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Abstract

Durable left ventricular assist devices (LVADs) have become an es-
tablished therapy for selected patients with advanced heart failure as 
bridge-to-transplant or destination therapy. Despite major progress in 
continuous-flow pump design and perioperative care, long-term benefit 
remains constrained by a recurrent burden of right heart failure, aortic 
regurgitation, pump thrombosis, stroke, bleeding, infection, and end-
organ dysfunction. Because these events often arise from the interaction 
of altered hemodynamics, hemocompatibility-related injury, chronic an-
tithrombotic exposure, and the practical complexity of longitudinal de-
vice care, a complication-centered management framework is clinically 
useful. This contemporary narrative review focuses on actionable pre-
vention, surveillance, and treatment strategies for the major complica-
tions encountered during durable LVAD support. Rather than providing 
a broad device-oriented overview, we emphasize clinically relevant deci-
sion points across the perioperative and long-term course, including right 
ventricular protection, antithrombotic balance, structured monitoring for 
aortic regurgitation and hemolysis, prevention of driveline infection, and 
multidisciplinary outpatient follow-up. By organizing current evidence 
around practical management pathways, this review aims to support ear-
lier recognition of adverse events and more durable long-term support.

Keywords: Durable left ventricular assist device; Advanced heart 
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Introduction

Durable left ventricular assist devices (LVADs) are now an 

established form of mechanical circulatory support for se-
lected patients with advanced heart failure, both as bridge-to-
transplant and as destination therapy. Contemporary contin-
uous-flow systems, particularly fully magnetically levitated 
centrifugal pumps, have improved device durability, hemo-
compatibility, survival, and quality of life compared with ear-
lier-generation axial-flow pumps [1–3]. Design changes such 
as contact-free rotor suspension and wider blood-flow gaps are 
intended to reduce blood trauma, although clinical outcomes 
and management requirements remain device-specific [2, 3]. 
In our center, the practical experience informing this review is 
based primarily on HeartMate 3 and CorHeart 6 durable LVAD 
programs; therefore, the recommendations below are written 
for contemporary continuous-flow devices rather than for 
older pulsatile or axial-flow platforms. Device-specific trial 
findings should not be extrapolated between HeartMate 3 and 
CorHeart 6 without supporting evidence.

However, the major determinant of long-term success is 
no longer implantation alone. Instead, outcomes are increas-
ingly shaped by the prevention, early recognition, and lon-
gitudinal management of major adverse events. Right heart 
failure (RHF), aortic regurgitation, pump thrombosis, stroke, 
bleeding, infection, and progressive end-organ dysfunction re-
main leading causes of rehospitalization, functional decline, 
and late mortality during LVAD support [2–5]. These compli-
cations rarely reflect isolated technical failures. More often, 
they emerge from the interaction of altered ventricular loading, 
continuous-flow physiology, hemocompatibility-related inju-
ry, chronic antithrombotic exposure, patient-device mismatch, 
and the operational demands of prolonged outpatient support.

An important challenge in the current literature is that 
complication domains are often discussed separately, whereas 
daily LVAD care requires integrated decisions across hemo-
dynamics, anticoagulation, infection prevention, imaging sur-
veillance, and multidisciplinary follow-up. For this reason, a 
clinically actionable synthesis should not simply catalogue 
complications; it should help clinicians recognize how these 
events evolve across the perioperative and chronic phases of 
support, where surveillance is most valuable, and when man-
agement thresholds should change.

This contemporary narrative review therefore focuses on 
the practical prevention, surveillance, and management of the 
major complications encountered during durable LVAD sup-
port. We specifically emphasize perioperative right ventricular 
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(RV) protection, hemocompatibility-related adverse events, 
aortic valve surveillance, driveline infection prevention, end-
organ monitoring, and multidisciplinary long-term care. Our 
aim is to provide a management-oriented framework that helps 
translate current evidence into day-to-day clinical practice 

rather than to present an exhaustive systematic review of all 
LVAD-related literature [5]. To make this framework opera-
tional, we summarize key complication domains, surveillance 
signals, and escalation thresholds in Table 1, provide a phase-
based follow-up checklist in Table 2, and outline an integrated 

Table 1.  Practical Framework for Prevention, Surveillance, and Escalation of Major Complications During Durable LVAD Support

Complica-
tion domain Main mechanisms Surveillance signals Prevention focus Escalation triggers

Right heart 
failure

RV preload-afterload 
mismatch, septal 
shift, pulmonary 
hypertension, tricus-
pid regurgitation

CVP or right atrial pressure, PAP/
PVR, PAPi, RA/PCWP ratio, 
TAPSE, RV S', FAC or strain 
when available, TR severity, 
septal position, congestion, renal/
hepatic indices, inotrope need

Preoperative decongestion, 
pulmonary vascular optimi-
zation, rhythm and ventila-
tory optimization, intraopera-
tive TEE-guided pump-speed 
titration, planned RV support 
strategy in high-risk patients

