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Abstract

Left ventricular assist device (LVAD) use has revolutionized the care of patients with advanced 

heart failure, allowing for more patients to survive until heart transplant and providing improved 

quality for patients unable to undergo transplantation. Despite these benefits, LVADs are 

associated with neurological complications despite an improvement in device technology and 

better clinical care and experience.

This review provides information on the incidence, risk factors, and management of neurological 

complications among LVAD patients. While scant guidelines exist for the evaluation and 

management of neurological complications in LVAD patients, a high index of suspicion can 

prompt early detection of neurological complications which may improve overall neurological 

outcomes. A better understanding of the implications of continuous circulatory flow on systemic 

and cerebral vasculature is necessary to reduce the common occurrence of neurological 

complications in this population.

Summary

This review provides information on the incidence, risk factors, and management of neurological 

complications among LVAD patients. We present different stroke risks between the contemporary 

continuous flow LVADs. A high index of suspicion can prompt early detection of neurological 

complications, which may improve overall neurological outcomes. A better understanding of the 

implications of continuous circulatory flow on systemic and cerebral vasculature is necessary to 

reduce the common occurrence of neurological complications in this population.
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Introduction

Left ventricular assist device (LVAD) implantation is considered for patients with advanced 

heart failure refractory to medical therapy and may be implanted as a bridge to cardiac 

transplantation, a temporary bridge to recovery for cardiogenic shock, or a destination 

therapy for patients for whom cardiac transplantation is not feasible. As the number of 

patients with advanced heart failure has increased despite a finite number of available donor 

hearts for transplantation, LVAD implantations have similarly increased over the past decade 

and hence, more patients are supported with LVADs as a chronic therapy for a prolonged 

device support time.1 Furthermore, LVAD implantation is associated with improved quality 

of life and long-term neurocognitive outcomes with new LVADs having improved outcomes 

with less functional debility2, shifting the paradigm for care of patients with advanced heart 

failure.3,4

Prior to 2015, neurological complications including strokes were the leading cause of death 

for patients on LVAD support.1 While this has improved in the modern era, neurological 

complications still remain the second most common cause of death.1 Although the majority 

of neurological complications in this population are ischemic stroke (IS) and hemorrhagic 

stroke (HS), other complications involving the nervous system may arise due to unique 

LVAD-related alterations in cerebral blood flow, autoregulation, and perfusion with their 

non-physiological non-pulsatile continuous blood flow. Herein, we provide a review on the 

incidence, risk factors, and management of neurological complications in LVAD patients 

with a focus on the pathophysiology of LVAD-associated neurologic complications

LVAD Specific Stroke Pathophysiology:

Endothelial Dysfunction and Arterial Stiffness

In healthy individuals, the arterial vasculature experiences cyclical shear stress related 

to systole and diastole, which is believed to be a contributor to the expression of 

endothelial nitric oxide synthase and normal peripheral vascular functioning.5 Cardiac 

output among patients with CF-LVAD is not sufficient to provide this mechanical stress, 

resulting in impairments in endothelial function. Flow-mediated dilation (a measure of 

peripheral vascular reactivity) was significantly higher among patients with pulsatile LVAD 

compared with CF-LVAD.6 Additionally, implantation of CF-LVAD resulted in reduction 

of endothelial nitric oxide availability compared with healthy controls and pulsatile 

LVAD patients, underlying the importance of pulsatility for perfusion of the peripheral 

vasculature.7 Impaired endothelial function can result in increased arterial stiffness, which is 

independently associated with a higher risk of stroke8 Low pulsatility in CF-LVAD patients 

has been associated with increases in aortic wall thickening and stiffness with reduced aortic 

compliance compared with healthy patients and pulsatile LVAD patients9, and increased 

aortic stiffness was associated with higher rates of stroke among patients with CF-LVAD 

compared to patients without increased aortic stiffness.10
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Impaired Cerebral Autoregulation

