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Chapter

Aortic Insufficiency in LVAD 
Patients
Vi Vu and Karen May-Newman

Abstract

Aortic insufficiency (AI) is a common complication that increases morbidity 
and mortality in patients with left ventricular assist devices (LVAD). Significant 
AI during LVAD support creates a substantial regurgitant flow loop, negatively 
affecting cardiac recovery and exposing blood to longer residence time and higher 
shear stress. The mechanism of AI development and progression is linked to a lack 
of aortic valve opening, which alters the valvular tissue mechanics. Pre-existing 
AI also worsens following LVAD implantation, interfering with the pump benefits. 
This chapter will evaluate AI development with LVAD support compared with 
naturally occurring AI and present the features, mechanisms, and links to clinical 
treatment options.
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1. Introduction

Moderate-severe aortic insufficiency (AI) develops in more than 25% of left 
ventricular assist device (LVAD) recipients and reduces survival and freedom from 
other complications. Improvements in LVAD design have not addressed this prob-
lem, which continues to threaten the benefits of mechanical circulatory support. AI 
can develop de novo or progress from pre-existing AI conditions [1–7] and is associ-
ated primarily with rotary LVADs, also called continuous flow pumps. AI occurs 
when the mitral valve does not close completely during diastolic filling (Figure 1). 
The large pressure difference across the valve produces retrograde flow from the 
aorta to the LV. During LVAD support, the retrograde flow passes through the LVAD 
and into the ascending aorta, and a portion joins the regurgitant flow to repeat the 
cycle, exposing the blood to more shear. Significant AI diminishes cardiac output, 
negatively affects myocardial recovery and induces end-organ hypoperfusion [1]. 
Previous studies have linked a lack of aortic valve (AV) opening to the develop-
ment of AI. Alterations in AV biomechanics during LVAD support can increase the 
activation of valvular interstitial cells, which transform into myofibroblasts that 
increase fibrosis preferentially at the ventricular face of the leaflets and fusion at 
the commissures. The subsequent contraction of fibrotic tissue and the fragmentation 
of elastin reduces coaptation, eventually resulting in AI. Assessment of AI in LVAD 
patients must be adapted from standard guidelines to determine when treatment 
is needed.
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2. Clinical complications of aortic insufficiency during LVAD support

Aortic insufficiency occurs when the AV does not close completely, thus inducing 
a backward flow from the aorta to the left ventricle (LV). As severe AI progresses, 
usually over many years, valve repair or replacement is needed to resolve the prob-
lem. Naturally occurring affects 0.5% of the general population and 2% of those over 
75 years and is responsible for only 4% of all deaths from AV disease [8]. However, 
for LVAD patients, AI is a significant complication that occurs in more than 25% of 
recipients and has persisted despite improvements in design, surgical placement, 
and control.

The most recent INTERMACS report noted an average LVAD support duration 
of 1.7 years and a comparable survival rate in axial and centrifugal continuous-flow 
LVAD [9]. For axial and centrifugal LVAD designs, the leading causes of death are 
similar, including neurologic dysfunction, multisystem organ failure, infection, and 
stroke (ischemic or hemorrhagic) [9]. Moreover, the risk of readmission due to severe 
adverse events increases as patients stay longer in LVAD support [9]. Some recurrent 
adverse events with rates noted at 1 year post-implant are shown in Figure 2 [9–12].

As LVADs are implanted for longer support durations, complications related to 
tissue remodeling or other adaptations to the altered physiology introduced by the 
LVAD arise. AI is one of those, appearing within a few months of LVAD support and 
worsening over time [6, 13, 14]. Reports of AI were not common for the early pulsatile 
LVADs but have risen with the implantation of rotary LVADs of axial and centrifugal 
designs. Many of these clinical studies are single-center with relatively few patients. 
Still, a consistent picture has emerged that ~15% of patients develop AI within three 
months of LVAD support, and the fraction increases to ~25% at 12 months and over 
30% after 3 years (Figure 3) [1, 6, 12–16].