Persistent low output, escalat-
ing inotropes or vasopressors, 
refractory venous congestion, 
worsening renal/hepatic func-
tion, lactate rise, need for tem-
porary RV mechanical support

Aortic 
regurgitation

Reduced aortic valve 
opening, commis-
sural fusion, altered 
aortic root flow, low 
pulsatility, aortic 
root remodeling

Symptoms, pulse pressure/MAP, 
aortic valve opening frequency, 
AR severity on echocardiogra-
phy, LV size, filling pressures, 
pump flow/power trends

Blood pressure control, 
speed optimization to avoid 
persistent valve closure when 
feasible, serial valve assess-
ment, consideration of con-
comitant valve intervention 
at implant when indicated

Hemodynamically signifi-
cant recirculation, recurrent 
HF symptoms, repeated 
hospitalization, progressive 
LV dilation, consideration 
of TAVR, redo SAVR, valve 
repair/replacement or closure

Pump throm-
bosis/throm-
boembolism

Flow disturbance, 
blood-material interac-
tion, subtherapeutic 
anticoagulation, 
infection, can-
nula/graft malposi-
tion, low-flow states

LDH, plasma-free hemoglobin, 
hemoglobinuria/dark urine, 
pump power or flow change, 
alarms, neurologic events, echo 
ramp response, CT for cannula/
outflow graft assessment

Stable VKA-based anti-
coagulation, protocolized 
perioperative heparin transi-
tion, infection control, BP 
control, device-position as-
sessment, adherence support

Rising hemolysis markers 
with device dysfunction, 
recurrent low-flow/power 
abnormalities, stroke/sys-
temic embolism, refractory 
hemolysis, need for throm-
bolysis or pump exchange

Bleeding Shear-related platelet 
dysfunction, acquired 
von Willebrand 
syndrome, angiod-
ysplasia, antithrom-
botic exposure

Hemoglobin trend, occult/overt 
GI bleeding, transfusion need, 
INR stability, antiplatelet expo-
sure, renal/liver dysfunction

Individualized antithrombotic 
intensity, anemia surveil-
lance, BP and device opti-
mization, avoidance of un-
necessary antiplatelet therapy 
in selected HM3 recipients

Recurrent bleeding, hemo-
dynamic instability, repeated 
anticoagulation interrup-
tion, transfusion depend-
ence, need for endoscopy 
or multidisciplinary 
antithrombotic revision

Driveline/
device 
infection

Percutaneous exit-site 
vulnerability, trauma, 
dressing disruption, 
diabetes, malnutri-
tion, prolonged 
support duration

Exit-site pain, erythema diameter, 
warmth, induration, drainage 
amount/character, granulation tis-
sue, driveline instability, DESTINE 
or modified Sharp Memorial 
score, cultures, CRP/WBC, blood 
cultures, ultrasound or CT/PET-CT 
when deep infection suspected

Driveline stabilization, stand-
ardized dressing protocol, 
exit-site hygiene, patient/
caregiver education, early 
treatment of trauma or drain-
age, outpatient surveillance

Deep/tunnel infection, pump-
pocket or pump infection, bac-
teremia, recurrent infection, 
systemic illness, transplant/
device-exchange implications

Renal and 
end-organ 
dysfunction

Venous congestion, 
low output, periopera-
tive injury, RHF, recur-
rent adverse events, 
nephrotoxic exposure

Creatinine/eGFR, urine output, 
bilirubin/transaminases, lac-
tate, nutrition/frailty, diuretic 
response, congestion markers

Congestion control, RV 
protection, medication 
review, renal-dose adjust-
ment, early complication 
treatment, nutritional and 
rehabilitation support

Progressive renal/hepatic 
dysfunction, refractory 
congestion, worsening frailty 
or malnutrition, transplant 
candidacy impact, need for 
higher-intensity follow-up

AR: aortic regurgitation; BP: blood pressure; CRP: C-reactive protein; CT: computed tomography; CVP: central venous pressure; eGFR: estimated 
glomerular filtration rate; FAC: fractional area change; GI: gastrointestinal; HF: heart failure; HM3: HeartMate 3; INR: international normalized ratio; 
LDH: lactate dehydrogenase; LV: left ventricular; LVAD: left ventricular assist device; MAP: mean arterial pressure; PAP: pulmonary artery pressure; 
PAPi: pulmonary artery pulsatility index; PET: positron emission tomography; PVR: pulmonary vascular resistance; RA/PCWP: right atrial/pulmonary 
capillary wedge pressure; RHF: right heart failure; RV: right ventricular; SAVR: surgical aortic valve replacement; TAPSE: tricuspid annular plane 
systolic excursion; TAVR, transcatheter aortic valve replacement; TEE: transesophageal echocardiography; TR: tricuspid regurgitation; VKA: vitamin 
K antagonist; WBC: white blood cell.
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four-domain surveillance model in Figure 1. These tables are 
intended as a practical synthesis of contemporary evidence and 
expert clinical practice, rather than as validated risk algorithms 
or prescriptive institutional protocols.