Cerebral autoregulation allows for the maintenance of an adequate supply of cerebral blood 

flow despite changes in cerebral perfusion pressure. Impaired cerebral autoregulation may 

result in either IS or HS via cerebral hypo- or hyperperfusion respectively. Impaired cerebral 

autoregulation has been previously demonstrated in non-pulsatile cardiopulmonary bypass 

and is associated with perioperative ischemic stroke.11,12 Whether CF-LVAD results in 

measurable impairment in cerebral autoregulation is unclear and data are limited. Patients 

undergoing CF-LVAD implantation had preserved cerebral autoregulation (as measured 

by transcranial Doppler and near-infrared spectroscopy) in the immediate postoperative 

period compared with matched patients who underwent coronary artery bypass grafting.13 

In another cohort, patients with CF-LVAD (with median duration of LVAD support of 3 

months) had preserved cerebral autoregulation in response to a sit-stand maneuver compared 

to healthy controls and patients with a pulsatile LVAD, and cerebral autoregulation was 

preserved across a range of LVAD pump speeds.14 However, both of these studies were 

limited due to investigating the perioperative and short-term periods, while changes in 

cerebral autoregulation may take longer to manifest. Both HMII and HM3 patients had 

impaired cerebrovascular metabolic reactivity as measured by increases in mean flow 

velocities in the cerebral vasculature in response to breath-holding challenge compared to 

healthy control patients or patients with heart failure.15 The median LVAD duration at time 

of testing in this study was 1762 days in HMII patients and 283 days in HM3 patients, 

suggesting that alterations in cerebral hemodynamics may be a later occurring phenomenon. 

Additionally, CF-LVAD patients demonstrate impaired cerebral blood flow and intracranial 

vasodilation during exercise compared with age-matched healthy controls and patients 

with heart failure16, although this effect was ameliorated by a cardiac rehabilitation 

exercise program.17 Impaired cerebral autoregulation may contribute the high incidence of 

neurological complications and functional debility among patients with CF-LVAD.

Dysautonomia

Autonomic dysfunction is common in patients with advanced heart failure and is 

characterized by increased activation of the sympathetic nervous system and decreased 

parasympathetic nervous system activity18. Blood pressure variability was more common 

among LVAD patients than matched advanced heart failure patients or controls19, and 

patients with CF-LVAD had increased muscle sympathetic nerve activity in response to 

tilt table testing compared to healthy controls and pulsatile LVAD patients.20 Fluctuations 

in heart rate and blood pressure may contribute to the increased risk of both IS and HS 

among LVAD patients especially in the setting of impaired cerebral autoregulation. Several 

mechanisms may underlie the autonomic dysfunction identified in some LVAD patients. It 

has been hypothesized that the lack of pulsatility and flow oscillations in CF-VAD result 

in offloading of carotid baroreceptors with resultant abnormal sympathetic tone and in one 

series, 12 patients who completed autonomic testing before and after implantation of a 

CF-LVAD were found to have impaired cardiac baroreceptor sensitivity.21

Shoskes et al. Page 3

Can J Cardiol. Author manuscript; available in PMC 2023 February 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ischemic Stroke

Epidemiology

For the past several decades, LVAD technology has significantly improved from the original 

first-generation pulsatile pumps to smaller (“miniaturization”) and more durable second-

generation continuous-flow devices (such as HeartMate II [HMII])22, to the current third-

generation centrifugal pumps (such as HeartWare [HVAD] and HeartMate 3[HM3]).23 The 

newer generation devices are not only associated with higher overall survival rates but 

also a lower incidence of stroke, particularly for HM3.24 However, stroke remains a major 

complication even in newer LVADs.1 An Interagency Registry for Mechanically Assisted 

Circulatory Support (Intermacs) registry study of 9,489 patients from 2014–2017 showed 

that 16% patients suffered one or more stroke, with a nearly equal frequency of IS and HS 

(with the caveat that HM3 was underrepresented in this sample).25

The incidence of IS varies based on device type. Incidence of stroke among first generation 

LVAD ranged from 20% to as high as 55%.26 Among the newer generation continuous 

flow (CF)-LVADs, the incidence of stroke was 6.3% or 0.294 event per patient year 