Rotary LVADs include axial designs, like the HeartMateII, which operate at high 
speeds and have a linear flow path through the housing. Centrifugal LVAD designs 
such as the HeartMate3 direct blood along a radial path, from the center towards the 
side, and operate at lower speeds which is gentler for the blood. Some LVADs have 
added speed modulation to introduce pulsatility to the flow, improving the washout 
to prevent thrombi from forming inside of the LVAD. These innovations have reduced 
hemolysis and thromboembolic complications but have not substantially reduced the 
occurrence of AI.

Figure 1. 
Schematic of aortic insufficiency (AI), when the aortic valve leaks under high pressures, reducing forward flow.
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The progression of AI with LVAD support is well documented, but the underlying 
mechanisms remain unclear [17, 18]. Even mild AI that is unrepaired is associated 
with a higher incidence of AI progression to moderate/severe and worse NYHA 
functional class compared to trace or less AI patients in mid-term after LVAD implan-
tation [19]. AI in LVAD recipients can occur de novo or progress from pre-existing 
AI conditions [1–3, 5–7]. De novo AI develops as early as three months post-implant, 
and freedom from significant AI decreases as LVAD support duration increases 
[12, 13, 15]. Long LVAD support duration and low ejection fraction have been identi-
fied as independent predictors of de novo AI development [2, 7].

When pre-existing AI is present, the severity tends to increase with time post-
implant [1, 16]. LVAD support induced a larger regurgitant flow resulting in lower 
cardiac output, higher preload, and impacting HF status [18, 20, 21]. Worsening of 

Figure 2. 
Complications of left ventricular assist device (LVAD) support [9–12].

Figure 3. 
Graphical illustration of AI progression in LVAD patients shows a progress worsening within the first-year  
post-implant. Adapted from Imamura 2020 [16].
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AI increases LVAD flow while systemic flow decreases, forming a regurgitant flow 
loop [21]. As shown in Figure 4, mild AI presents in mid-diastole but extends in 
magnitude and duration towards moderate/severe levels within a few months of 
LVAD support.

Moreover, LVAD patient with concurrent AI is associated with a higher readmission 
rate and adverse events, including mitral and tricuspid regurgitation, hemolysis, 
and worsening of right ventricle function [6, 20, 22]. Previous clinical studies have 
reported multiple factors associated with the worsening of pre-existing trivial AI in 
post-LVAD support. Patient-related factors included pre-existing valvular dysfunc-
tions, old age, and abnormal cardiac function. Pre-existing valvular dysfunctions 
include uncorrected mild AI [23, 24], large aortic sinus diameters [6, 25], LVAD-
related factors include reduction of AV opening area and duration, high LVAD speed, 
and types of LVAD [6, 25]. Previous studies have suggested that the higher rate of pro-
gressive AI with rotary LVAD support results from low pulsatility, which may induce a 
more significant regurgitant flow and a higher rate of valvular remodeling [22, 26–28].

Figure 4. 
Three-chambered echo view of LVAD patients with mild AI (top) and moderate/severe AI (bottom). A. Early 
diastolic filling through the mitral valve (MV). B. Mid diastole shows a small regurgitant jet through the aortic 
valve (AV). C-D. a large regurgitant jet appears in early diastole and merges with mitral inflow.
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3. Flow dynamics of aortic insufficiency during LVAD support

For the majority of rotary LVADs, the LVAD inlet is located at the LV apex, and 
the outlet anastomoses to the ascending aorta, bypassing the AV. Implantation of the 
LVAD immediately increases systemic blood flow and end-organ perfusion, providing 
an alternate pathway for blood to flow from the heart to the arterial system, as shown 
in Figure 5. LVAD support unloads the heart, decreasing the magnitude and pulsatil-
ity of LV pressure, which can fall below the level needed to open the AV fully during 
myocardial contraction. With sufficient contraction of the native heart, a fraction of 
the flow is ejected through the AV, and the heart and LVAD operate in parallel. In this 
condition, the AV does not open fully, exhibiting a reduced opening area and duration 
[29]. During periods of high LVAD support, the LV pressure is too small to open the 
AV, and blood flow occurs entirely through the LVAD, the heart, and the pump oper-
ating in series [30]. The AV is continuously closed for this condition and chronically 
exposed to high transvalvular pressure. For many patients, the level of LVAD support 
needed to relieve the HF symptoms results in complete and continuous closure of the 
AV, with all blood exiting the heart through the LVAD.