Overview of Major Complications After LVAD 
Implantation

Despite substantial improvement in outcomes after durable 
LVAD implantation, complications remain common and often 
determine whether support remains successful over the long 
term [2, 3, 6, 7]. For practical purposes, these complications 

can be grouped into hemodynamic complications, hemocom-
patibility-related adverse events, infectious complications, 
and end-organ dysfunction. Guideline- and consensus-based 
definitions are essential because similar symptoms may reflect 
different mechanisms. Post-LVAD RHF is generally defined 
by persistent or recurrent RV dysfunction requiring prolonged 
inotropes, inhaled or intravenous pulmonary vasodilators, 
right-sided mechanical circulatory support, or associated signs 
of venous congestion and end-organ dysfunction after LVAD 
implantation [4, 8]. Hemocompatibility-related adverse events 
include pump thrombosis, ischemic or hemorrhagic stroke, 
systemic embolism, hemolysis, and bleeding events requiring 
medical intervention, transfusion, hospitalization, or modifica-

Table 2.  Phase-Based Surveillance Checklist for Durable LVAD Recipients

Care phase Core clinical questions Minimum surveillance elements Common action points
Preop-
erative/
candidacy

Is the patient likely to 
tolerate LV unloading 
and long-term support?

RV function, TAPSE/RV S'/FAC or strain, TR 
severity, RA pressure, PAP/PVR, PCWP, PAPi, 
RA/PCWP ratio, renal/hepatic function, nutri-
tion/frailty, infection risk, psychosocial support

Optimize congestion, treat reversible 
pulmonary hypertension, plan RV 
support strategy, address infection/nu-
trition, educate patient and caregivers

Early post-
operative

Is effective forward flow 
achieved without RV failure, 
bleeding, or major hemo-
compatibility disturbance?

Hemodynamics, echo/TEE, septal position, LV 
size, AV opening, volume status, chest tube output, 
coagulation profile, renal/liver tests, lactate, urine 
output, LDH/plasma-free hemoglobin, device trends

Adjust pump speed, titrate inotropes/
vasodilators, restart heparin only after 
bleeding control, stabilize anticoagula-
tion, escalate RV support when needed

Stable 
outpatient 
follow-up

Is the patient stable 
across flow, hemocom-
patibility, infection, and 
end-organ domains?

Symptoms, MAP/BP, INR and adherence, he-
moglobin, LDH, renal/liver function, driveline 
score/site findings, alarms and device log, interval 
echo including AV opening and AR severity

Reinforce education, adjust BP/
anticoagulation, investigate anemia/
hemolysis, standardize driveline care, 
adjust follow-up intensity by risk

Dete-
rioration/
recurrent 
admission

Which complication is driving 
instability, and has the escala-
tion threshold been crossed?

Focused echo or ramp study when stable, de-
vice log review, hemolysis panel, cultures 
and inflammatory markers, CT when can-
nula/outflow/deep infection suspected, neu-
rologic assessment, renal/hepatic trend

Multidisciplinary review, intensify 
surveillance, treat driver complication, 
consider TAVR/SAVR, RV support, 
device exchange, transplant pathway, 
or palliative goals when appropriate

AR: aortic regurgitation; AV:  aortic valve; BP: blood pressure; CT: computed tomography; FAC: fractional area change; INR: international normal-
ized ratio; LDH: lactate dehydrogenase; LV: left ventricular; LVAD: left ventricular assist device; MAP: mean arterial pressure; PAP: pulmonary artery 
pressure; PAPi: pulmonary artery pulsatility index; PVR: pulmonary vascular resistance; RA/PCWP: right atrial/pulmonary capillary wedge pressure; 
RV: right ventricular; SAVR: surgical aortic valve replacement; TAPSE: tricuspid annular plane systolic excursion; TAVR: transcatheter aortic valve 
replacement; TEE: transesophageal echocardiography; TR: tricuspid regurgitation.

Figure 1. Four-domain surveillance and escalation framework for durable LVAD support. LVAD: left ventricular assist device.
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tion of antithrombotic therapy [2, 5–7, 9–14].
Hemodynamic complications mainly include RHF and 

progressive aortic regurgitation. These problems arise largely 
from altered ventricular interaction, RV preload and afterload 
imbalance, and chronic changes in valvular opening patterns 
during continuous-flow support [2, 4, 5, 8]. Hemocompatibil-
ity-related adverse events include pump thrombosis, systemic 
thromboembolism, hemolysis, and bleeding, particularly gas-
trointestinal bleeding. These events are closely related to non-
physiological shear stress, platelet dysfunction, acquired von 
Willebrand syndrome, and the need for long-term antithrom-
botic therapy [2, 6, 7, 10, 11, 13].