(EPPY) during the early postoperative period (within 90 days) and 4.1% or 0.094 EPPY 

after 90 days from LVAD implantation according to the INTERMACS report in 2020.1 

Much of the comparative data between devices on the incidence of IS are derived from 

two large randomized controlled trials: ENDURANCE27 (comparing HMII and HVAD) 

and MOMENTUM 32 (comparing HMII and HM3). HMII had a lower incidence of IS 

than HVAD in ENDURANCE (8% [0.06 EPPY] vs 18% [0.17 EPPY], p=0.007) but a 

higher incidence of IS than HM3 in MOMENTUM 3 (13% [0.11 EPPY] vs 6% [0.05 

EPPY]). In the absence of head-to-head clinical trial comparing the two contemporary 

3rd generation CF-LVADs (HVAD and HM3), a propensity matching analysis by Cho et 

al. of 6205 LVAD patients in the INTERMACS registry demonstrated that HM3 carried 

a much lower risk of IS (3.4% vs. 7.7%, p<0.001, hazard ratio [HR] 5.37) as well as 

HS (2.0% vs 7.2%, p<0.001, HR 6.79) at 12-months (Figure 1).28 In June of 2021, the 

U.S. Food and Drug Administration and Medtronic simultaneously advised physicians to 

stop new HVAD implantations due to the increased risk of both IS and HS compared to 

HM3, and HVAD was removed from the market29. Despite these differences, prophylactic 

replacement of HVAD is not recommended due to risks associated with explantation and 

repeat implantation of alternate device; as such, many patients continue to live with an 

HVAD necessitating physicians being aware of the increased incidence of IS and HS 

associated with this device.

The risk of IS follows a bimodal distribution with the greatest risk occurring within the first 

3 months of implantation (with an incidence of 4%, 0.03 EPPY) and a subsequent peak 

at 9–12 months (incidence 6%, 0.04 EPPY).30 One-third of IS occurs perioperatively with 

median time to stroke of 5 days and may represent complications of cardiac surgery more 

so than device-associated stroke . Once a patient suffered an IS, there was a higher chance 

of a subsequent IS, and 13% suffered recurrent IS following their first stroke.25 This is in 

contrast with patients who suffered HS where no similar increased risk of subsequent HS 
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was identified.25 The majority of IS in LVAD patients were cortical and multi-focal, and 

about one-third of strokes were due to a large vessel occlusion.31,32

Risk factors

Several risk factors for IS have been identified in LVAD patients including traditional 

IS risk factors such as age33 and hypertension32,34. LVAD-specific risk factors include 

pump thrombosis, LVAD infection, and inadequate anticoagulation therapy (Figure 2). 

Conflicting data exist on atrial fibrillation35–37 and diabetes38,39 as risk factors. History 

of stroke prior to LVAD implantation was not a risk factor for IS occurrence after 

LVAD implantation;40 however, there may be a selection bias as patients with a moderate 

to large stroke may be excluded from LVAD candidacy. Early IS (during the index 

admission for LVAD implantation) and late IS (after discharge from index admission) 

appear to have different risk factors. Subtherapeutic anticoagulation, hypertension, and 

pre-operative left ventricular thrombus were found to be risk factors associated with early 

IS.41 Optimal management to reduce risk of stroke in of patients with pre-operative cardiac 

thrombus is uncertain and an area for future study, although a case report of two patients 

who underwent concomitant cardiac thrombectomy during LVAD implantation reported 

uneventful postsurgical recovery without post-operative stroke.42 Late IS is attributed to 

traditional stroke risk factors (including hypertension, age, prior stroke, and diabetes), as 

well as ineffective anticoagulation coupled with enhanced thrombogenesis and inflammation 

related to LVAD.40,41

Hypertension is the number one risk factor of IS in the general population, and this effect is 

exaggerated among patients with LVAD. LVAD patients not on antihypertensive medications 

are at a higher risk of stroke.43 Both mean arterial pressure (MAP) >85 mmHg and systolic 

blood pressure (SBP) >100 mmHg were found to be a risk factor for both IS and HS 

in LVAD patients, and every 5mmHg rise in SBP was found to increase the stroke risk 

by 19% at mean follow-up of 16 months.34,37,41 In the ENDURANCE trial, patients with 