Adding a rotary LVAD to the native heart reduces the range of pressure and flow 
experienced in the cardiovascular system, diminishing pulsatility. The last decade 
of LVAD therapy has revealed several significant complications that worsen with 
reduced pulsatility, including thrombus formation, AV incompetence, and vascular 
smooth muscle response [17, 31]. The latter has been tied to arteriovenous malfor-
mations and gastrointestinal bleeding [17, 32]. Indices of pulsatility include pulse 
pressure, normalized flow range, and surplus hemodynamic energy [28, 30], which 
decrease as LVAD speed increases. When the AV ceases to open, the abnormal flow 
pattern creates a region of flow stasis adjacent to the AV, which creates a high risk for 
thromboembolism that could be embolized by a sudden strong contraction of the 
native heart [33].

Blood flow in the normal healthy heart is unsteady, 3-D and shows a range of 
different length scales [34]. A typical flow pattern in the LV has been described as 
consisting of a large diastolic vortex that channels the transit of incoming blood 
from the mitral valve towards the AV [35]. This vortex contributes to diastolic suc-
tion and minimizes kinetic energy losses and cardiac work [36]. The LV vortex has 
been shown to facilitate the blood mass coming into the normal LV during one beat 
washing out completely after a few beats [37], which prevents intraventricular blood 
stagnation [38].

In the LV of a diseased heart, progressive adverse remodeling leads to abnormal 
flow patterns that may impair pumping efficiency, and therefore affects blood transit 
within the ventricle. It is believed these abnormal intraventricular flow dynamics 
may contribute to the progression of certain diseases, leading to a final stage of HF 
or thrombus formation [39]. In addition, previous studies of flow transport through 
the heart have correlated dilated cardiomyopathy with increased vortex kinetic 
energy and decreased flow transport [40]. Models of this pathological condition have 
identified a high thrombus risk in DCM patients with large regions of blood flow with 
residence times greater than 2 s that also exhibit low kinetic energy [41]. When AI is 
present, retrograde flow mixing with the forward flow during diastole contributes to 
energy loss and increases residence time [41].

Thrombus formation and growth in several locations have been observed clinically, 
contributing to the high stroke rate in LVAD patients [42]. When AI develops in LVAD 
patients, the backward flow through the AV may improve pulsatility and flow stasis in 
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Figure 5. 
Schematic of flow conditions. A. the normal flow path enters the left ventricle (LV) through the mitral valve and 
exits through the aortic valve and into the aorta. B. Low LVAD support works with the native heart to produce 
parallel flow through the LVAD and aortic valve. C. High LVAD support maintains continuous closure of the 
aortic valve during series flow. D. Aortic insufficiency produces retrograde flow through the aortic valve that can 
re-enter the LVAD in a regurgitant flow loop.
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the aortic root, but over time results in reduced systemic flow. In particular, AI results in 
the formation of a regurgitant flow loop, in which blood from the LVAD flows retro-
grade through the AV, into the LV, and out through the LVAD again. This loop extends 
the amount and time-history of shear stress exposure to the blood, increasing hemolysis 
and thrombogenicity. The pump will also need to run at a higher speed to achieve the 
original cardiac output, which increases wear on the device. Hemostasis and thrombo-
regulation are already compromised in LVAD patients, and AI adds to this liability.

During LVAD support, LV vortex formation is relatively unaffected, although 
vortex circulation and kinetic energy increase with LVAD speed, particularly in sys-
tole when all flow exits through the LVAD. When AI occurs, the regurgitant jet forms 
a vortex ring that normally dissipates in the mid-ventricle when no LVAD support 
is present but collides with the incoming mitral flow, as shown in Figure 6. When 
the LVAD is added, the regurgitant jet is drawn towards the LVAD inflow, impinging 
on the vortex ring generated by mitral inflow. The oppositely rotating vortices are 
partially annihilated, dissipating energy in the process. This flow pattern contributes 
to fluid stasis along the septal wall.