Infectious complications, especially driveline infection 
and deeper device-related infection, remain a major source 
of late morbidity [15–18]. The 2024 International Society for 
Heart and Lung Transplantation (ISHLT) definitions distin-
guish mechanical circulatory support (MCS)-specific from 
non-MCS-specific infections [18]. Driveline infection should 
therefore be described by depth and extent rather than by ery-
thema alone: superficial exit-site inflammation differs clini-
cally from deep soft-tissue, tunnel, pump-pocket, or systemic 
infection. Renal dysfunction is also common during durable 
LVAD support and may reflect the combined effects of pre-
existing heart failure, venous congestion, perioperative injury, 
and RV dysfunction [19]. Other end-organ complications and 
LVAD-related emergencies further complicate long-term care 
and often contribute to recurrent hospitalization [20].

Taken together, these complications reflect how device 
design, perioperative care, anticoagulation strategy, surveil-
lance, and multidisciplinary management all shape long-term 
outcomes.

Routine follow-up can be organized around four recurring 
domains: (1) effective forward flow, assessed by symptoms, 
pump trends, blood pressure, echocardiography, and conges-
tion; (2) hemocompatibility balance, assessed by anticoagu-
lation stability, bleeding, hemolysis markers, and thrombo-
embolic events; (3) infection and end-organ status, assessed 
by driveline findings, cultures when indicated, renal/hepatic 
function, nutrition, and frailty; and (4) follow-up intensity, 
adjusted according to recent admissions, alarms, recurrent 
adverse events, and patient self-management capacity. Escala-
tion is appropriate when deterioration in one domain begins to 
compromise another, such as bleeding-driven anticoagulation 
interruption followed by hemolysis, progressive aortic regur-
gitation (AR) with recurrent heart failure symptoms, or drive-
line infection with systemic illness.

RHF: Risk Stratification and Perioperative Man-
agement

Pathophysiological mechanisms

RHF remains one of the defining and most difficult complica-
tions after LVAD implantation. RHF is multifactorial and may 
involve impaired RV-pulmonary vascular coupling under the 
new loading conditions created by left ventricular (LV) un-
loading. LVAD activation increases systemic flow and venous 

return, while leftward septal shift may impair RV geometry, 
tricuspid leaflet coaptation, and contractile efficiency. If pul-
monary vascular resistance remains elevated, the RV faces si-
multaneous preload stress, afterload mismatch, septal depend-
ence, and perioperative inflammatory or ischemic injury [4, 8, 
21, 22].

Perioperative factors such as cardiopulmonary bypass, 
ischemia-reperfusion injury, volume shifts, bleeding, and in-
flammatory activation may further impair RV performance. 
Late RHF may also develop during chronic support and may 
be associated with persistent pulmonary vascular disease, 
progressive valvular dysfunction, arrhythmias, or suboptimal 
LVAD speed settings [4, 5, 8].

Preoperative predictors and risk stratification

Accurate prediction of RHF after LVAD implantation remains 
difficult, but risk stratification should be structured rather than 
impressionistic. Preoperative assessment should integrate 
echocardiography, right heart catheterization, laboratory evi-
dence of congestion, and clinical trajectory. Useful echocar-
diographic variables include RV size, qualitative RV systolic 
function, tricuspid regurgitation severity, tricuspid annular 
plane systolic excursion (TAPSE), tissue Doppler S', fractional 
area change, RV free-wall strain when available, septal posi-
tion, and inferior vena cava congestion. Hemodynamic vari-
ables include right atrial pressure, pulmonary artery pressure, 
pulmonary vascular resistance, pulmonary capillary wedge 
pressure, cardiac index, right atrial pressure/pulmonary capil-
lary wedge pressure ratio, pulmonary artery pulsatility index, 
and RV stroke work index [4, 8, 21, 22].

Several risk scores have been proposed, including the 
Michigan Right Ventricular Failure Risk Score, CRITT score, 
EUROMACS-RHF score, and other models incorporating 
renal dysfunction, hepatic dysfunction, vasopressor require-
ment, right atrial pressure, Interagency Registry for Mechani-
cally Assisted Circulatory Support (INTERMACS) profile, 
and RV dysfunction. The EUROMACS-RHF score, for ex-
ample, incorporates INTERMACS class, use of multiple 
inotropes, severe RV dysfunction on echocardiography, right 
atrial pressure/pulmonary capillary wedge pressure ratio, and 
hemoglobin, with reported early severe RHF risk ranging from 
approximately 11% in low-risk patients to more than 40% in 
high-risk patients [8]. These scores can support preoperative 
discussion and planning, but none should replace invasive 
hemodynamic assessment and multidisciplinary judgment 
because performance varies across devices, eras, and institu-
tional practices [4, 8, 21].

Prevention strategies

Prevention of RHF begins before surgery. Optimization of vol-
ume status means active decongestion until systemic venous 
congestion improves, including lower right atrial pressure, 
improved renal and hepatic indices, reduced peripheral edema 
or ascites, and acceptable filling pressures rather than simply 
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achieving a lower body weight. Reduction of pulmonary vas-
cular resistance may include oxygenation, correction of acido-
sis and hypercapnia, treatment of sleep-disordered breathing 
or pulmonary disease when relevant, cautious use of inotropes, 
and selective pulmonary vasodilators such as inhaled nitric ox-
ide, inhaled prostacyclin, or phosphodiesterase-5 inhibition in 
appropriate patients [4, 8]. Careful patient selection and preop-
erative hemodynamic stabilization may reduce the likelihood 
of perioperative RV decompensation.