HVAD had significant higher risk of stroke (29.7% vs 12.1%) compared to HMII group, 

which was thought to be due to poorly controlled hypertension in HVAD cohort. In the 

subsequent ENDURANCE supplemental trial, HVAD patients had a 24% reduction in IS 

with implementation of a MAP target of <85 mmHg.44

Infection affects 39% of the LVAD patients and is one of the most common complications 

and a leading cause of death after LVAD implantation.1 The highest risk of IS was found 

to be within the first 6 weeks after an LVAD-associated infection.45 In a single centre 

retrospective observational study with 402 patients, the most common types of infection 

after CF-LVAD were bacteremia (27%), driveline (17%), followed by surgical wound 

(8%), and pump pocket infection (6%).45 They reported that all types of LVAD-associated 

infection increased the risk of early IS, but only pump pocket infection increased the 

risk of late IS.45 Possible mechanisms for acute infection causing stroke in LVAD may 

include bloodstream infection with endocarditis, cerebral septic emboli, mycotic aneurysm, 

or cerebral vasculitis,46–49 and the non-pulsatile blood flow resulting in endothelial damage, 

which predisposes LVAD patients to fungal adhesion and fungemia.50
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Another important risk factor for IS in LVAD is pump thrombosis which may occur due 

to embolus formation secondary to aberrant flow conditions, inadequate antithrombotic 

regimen, and systemic hypercoagulability. Although the rate of pump thrombosis has 

decreased significantly with the improved device technology,51 2–13% of the LVAD patients 

still suffered from pump thrombosis.1 Pump thrombosis is recognized as an important risk 

factor for LVAD-associated IS..46,52 In a retrospective single centre study investigating the 

etiology of 61 patients with LVAD-associated IS, about one third of all IS was secondary 

to pump thrombosis, and close to half of those IS patients had subtherapeutic International 

Normalized Ratio (INR) values at the time of acute IS.46,52 However, this risk has been 

significantly reduced with increased utilization of HM3 which is associated with a five year 

pump thrombosis risk of only 2% compared to 18% with HMII.53

Prevention

Antithrombotic therapy—Differing opinions exist about the optimal strategy of initiation 

of anticoagulation after LVAD implantation. While heparin bridging to warfarin reduced 

pump thrombosis in HMII patients, similar benefit was not demonstrated in HM3 trials 

which may be due in part to the significantly low pump thrombosis rate in HM3 patients. 

A retrospective study of 418 patients undergoing HMII implantation suggested initiation of 

oral warfarin and aspirin in the immediate post-operative period (compared with intravenous 

heparin bridging oral aspirin and warfarin) to be safe with a lower rate of bleeding 

complications (18% vs 32%, p=0.04) without a rise in perioperative IS (3% vs 5%) or 

pump thrombosis (2% vs 3%).54 Although some variability exists in the antithrombotic 

regimen for LVAD patients across different institutions and types of LVAD, single or dual 

antiplatelet agents plus vitamin K antagonist is the current mainstay therapy. The 2013 

International Society for Heart and Lung Transplantation guidelines (ISHLT) recommends 

long-term treatment with aspirin 81–325 mg daily and warfarin with an INR goal based on 

device manufacturer instructions.55 Because of the lower prevalence of pump thrombosis 

and ischemic stroke in HM3, the feasibility of removal of aspirin from the antithrombotic 

regimen is currently being evaluated in the Antiplatelet Removal and Hemocompatibility 

Events with the HM3 pump (ARIES HM3) study, a randomized controlled study of warfarin 

and aspirin versus warfarin and placebo. The study has recently completed enrollment with 

628 patients.56

A specific INR target has been a source of debate over the past decade given the need 

to balance the risk of both IS and HS. In a post-hoc analysis of the ENDURANCE trial, 

both supratherapeutic (>3.0) and subtherapeutic (<2.0) INR values were associated with 

increased risk of both HS and IS, which may reflect the difficulty of maintaining INR in 

therapeutic target range with day-to-day fluctuations.41 Given these findings and the paucity 

of high quality evidence, it appears reasonable to target an INR of 2.0–3.0 in order to 

prevent IS while reducing the risk of HS while keeping in mind the role that individual 

patients risk factors may play in balancing ischemic and hemorrhagic complications.39 