Recent device improvements include an “artificial pulse”, based on a rapid LVAD 
speed change, that produces a small hemodynamic boost. While this artificial pulse 
provides substantial improvement in pulsatility, it is not synchronized with the native 
heartbeat and thus offers minimal improvement in the overall flow. The presence of 
speed modulation does not appear to impact the development of AI, which remains a 
significant complication of LVADs.

4. Aortic valve biomechanics during LVAD support

Human heart valves change their shapes and size during the cardiac cycle in 
response to their surrounding hemodynamics [43]. This mechanism helps facilitate 
the leaflet function and reduces the effect of flexural stress on the valve surface [43]. 
An average heart valve opens and closes more than three billion times in a lifetime 
and experiences various stress and strain types (e.g., tensile, compressive, stretching, 
and bending) [43]. The AV is a thin tissue structure with three leaflets attached to the 
aortic root wall in a u-shaped pattern in a roughly symmetric arrangement. Each leaf-
let forms a pocket with the corresponding sinus, which plays a vital role in the fluid 
mechanics of opening and closing [44]. During diastolic filling, the valve is closed, 
and the leaflets stretch in opposition to the high transvalvular pressure [17]. When 
the AV opens during systole, the leaflets relax as blood flows over the ventricular 
surface and into the aorta. Some of the flow is captured as vortices that form behind 
the valve leaflets, ensuring smooth closure. The unidirectional laminar blood flow 
produces shear stress of up to 80 dynes/cm2 on the ventricular endothelial surface 
[45]. In contrast, the aortic surface has a small magnitude oscillatory flow in the range 
of ±10 dyn/cm2 shear stress [46].

During LVAD support, the pressure difference across the AV remains high for a 
longer fraction of the cardiac cycle, producing a decrease in flow that corresponds to 
a reduction in valve opening. The valve opening area decreases with LVAD support, 
with more of the valve commissures coapted over the entire cardiac cycle. LVAD sup-
port also reduces the duration of AV opening, which increases the time that the leaflet 
tissue experiences maximum pressure loading. Simultaneously, the shear across the 
ventricular surface of the valve leaflet is reduced and eventually eliminated when the 
AV remains closed.
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At the level of the valve tissue and cells, the impact of LVAD hemodynamics 
produces a sudden change in the mechanical signals that can initiate a sequence of 
remodeling that results in AI. Measurements of valve tissue stretch during LVAD 
support show that the aortic leaflets are stiffer in the circumferential direction and 

Figure 6. 
Flow field images during early and mid-diastole illustrate the vortex ring generated by the regurgitant jet that 
collides with the mitral valve inflow.
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more compliant in the radial direction. This behavior corresponds to the alignment 
of collagen fibers with the circumferential direction, termed the anisotropy of the 
tissue. The peak stretch increases and extends for a longer duration as the normal flow 
pattern is compared to LVAD parallel and series conditions (Figure 7). Thus, the valve 
tissue experiences large and continuous tensile loading and significantly reduced 
ventricular shear during LVAD support.

Figure 7. 
A. Aortic valve opening area and duration with different cardiac function and LVAD support, B. Aortic valve 
opening area, C. Surface marker movement was used to measure stretch in the circumferential (hoop) and radial 
directions D. Stretch is highest for series flow when the aortic valve remains closed.
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5. Aortic valve commissural fusion during LVAD support

The AV leaflet tissue varies in thickness, being thicker at the free margin and annulus 
and thinner in the belly and coaptation areas. The leaflet tissue is composed of a layered 
structure of collagen, elastin, and proteoglycans. The textured fibrosa is a dense layer of 
circumferentially oriented collagen along the aortic face and bears most of the mechani-
cal load [47]. The smooth ventricularis is an elastin layer adjacent to the ventricle, and 
the spongiosa is a central layer of loose connective tissue [47]. Naturally arising AV dis-
ease is preceded by tissue changes that occur over decades. Previous studies have shown 
that these are side-specific [48], manifesting as focal lesions that form preferentially 
from the aortic face, whereas the ventricular face is relatively disease-protected [49].