Intraoperatively, efforts should focus on minimizing RV 
ischemic injury, avoiding excessive transfusion, preventing 
hypoxia, hypercapnia, acidosis, and high airway pressures, 
and preventing abrupt septal displacement caused by aggres-
sive pump speed settings. Transesophageal echocardiogra-
phy should be used to assess RV size and function, septal 
position, tricuspid regurgitation, LV decompression, inflow 
cannula orientation, aortic valve opening, and adequacy of 
preload. Early postoperative surveillance should combine 
echocardiography, invasive hemodynamics when needed, 
renal and hepatic function, lactate, urine output, and serial 
congestion assessment [4, 8]. Prompt recognition of RV dys-
function may allow intervention before progression to refrac-
tory hemodynamic failure [4].

Management

Management of RHF after LVAD implantation includes de-
congestion, inotropes, pulmonary vasodilators, rhythm con-
trol, ventilatory optimization, and careful pump-speed ad-
justment. Pump speed should be titrated to maintain effective 
LV unloading without excessive leftward septal shift, suction 
events, worsening tricuspid regurgitation, or collapse of LV 
dimensions. In stable patients, echocardiography-guided ramp 
testing can help evaluate LV size, septal position, aortic valve 
opening, mitral regurgitation, RV response, estimated filling 
pressures, and pump parameters across speed settings. In un-
stable perioperative patients, intraoperative or bedside echo-
guided speed adjustment is often more practical than formal 
ramp testing. In selected patients with severe or refractory 
RHF, temporary RV mechanical support should be considered 
early rather than after irreversible renal, hepatic, or metabolic 
deterioration [4, 8, 21, 22].

In practice, RHF is easier to manage when approached as 
a perioperative syndrome that requires planned prevention, not 
rescue treatment alone.

AR: Mechanisms, Surveillance, and Interven-
tion

Mechanisms

AR is recognized with increasing frequency during chronic 
LVAD support, particularly when continuous-flow support is 
prolonged. Persistent reduction in native transvalvular pulsa-
tility may contribute to incomplete aortic valve opening, com-
missural fusion, leaflet remodeling, and progressive valvular 

incompetence. Altered aortic root flow patterns may also con-
tribute to de novo or worsening AR [23, 24].

Clinical impact and surveillance

Progressive AR may create a blind loop in which blood recir-
culates from the aorta into the LV and back through the pump, 
thereby reducing effective systemic output despite apparently 
acceptable device flow. Clinically, this may present with re-
current heart failure symptoms, reduced exercise tolerance, 
higher filling pressures, and repeated hospitalization [23, 24]. 
Echocardiography remains central to surveillance, but should 
be interpreted alongside pump parameters and overall clinical 
hemodynamics [23, 24].

Management

Management depends on severity, symptoms, mechanism, and 
surgical candidacy. Mild AR may initially be managed con-
servatively through blood pressure control and pump optimi-
zation, with attention to maintaining intermittent aortic valve 
opening when feasible. More advanced disease may require 
surgical aortic valve repair, closure, replacement, redo sur-
gical aortic valve replacement, or transcatheter aortic valve 
replacement in selected high-risk patients [23–25]. In LVAD-
supported patients, TAVR can be technically challenging be-
cause of annular dilation, limited calcification, altered root 
flow, and device-related hemodynamics, but it may provide 
a less invasive option for severe symptomatic AR in patients 
at prohibitive surgical risk. Redo SAVR or valve closure may 
provide more definitive correction in selected patients but car-
ries substantial operative risk. Aortic root thrombosis or aor-
tic valve thrombus should also be considered when the aortic 
valve remains persistently closed, particularly in the setting of 
low pulsatility, inadequate anticoagulation, or embolic events 
[23–25]. In practice, the central question is whether AR has 
become hemodynamically significant enough to compromise 
effective support [23, 24, 26–29].

Pump Thrombosis and Thromboembolic 
Events: Optimizing Antithrombotic Balance

Pathophysiology and risk factors

Pump thrombosis and thromboembolic complications remain 
major concerns despite substantial improvements in device 
design and hemocompatibility with contemporary contin-
uous-flow LVADs. Their development is multifactorial and 
reflects the interplay of altered flow dynamics, blood-mate-
rial interaction, incomplete endothelial adaptation, patient-
specific prothrombotic tendency, subtherapeutic anticoagula-
tion, infection, and device-related factors such as inflow or 
outflow malposition [2, 9, 11–14]. In the HeartMate 3 era, 
suspected or confirmed pump thrombosis is uncommon com-
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pared with earlier axial-flow devices. In the 5-year MOMEN-
TUM 3 follow-up, device thrombosis was uncommon with 
the fully magnetically levitated centrifugal pump, compared 
with a substantially higher rate in the axial-flow comparator 
group, while stroke and bleeding remained clinically impor-
tant residual risks [3]. Registry reports similarly show that 
hemocompatibility-related adverse events have decreased 
but not disappeared [6, 7, 11].