With significant debate and problems with finding an adequate INR range to balance 

thrombotic and bleeding events, direct oral anticoagulants (DOACs) have been suggested 

as an alternative to warfarin. However, studies are currently lacking with direct comparison 

between warfarin and DOAC except dabigatran. A recent randomized control trial assessed 
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dabigatran vs coumadin was terminated early due to an increased rate of thromboembolic 

events in patient treated with dabigatran. The main challenge, however, is that near half of 

LVADs patients were found to have inadequate or ineffective antithrombotic therapy at the 

time of their IS, and more than half of the patients were off anticoagulation therapy due to 

recent hemorrhagic complications.31,46

Phosphodiesterase Type 5 Inhibitors—Phosphodiesterase type 5 inhibitors (PDEis), 

frequently used in LVAD patients for treatment of pulmonary hypertension and right 

ventricular unloading, have been associated with reduced IS risk. This reduction in IS risk 

is likely due to platelet inhibition as well as improvement in hemodynamics and cardiac 

function resulting in decreased risk of thrombosis. Several single centre observational 

studies identified a reduction in ischemic stroke and mortality with PDE5i use in addition 

to standard antithrombotic regimen.57,58 Additionally, in an Intermacs analysis of LVAD 

patients, PDE5i use was associated with significant reduction in the IS and all-cause 

mortality without increased risk in HS, and this benefit was seen in both axial and CF-

LVADs59. However, other studies have shown mixed results of PDE5i use. In a single 

centre cohort retrospective study of 318 LVAD patients, PDE5i use was not associated 

with improved clinical outcomes60 and in another retrospective study of 109 LVAD patients 

of whom 75 received long term PDE5i therapy, an increased bleeding risk was identified 

(23% vs 6%, p=0.03)61. A meta-analysis of 13 observational studies in 2020 showed that 

there was no association with PDE5i use and IS, HS, or other major bleeding; however, 

this meta-analysis was published prior to the aforementioned largest Intermacs analysis 

demonstrating benefit. As there are limitations of antithrombotic therapy in this population 

and the current literature remains uncertain, a randomized clinical trial of PDE5i use in 

LVAD is warranted.

Management of Ischemic Stroke

Sparse data exist on the management of IS in LVAD patients including the use of either tPA 

or endovascular thrombectomy (EVT). ISHLT guidelines do not routinely recommend the 

use of intravenous tissue plasminogen activator (tPA) in IS55. LVAD patients are typically 

not eligible for tPA due to therapeutic anticoagulation, prior history of HS, or recent major 

bleeding event or surgery and may be at increased risk of hemorrhagic transformation due 

to acquired von Willebrand Factor deficiency as well as cerebral microbleeds.31 Similar 

to patients without LVAD, when LVAD patients present with signs and symptoms of IS, 

an emergent non-contrast CT brain is recommended to rule out HS given differences in 

management for each condition (Figure 3). A CT angiography (CTA) of the head and neck 

with contrast and potentially CT perfusion to assess for large vessel occlusion and candidacy 

for EVT.62. The current data on the outcome in LVAD patients who underwent EVT are 

very limited. Although case series have shown that LVAD patients with LVO that underwent 

EVT have higher mortality and rate of hemorrhagic transformation compared to control 

patients without LVAD, this is largely due to the post-operative status of LVAD patients. 

The LVAD patients with stroke occurring outside of the post-operative period showed no 

significant difference in overall mortality, with odds of discharge home comparable to 

control patients.63,64 Additional research is needed to evaluate the long-term benefits of 

EVT after AIS in patients on LVAD support .
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Optimal blood pressure management in LVAD patients after IS is unclear and it is difficult 

to extrapolate as LVAD patients have non-pulsatile blood flow. The American Stroke 

