resulted 
in an increase in EF from 36 to 48 (33% increase) and the 10% 
increase in SVR resulted in a decrease in EF from 48 to 46 (4% 
decrease).

Table 3 provides a comparison of the sensitivities of AVEF and 
EF due to changes in Emax for a patient with an LVAD speed set 
at 4,000 RPM and average after load (SVR=1). As an illustration, 
a 10% improvement in Emax results in 13.20% increase in AVEF 

Figure 6a: EF versus Emax parametrized for speeds in the range 2,000 
to 10,000 RPM

Figure 6b: EF versus SVR (afterload) for different CHF conditions char-
acterized by Emax

Table 3: Sensitivity of AVEF and EF to Changes in Emax

∆Emax ∆AVEF ∆EF

1% 1.40% 0.77%

2% 2.74% 1.55%

5% 6.77% 3.82%

10% 13.20% 7.52%

15% 19.45% 11.08%

20% 25.44% 14.50%

25% 31.22% 17.81%

and a 7.52% increase in EF. In general, our research indicates that 
for a wide range of Emax  values, LVAD speeds and afterloads, AVEF 
is approximately twice as sensitive to changes in Emax as EF. It 
should be pointed out that for the range of Emax from 0.5 to 2.5, 
values of AVEF are consistently lower than values of EF as can 
be seen when plots of Figure 5a and compared to Figure 6a. This 
difference corresponds to the positive bias introduced in EF due 
to the flow in the LVAD. As noted in Table 2, this bias becomes 
larger at larger speeds. One of the main disadvantages of this bias 
is that it amplifies the effects of measurement errors.

Finally, it may be interesting to examine the difference 
between AVEF and EF from a hemodynamic perspective. One 
of the main problems of using EF in LVAD patients is that the 
linearity of the ESPVR, which is characteristic in patients without 
LVAD, is now altered due to the presence of the LVAD. According 
to the literature, the LVAD alters the linearity of ESPVR which 
affects the linear relationship between the Left Ventricular 
Volume (LVV) and Left Ventricular Pressure (LVP) whose ratio 
corresponds to the ventricular elastance [18]. Thus, to get a true 
measure of elastance, the linear relationship between LVV and 
LVP, and hence the linearity in the ESPVR, needs to be restored in 
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LVAD patients. This restoration is accomplished by removing the 
LVAD flow from the LVV curve as is done in AVEF.

Map Based on Frank-Starling Curves for Correlating 
AVEF and Contractility 

In this section, we establish a one–to–one relationship 
between change in AVEF and Emax, and examine the corresponding 
Frank–Starling curve using components of AVEF as defined in  
(2). The Frank–Starling curve establishes a relationship between 
SV and end diastolic volume [8, 31]. This curve is used to monitor 
improvements in cardiac function in patients with CHF [20]. For 
patients with a continuous flow LVAD, SV is VAV, and the end-
diastolic volume is LVVBE. A heart with improving contractility 
if supported with an LVAD should show an increase in VAV  and a 
decrease in LVVBE resulting in increasing AVEF.

Figure 7 shows plots of VAV versus LVVBE with varying 
contractility (Emax), afterload (SVR) and LVAD speed (that does 
not cause the aortic valve to close permanently). Each colored 
group refers to the family of Frank–Starling plots for the same 
Emax value. The contractility increases from the family of curves 
shown in green to the family of curves shown in blue. Within the 
family of curves, the speed of LVAD that each curve represents is 
specified next to the curves in green, and the curves are indicated 
by a different curve pattern. In each of these curves, the value 
of SVR changes, as indicated. Operating points of interest are 
combined together by solid black lines, representing the same 
after load conditions, same LVAD speed, and different Emax values. 
All operating points shown in the plot represent an after load 
identified by an SVR = 1.0.

Figure 7: Generic Map of Frank – Starling Curves (VAV versus LVVBE) for different Emax with changing speeds and SVR

This map confirms that an increase in AVEF may be due to an 
increase in Emax. For example, for a specific LVAD speed (say 4,000 
RPM), as one moves from point c3 to point c1, AVEF increases (VAV 
increases while LVVBE decreases) corresponding to increasing 
Emax. The same can be observed for the other sets of operating 
points as marked on the map. Such an analysis is possible to be 
made when any of the three parameters considered is changing. 
To know for certain that an increase in AVEF is only due to Emax, 
further analysis of the model has to be carried out which is 
beyond the scope of this paper. An interesting observation that 
arises out of this generic map and which would be the next step 
in our research is to consider other scenarios such as changing 
speed (ramp test) and constant monitoring (outpatient setting).

To summarize, from a clinical perspective, the strong positive 
correlation between AVEF and Emax is very important in that 
it does suggest that periodic measurements of this index in 
bridge-to-recovery patients, may provide crucial information in 
assessing the recovery condition of the patient’s heart and the 
proper timing for LVAD removal. 

Conclusion
The standard definition of EF, while an appropriate measure 

of the contractility of the left ventricle, is not suitable when 
used for patients with an LVAD because of the continuous 
unloading of the ventricle by the LVAD. For patients implanted 
with an LVAD, the standard definition of EF does not provide 
an accurate measure of heart contractility since it measures the 
combined ability of the heart and the LVAD to pump blood into 
the circulatory system. In this paper, we proposed to consider the 
ratio of the volume of blood ejected only through the aortic valve 
to the volume of blood available in the left ventricle immediately 
before the beginning of the ejection phase as an appropriate 
measure for the heart contractility. This new aortic valve ejection 
fraction index, or AVEF, takes into account the fact that the LVAD 
is continuously emptying the left ventricle and removes this LVAD 
flow in determining its ejection fraction.

The dependence of AVEF on LVAD speed necessitates that any 
monitoring of changes in the heart condition using this index must 
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be performed at a specific fixed speed setting. We showed that 
for a fixed speed setting there is a positive correlation between 
AVEF and heart contractility as measured through its elastance 
function E(t). We compared the effectiveness of this index against 
the standard EF index in assessing changes in contractility of 
the heart. Our results show that for a wide range of afterload, 
a realistic increase in heart contractility over time produces a 
significant and measurable percent increase in AVEF but a much 
smaller percent increase in EF. Using a Frank-Starling analysis, 
we established a relationship between changes in AVEF and 
ventricular contractility. The problem of accurately estimating the 
LVAD flow in a clinical environment so that it can be subtracted 
from the LVV curve to determine AVEF remains a challenge that 
needs to be overcome. Pending data from additional clinical 
studies, our conclusion indicates that monitoring the heart 
contractility of an LVAD patient might be effectively accomplished 
by monitoring the patient’s AVEF.
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