Post-transplant evaluation of LVAD-supported hearts has revealed the presence 
of extensive tissue remodeling of the AV, particularly commissural fusion, in 71–88% 
of LVAD patients [50, 51]. Aortic leaflet fusion creates adhesions between adjacent 
leaflets, preventing the complete opening of the valve [52, 53]. Increased fusion has 
been correlated with a longer duration of LVAD support [1, 6, 20] and with the devel-
opment of AI [4, 51–53]. The aortic leaflets become more fibrotic and lose their elastic 
layer in the fusion areas, resulting in pathological remodeling, which progresses from 
the annulus towards the center of the valve (Figure 8). In contrast to naturally occur-
ring AV disease, focal lesions arise from the ventricularis layer on the opposite side, as 
shown in Figure 9 [17]. The hypothesis for this manifestation of valve dysregulation 
is that the high and continuous transvalvular pressure produces stretch and bend-
ing that is highest in the ventricular layer, activating a cellular process that results 
in extracellular matrix alterations. Fibrotic tissue often undergoes a consolidation 
and contraction stage, which preferentially affects the ventricular surface and may 
contribute to the improper coaptation that produces AI.

6. Valve mechanobiology during LVAD support

As explained previously, the addition of the LVAD to the heart results in a sudden 
increase in the pressure loading of the AV, in which tensile stress is increased, and 
shear is attenuated [54]. Each of these mechanical signals has been shown to play 
an important role in the progression of AV disease [43]. Evidence for the impact of 
LVAD-related increased tensile stretch and reduced shear stress on valve leaflets 
is found in extensive studies evaluating the role of mechanobiology in calcific AV 

Figure 8. 
Images of complete (left) and partial (center and right; location at the white arrow) commissural fusion of aortic 
valve leaflets following LVAD support.
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disease and is illustrated in Figure 10. While this pathology manifests over a longer 
time and usually arises from the aortic surface of the leaflet, the same cell types are 
present in LVAD patients and respond to biochemical cues in the same way.

The cells responsible for valve tissue remodeling include the valvular endothelial 
cells (VECs), which reside in a single layer along the blood-contacting surfaces, and 
valvular interstitial cells (VICs), the more abundant cell type that resides throughout 
the tissue and is responsible for extracellular matrix maintenance [43]. VICs are usu-
ally quiescent and fibroblast-like but can be activated by abrupt changes in mechanical 
stress or when in a diseased state. VICs may translate between phenotypes to maintain 
homeostasis and can subsequently differentiate into other cell types, such as myofibro-
blasts, once activated [55]. Increased stretch provides a stimulus for VICs to increase 
collagen production and remodeling [56] by upregulating growth factors and integrins 
as cell-signaling mediators [57]. Stretch-activated VICs increase the production of 

Figure 9. 
Microscopic evaluation of aortic valve fusion from LVAD-supported hearts shows evidence of loss of the elastin 
band where the leaflets fuse together (left) and fibrosis arising from the ventricular face (right).

Figure 10. 
LVAD support produces increased stretch and reduced shear in the ventricular layer of the aortic valve leaflet, 
which initiates a response resulting in ECM deposition and elastin fragmentation. The subsequent contraction of 
collagen in the ventricularis reduces leaflet coaptation, eventually resulting in AI.
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collagen and remodeling enzymes, which can lead to fibrosis and calcification. As the 
disease progresses, the differentiation of VICs to myofibroblasts can be identified by 
increased α smooth muscle actin (α-SMA) expression. Myofibroblasts secrete ECM 
such as collagen and increase tension in the matrix fibers [58, 59] and are associated 
with the formation of ECM disarray and fibrosis [17, 30, 60]. Tissue macrophages 
synthesize enzymes associated with pathological remodeling, such as MMPs, that are 
not released by VICs. These enzymes degrade elastin, disrupt collagen organization 
[61, 62] and potentiate the pathological differentiation of VICs into myofibroblasts.

The pathological differentiation of VICs into myofibroblasts is promoted by large 
numbers of tissue macrophages in the ventricularis layer, which contributes to the 
overproduction of TGF-β. Side-specific shear also plays a key role in modulating the 
valve tissue. VECs on the aortic side of normal valves, which experience low shear, 
have reduced expression of many cytokines that are known inhibitors of fibrosis and 
calcification compared with VECs on the ventricular side, which normally experience 
high shear [59]. When the high shear is virtually eliminated, as occurs with LVAD 
support, the expression of C-type natriuretic peptide (CNP), a paracrine factor shown 
to inhibit VIC differentiation, is reduced [59]. The reduction in CNP coupled with a 
dramatic increase in TGF-β further accelerates the population of myofibroblasts [63].