Clinically, thrombosis in LVAD recipients rarely behaves 
like an isolated mechanical event. It often develops in the set-
ting of broader hemocompatibility disturbance. Hemolysis, 
inflammatory activation, low-grade flow disturbance, or con-
current infection may all precede overt thrombosis. Likewise, 
strategies that reduce bleeding risk too aggressively may in-
crease thrombotic vulnerability in selected patients.

Clinical presentation and diagnostic evaluation

The presentation of pump thrombosis is often heterogeneous. 
Patients may develop progressive heart failure symptoms, low-
flow alarms, increased pump power consumption, dark urine, 
laboratory evidence of hemolysis, or recurrent embolic events 
[2, 11, 12, 27]. Lactate dehydrogenase remains one of the most 
practical biomarkers in clinical monitoring, although inter-
pretation should be integrated with plasma-free hemoglobin, 
pump parameters, symptoms, and imaging findings [12].

Echocardiography and device log review remain central 
to evaluation, while computed tomography (CT) may help de-
fine cannula position or outflow graft abnormalities. Because 
delayed recognition can lead to refractory hemolysis, stroke, 
or urgent reoperation, diagnostic escalation should not be post-
poned when clinical suspicion is high [20, 27].

Prevention and treatment strategies

The prevention of pump thrombosis depends largely on main-
taining antithrombotic balance. During implantation, unfrac-
tionated heparin is commonly administered before cardiopul-
monary bypass with an activated clotting time (ACT) target 
determined by institutional cardiopulmonary bypass protocols. 
After surgery, intravenous heparin is usually restarted only 
after surgical bleeding is controlled, chest tube output is ac-
ceptable, and coagulation status is stable; many centers begin 
low-dose heparin within the first 12–24 h and transition toward 
therapeutic anticoagulation over the following days, but tim-
ing must be individualized [5, 9]. Long-term therapy has tradi-
tionally used warfarin with a device-specific international nor-
malized ratio (INR) target and aspirin, although the need for 
aspirin is being reconsidered in HeartMate 3 recipients after 
the ARIES-HM3 trial showed that aspirin avoidance reduced 
nonsurgical bleeding without increasing thrombotic events in 
appropriately selected patients [30]. Direct oral anticoagulants 
should not be used routinely for durable LVAD anticoagula-
tion outside clinical trials or highly selected specialist-directed 
circumstances. Prior experience with dabigatran in mechanical 
circulatory support raised safety concerns, and evidence for 

factor Xa inhibitors remains insufficient for broad recommen-
dation. Therefore, vitamin K antagonist-based anticoagulation 
remains the standard backbone for most durable LVAD recipi-
ents, with antiplatelet therapy individualized by device type, 
bleeding history, thrombotic risk, and institutional protocol [5, 
30].

When pump thrombosis is suspected or confirmed, treat-
ment options include intensification of anticoagulation, short-
term parenteral therapy, thrombolysis in carefully selected 
patients, or surgical pump exchange when conservative treat-
ment is ineffective or unsafe [5, 20]. The choice depends on 
hemodynamic status, neurological risk, bleeding risk, and the 
severity of device dysfunction.

Stroke and systemic thromboembolism

Stroke remains one of the most serious complications during 
LVAD support because of its major impact on mortality, dis-
ability, and subsequent treatment options. Risk is shaped by 
antithrombotic control, device-related thrombogenicity, blood 
pressure management, infection, and patient comorbidity [2, 11, 
14, 31]. Contemporary registry and trial data suggest that stroke 
remains a clinically meaningful event even with magnetically 
levitated devices; stroke remains a concern during long-term 
HeartMate 3 support, although rates vary according to device 
era, follow-up duration, event definitions, blood pressure con-
trol, infection burden, and antithrombotic strategy [2, 3, 6, 7, 
14, 31]. Prevention therefore requires integrated management, 
including stable anticoagulation, infection control, blood pres-
sure optimization, and early recognition of hemolysis or device 
dysfunction [5, 14, 31].

Bleeding Complications: Hemocompatibility-
Related Injury and Clinical Management

Mechanisms of bleeding in continuous-flow LVAD support

Bleeding is among the most frequent complications follow-
ing LVAD implantation and remains a major cause of recur-
rent hospitalization [2, 6, 13]. Its pathophysiology extends 
beyond simple over-anticoagulation. Continuous-flow devices 
expose blood components to non-physiological shear stress, 
contributing to platelet dysfunction, degradation of high-mo-
lecular-weight von Willebrand factor multimers, and acquired 
von Willebrand syndrome. Prior mechanistic and clinical dis-
cussions suggest that von Willebrand factor degradation is an 
important link between shear stress, hemolysis, and bleeding 
during LVAD support. Reduced pulsatility may also promote 
gastrointestinal angiodysplasia, particularly during long-term 
device support [13].