Association (ASA) recommends permissive hypertension (<220/120 mm Hg for patients 

without intravenous thrombolysis and <180/105 mm Hg for those treated with intravenous 

thrombolysis) after IS in non-LVAD patients.62 The safety and impact of permissive 

hypertension in patients with LVAD, who are afterload dependent and at high risk for 

hemorrhagic transformation, is unclear. However, a short-term permissive hypertension 

is reasonable in order to maintain adequate cerebral perfusion following IS. In patients 

with large hemispheric infarct who are at risk for cerebral edema, brain compression, and 

neurological deterioration, decompressive hemicraniectomy can be a life-saving measure.65 

It may be offered after careful selection of patient’s candidacy including age, overall 

premorbid function, life expectancy and goals of care. A course of hyperosmolar therapy 

is also a reasonable bridge prior to hemicraniectomy.66

There is limited literature on timing of antithrombotic therapy resumption in LVAD patients. 

Antiplatelet agent is typically resumed immediately after IS regardless of infarct size in 

LVAD. The ASA recommends starting oral anticoagulation for atrial fibrillation within 

4–14 days following IS.67,68 Based on the data in patients with atrial fibrillation, full 

anticoagulation can be resumed in 4–14 days, if not earlier as LVADs carry a higher risk of 

thromboembolic events vs. atrial fibrillation and resumption should be considered within the 

first week after IS.68

Hemorrhagic stroke

Epidemiology

The incidence of HS is similar to IS and varies between 0.01–0.11 EPPY or 3–11% across 

different studies for HVAD and HMII.69–73 When HVAD was directly compared to HMII 

in the ENDURANCE trial, the HS event rate was found much higher (0.11 vs. 0.03 EPPY). 

However, there was a 50% reduction in the rate of HS in the HVAD arm in the supplemental 

trial after the implementation of a blood pressure management protocol.24 Importantly, HS 

among HM3 patients had an incidence of 4% (0.03 EPPY) in the MOMENTUM3 trial, and 

9% in HMII, although this difference did not reach clinical significance.23 As previously 

discussed, in a propensity matched Intermacs analysis HVAD was associated with higher 

rates of HS than HM3 (7.2% vs 2.0%, p<0.001), leading to the device’s withdrawal from 

the market. The characteristics and subtypes of HS were not well-described in the LVAD 

population. In a single centre cohort study of 73 LVAD patients with HS, intraparenchymal 

hemorrhage was the most common subtype followed by subarachnoid hemorrhage and 

subdural hemorrhage, and multiple concurrent hemorrhage subtypes were seen in 22% of 

patients with HS.74

The presence of HS significantly increases patient mortality. The 30-day and 2-year 

mortality rate after HS is between 33%−55% and 39%−100%, respectively.40,75–77 Not 

surprisingly, in-hospital (59% HS vs 28% IS) and overall mortality (HS 71% vs. IS 31%) 

for patients with HS are much higher compared to patients with IS.78,79 Notably, the highest 

risk of HS is in the immediate post-operative period and the risk increases again after 9–12 
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months, similar to IS, with 3% incidence of early HS (0.02 EPPY) and 7% incidence of late 

HS (0.05 EPPY).30

Risk factors

HS and IS in LVAD share many of the similar risk factors including infection, female sex, 

and hypertension (Figure 2). Anticoagulation use during LVAD support increases the risk 

of HS, however there is higher rate of HS in LVAD patients compared to patients only 

on chronic anticoagulation without LVAD,80–83 raising the question of other mechanisms 

related to LVAD use, especially when other systemic bleeding complications are also 

common in LVAD patients.

Acquired von Willebrand factor disease—The vWF is a protein expressed by 

vascular endothelial cells that binds to exposed collagen of damaged blood vessels and 

platelet receptors to induce activation, adhesion, and aggregation.84 Homeostasis of the vWF 

multimer size is important to prevention pathologic coagulopathy and excessive cleavage 

of the vWF multimeters will result in pathologic bleeding as seen in acquired vWF 

disease.84,85 Acquired vWF disease affects patients with severe aortic stenosis secondary 

to either high shear stress across the calcified aortic valve or increased luminal pressure in 

the vasculature and lowered pulse pressure leading to conformational changes of the vWF 

multimers and predisposing them to proteolytic cleavage.84 Non-pulsatile continuous blood 

flow by LVAD can induce high shear stress on the endothelium, and patients with LVAD 