7. Prevention and treatment of AI in LVAD patients

The goals for AI management are to treat the symptoms, lower long-term 
 consequences, and improve patient outcomes [64]. Patients with mild-moderate AI 
and normal aortic root size, or asymptomatic severe AI and regular LV size/function 
are usually managed with vasodilators [65], although many debates the effectiveness 
in delaying AV repair or replacement [64, 66]. Meanwhile, patients with symptomatic 
severe AI, asymptomatic severe AI, and systolic dysfunction/LV dilation require sur-
gical management [67, 68]. Mild-moderate AI is often corrected at the time of LVAD 
implantation, especially in long-term supported patients, or in those with larger body 
sizes and large aortic root diameters (>3.3 cm) [6, 23, 69].

Surgical treatment is selected based on the candidate’s underlying pathology, 
LVAD support duration, and INTERMACS classification to allow the possibility of LV 
recovery by maintaining the native AV structure and function (Figure 11) [6, 69–71]. 
Without any repair procedure, pre-existing mild AI is three times more likely to 
progress to moderate-severe AI [23]. Other complications worsen in the long term, 
including right ventricle dysfunction, mitral and tricuspid regurgitations [24].

7.1 Partial closure central park stitch/modified park stitch

The Park Stitch includes a single, pledgeted 4–0 Prolene suture placed at the 
central portion of the AV leaflets [70]. It is effective when the original valvular tissue 
is sufficiently thick and has enough tensile strength to hold the sutures. Alternatively, 
the modified Park stitch, consisting of stitches securing pledgets with individual 
commissural at the AV center, is recommended when the valve leaflets are relatively 
thin [72]. The recipients are monitored carefully during LVAD speed regulation and 
ramp testing to avoid stitch rupture from sudden AV opening [18]. These techniques 
have debatable durability: at 4–6 months post-implant, approximately 20% moder-
ate-worse AI recurrence rate occurred in some centers [69, 73], while others reported 
a much lower rate (0 to 7%) [6, 72].
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7.2 Complete valve closure

Complete AV closure is recommended for patients with degenerative AV (leaflet 
prolapse or mal-coaptation) [18]. This procedure is performed by suturing felt strips 
to the leaflets or using a patch to cover the valve annulus directly. In the presence of 
a bioprosthesis, the valve is removed, and a pericardial patch is used to close the out-
flow tract [71, 74]. This procedure is durable with no AV deterioration or recurrent AI 
but induces a potential risk of thrombosis and restricts the possibility of myocardial 
recovery [18, 69, 71].

7.3 AV replacement

In patients with mixed stenosis or calcific pathology and insufficient AV, the valve 
can be replaced with a bioprosthesis. While allowing the possibility of AV opening, 
myocardial recovery, and pump removal, the limitations include a high risk of throm-
bosis, leaflet fusion, or stenosis [18, 21].

In post-LVAD patient management, AV structure and AI progression are moni-
tored with routine echocardiography [75]. Intermittent AV opening was found to 
reduce the risk of AI development and improve LV systolic function and ejection 
fraction (especially in patients with preoperative short HF duration) [5, 6, 20, 22]. 
Optimization of pump speed (defined as the lowest possible LVAD support level to 
maintain adequate cardiac output and oxygen) is generally performed in case of mild 
AI to prevent worsening [6, 76]. If the patient’s condition does not improve, surgi-
cal intervention will be performed. Approximately 5–10% of LVAD patients require 
AI-correction procedures after three or more years of LVAD support [6].

8. Conclusion

AI is a common complication affecting morbidity and mortality in LVAD patients. 
While the de novo AI development mechanism is unknown, it was linked to commis-
sural fusion, lack of AV opening, and alteration of valvular tissue mechanics. Pre-
existing AI also worsens in post-LVAD, interfering with the pump benefits.

Figure 11. 
Summary of the current treatment guidelines for pre-existing AI at the time of LVAD implant [6, 69–71].
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