The clinical result is a fragile hemostatic balance in which 
even otherwise standard antithrombotic regimens may pro-
voke recurrent bleeding. This explains why bleeding remains 
common even in patients with apparently therapeutic antico-
agulation levels and why management often requires repeated 
reassessment rather than one-time correction.
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Gastrointestinal bleeding

Gastrointestinal bleeding is the most characteristic bleeding 
phenotype during durable LVAD support. It may present as 
overt upper or lower gastrointestinal hemorrhage, recurrent 
occult blood loss with anemia, or repeated hospital admissions 
for transfusion and endoscopic evaluation. The recurrence rate 
is clinically significant and often contributes to treatment fa-
tigue, impaired quality of life, and repeated interruption of an-
ticoagulation [6, 7, 13].

The pathogenesis is multifactorial, involving mucosal hy-
poperfusion, vascular malformation, altered angiogenic sign-
aling, acquired von Willebrand syndrome, and chronic anti-
coagulant exposure. Because of this complexity, endoscopic 
management alone may not fully prevent recurrence [13].

Management principles

Management of bleeding should begin with hemodynamic sta-
bilization and risk stratification. Temporary adjustment of an-
ticoagulation or antiplatelet therapy may be required, but this 
must be balanced carefully against the competing risk of pump 
thrombosis or stroke [5, 10, 11, 13, 14]. Endoscopic evalua-
tion is appropriate for gastrointestinal bleeding when clinically 
indicated, and transfusion strategies should be individualized 
according to hemodynamic status and comorbidity.

In patients with recurrent bleeding, management often 
shifts from treatment of isolated episodes to long-term recur-
rence prevention. This may include reassessment of antithrom-
botic intensity, optimization of blood pressure, evaluation of 
device parameters, and in selected cases a broader reassess-
ment of overall support strategy [5–7, 13, 30].

Prevention strategies

Prevention of bleeding in LVAD recipients requires more than 
conservative anticoagulation alone. It also depends on mini-
mizing unnecessary antithrombotic exposure, monitoring for 
recurrent anemia or occult bleeding, and recognizing patients 
in whom a lower-intensity strategy may be reasonable. In the 
contemporary era, there is growing interest in individualized 
regimens, particularly in HeartMate 3 recipients, but careful 
monitoring remains essential [5, 10, 13, 30].

Infection and Driveline-Related Complications

Clinical spectrum

Infectious complications remain a persistent limitation of long-
term LVAD support. Driveline infections are the most common 
device-related infections, although deeper pump or pocket in-
fections and bloodstream infections also occur. These events 
can lead to recurrent hospitalization, compromise transplant 
candidacy, and adversely affect long-term survival [5, 18, 32].

Risk factors and diagnosis

Multiple factors contribute to infection risk, including dia-
betes, malnutrition, renal dysfunction, prolonged support du-
ration, inadequate exit-site care, local trauma, and repeated 
dressing disruption. Diagnosis requires careful attention to the 
depth and extent of infection. Superficial exit-site inflamma-
tion must be distinguished from deeper tissue involvement, 
tunnel infection, or systemic infection, as management strate-
gies differ substantially.

Clinical examination, wound assessment, microbiological 
cultures, inflammatory markers, and selected imaging studies 
all contribute to diagnosis. Recommended surveillance should 
include exit-site pain, erythema diameter, warmth, swelling, 
induration, drainage amount and character, granulation tissue, 
driveline trauma or instability, fever, leukocytosis, C-reactive 
protein when clinically indicated, blood cultures for systemic 
illness, and ultrasound or CT/positron emission tomography 
(PET)-CT when deep extension is suspected [15–18]. Recur-
rent or indolent symptoms should be taken seriously, particu-
larly in patients on chronic support.

Treatment and prevention

Treatment generally includes targeted antimicrobial therapy, 
local wound care, and, in some cases, surgical intervention. 
In selected patients who are not immediate candidates for de-
vice exchange or transplantation, chronic suppressive treat-
ment may also be necessary. Prevention is the more important 
long-term strategy and depends heavily on patient education, 
driveline stabilization, standardized dressing protocols, and 
regular outpatient surveillance [5, 18, 32, 33]. Recent quality-
improvement work has emphasized structured infection-re-
duction toolkits and standardized preventive workflows across 
centers, suggesting that infection prevention should be built 
into routine care rather than left to local improvisation [33].

Recent prospective work has explored additional preven-
tive approaches, including local prophylactic strategies and 
alternative driveline positioning techniques, but the evidence 
remains limited [16, 17].

Further progress may come from fully implantable or 
wirelessly powered systems that reduce long-term reliance on 
percutaneous hardware.

Renal Dysfunction and Other End-Organ Com-
plications

Renal dysfunction is common both before and after LVAD im-
plantation and reflects the combined effects of advanced heart 
failure, venous congestion, low cardiac output, perioperative 
injury, and RV dysfunction [19]. Some patients improve after 
LV unloading, whereas others develop persistent or progres-
sive renal impairment, particularly when postoperative con-
gestion, RHF, or repeated complications persist [5, 19].

Renal function has direct implications for anticoagulation 
safety, infection risk, diuretic responsiveness, and transplant 
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candidacy. For that reason, it deserves longitudinal follow-up 
alongside hemodynamic assessment rather than being treated 
as a secondary comorbidity.

Other end-organ complications, including hepatic dys-
function, malnutrition, frailty progression, and arrhythmias, 
may likewise reflect the overall adequacy of support and the 
cumulative burden of adverse events [5, 19, 20]. These prob-
lems often interact and contribute to recurrent hospitalization 
and impaired functional recovery.

Integrated Follow-Up and Multidisciplinary Pre-
vention Strategies

Modern LVAD care requires a structured multidisciplinary 
framework that extends far beyond the index hospitalization 
[1, 4, 5]. Surgeons, advanced heart failure cardiologists, anti-
coagulation teams, imaging specialists, infectious disease phy-
sicians, rehabilitation staff, and specialized nurses all contrib-
ute to long-term success. LVAD-related complications rarely 
occur in isolation; they tend to recur and often interact with 
one another.

Routine follow-up should include symptom review, blood 
pressure assessment, anticoagulation monitoring, surveillance 
for hemolysis and infection, renal function evaluation, device 
parameter review, and interval echocardiography when clini-
cally indicated [1, 4, 5, 18]. Standardized follow-up pathways 
may help detect evolving problems before they lead to major 
hemodynamic or infectious deterioration. Clinical consen-
sus recommendations support interdisciplinary follow-up for 
surveillance, patient education, and coordinated management 
of recurrent complications [5]. Day-to-day pharmacological 
optimization is an integral part of durable outpatient care [5, 
34]. In both intensive care unit (ICU) and outpatient settings, 
familiarity with common LVAD-related emergencies remains 
increasingly important as the supported population expands [5, 
20].

The Heart Failure Society of America (HFSA) expert 
consensus on durable mechanical circulatory support also un-
derscores the importance of longitudinal pharmacologic opti-
mization, blood pressure control, anticoagulation stewardship, 
and structured treatment pathways for recurrent LVAD-related 
complications [5].

For daily practice, a useful surveillance framework can be 
organized around four recurring questions: Is effective forward 
flow being maintained? Is hemocompatibility still balanced? 
Is there evidence of infection or end-organ decline? Has the 
current follow-up intensity matched the patient’s present risk? 
Framing outpatient care in this way may help teams move 
from reactive complication treatment toward earlier preven-
tion-oriented intervention.

Patient education is equally important. Durable support 
depends in part on whether patients can recognize driveline 
problems, respond appropriately to device alarms, follow an-
ticoagulation and dressing instructions, and seek timely care 
for bleeding, infection, or worsening heart failure symptoms. 
In that sense, multidisciplinary care is not merely an organiza-
tional framework; it is part of treatment itself.

Future Directions

Further improvement in LVAD outcomes will likely depend on 
both technological advances and better long-term management 
[2, 3, 5]. Priority areas include improved hemocompatibility, 
more individualized antithrombotic strategies, better prediction 
of RV failure and recurrent bleeding, and continued refinement 
of surgical and postoperative care pathways [2–5, 11].

Important directions include fully implantable systems 
and wireless energy-transfer technology to reduce driveline-
related infection, together with data-driven surveillance and 
biomarker-based risk stratification to support earlier detection 
of complications and more individualized intervention.

The goal is not only longer survival, but safer support over 
time, better functional recovery, and more acceptable quality 
of life.

Conclusions

Durable LVAD therapy has reshaped the management of ad-
vanced heart failure, but major complications remain the prin-
cipal barrier to sustained long-term benefit [1–4]. RHF, aortic 
regurgitation, pump thrombosis, bleeding, infection, and end-
organ dysfunction are closely linked to altered hemodynamics, 
continuous-flow physiology, hemocompatibility-related injury, 
and the practical complexity of prolonged device support. Better 
outcomes depend not only on successful implantation, but also on 
careful longitudinal surveillance, earlier recognition of evolving 
complications, and coordinated multidisciplinary management.

The practical value of a contemporary LVAD review lies 
less in repeating that these complications exist than in clarify-
ing where prevention can be strengthened, how surveillance 
should be structured, and when management must escalate 
across the perioperative and chronic phases of support. A 
complication-centered, management-oriented approach may 
therefore offer greater clinical utility than a purely descriptive 
summary of adverse events.

Good outcomes depend on more than technical success 
in the operating room. They also require appropriate patient 
selection, perioperative RV protection, careful antithrombotic 
management, close surveillance, timely intervention, and co-
ordinated multidisciplinary follow-up. Continued advances 
in both device technology and longitudinal care pathways 
should help reduce adverse events and improve the durability 
of LVAD support.
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