have similar bleeding patterns to those described in severe aortic stenosis.86 Multiple studies 

have shown that nearly all axial-flow LVAD patients developed some degree of acquired 

vWF disease.87–89 HM3 patients had higher preservation of high molecular weight vWF 

multimers compared with HMII90 and HVAD.91 While mechanisms for the superior high 

molecular weight vWF preservation in HM3 are unclear, it may be related to differences in 

interior rotor design, wider consistent flow paths, and differences in pump speeds in HM3 

resulting in less shear stress on the vWF molecule. In addition to loss of vWF multimers, 

impaired platelet aggregation in LVAD patients with minor or major bleeding has been 

identified; however, the relative contribution of impaired platelet aggregation and vWF 

disease has yet to be elucidated.92

Cerebral Microbleeds—Cerebral microbleeds (CMBs) are small (<5mm) areas of 

intracerebral hemorrhage visible as areas of hypointensity on susceptibility weighted 

imaging MRI sequences or at autopsy believed to be related to damage of small blood 

vessels. In one retrospective study of 37 patients with a brain MRI after CF-LVAD 

explantation, 97% of patients had at least one CMB and the number of CMBs was associated 

with increased risk of prior HS.93 In a follow-up study by the same investigators of an 

expanded cohort of 49 patients with CF-LVAD, CMBs were detected in significantly more 

patients with prior CF-LVAD (98%) than matched patients with chronic heart failure without 

history of LVAD (18%) or healthy patients (6%).94 One autopsy study of 21 patients 

identified CMBs in 19 (90%) LVAD patients, with 6 (29%) of these patients having had 

gross HS.95 Possible mechanisms for CMBs in patients with LVAD include infection93, 

chronic anticoagulant therapy96, and endotheliopathy related to vascular changes from CF-

LVAD. CF-LVADs have been associated with altered angiogenesis and elevated levels of 
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angiopoietin-2, which was associated with higher rates of non-surgical bleeding after LVAD 

implantation.97 CMBs are known to be associated with increased risk of HS in patients 

without LVAD who are on anticoagulant therapy98, and the increased frequency of CMBs 

may partly explain the increased risk of HS in the LVAD population, especially as LVAD 

patients are invariably on chronic anticoagulant therapy. Further research is needed to better 

understand CMB’s long-term implication and neurological outcome such as cognition.

Iatrogenic coagulopathy—Long-term antithrombotic therapy in LVAD patients to 

prevent thromboembolic events along with underlying acquired coagulopathy place LVAD 

patients at higher risk for bleeding, and all LVAD-associated HS occurred while on 

anticoagulation99. The current evidence suggests that IS and HS are minimized with 

dose-adjusted warfarin targeting INR 2.0–3.0 in addition to 81 mg of aspirin therapy, as 

both IS and HS risk increases with subtherapeutic and supratherapeutic antithrombotic 

regimens.41,100 Balancing bleeding and thrombosis risks is a critical component of LVAD 

patient management moving forward, and further research into the use of direct oral 

anticoagulant agents and PDE5is in addition to advancement in device technology may 

benefit this balance.

Management

Similar to IS, there is sparse research pertaining to acute management of LVAD patients 

with HS. After HS is identified on CT, a CTA study should be performed to evaluate 

for mycotic aneurysm and digital subtraction angiography should be considered due to its 

increased sensitivity for aneurysm, especially if there is a prior history of LVAD-associated 

infection. The ISHLT guideline recommends discontinuing or reversing anticoagulation 

after the occurrence of a HS.55 Warfarin, which is the typical anticoagulation agent for 

LVAD patients should be reversed with 10 mg of IV Vitamin K and prothrombin complex 

concentrate (PCC). 4-factor PCC is recommended over fresh frozen plasma (FFP), however, 

when 4-factor PCC is unavailable, 3-factor PCC with factor VIIa, or FFP can be used. 

4-factor PCC is favored due to a faster administration/INR correction, smaller volume, 

lower risk of thrombosis, and less likely to have transfusion reaction compared to FFP.101 

Although there are limited data, reversal of warfarin with either PCC or FFP seems to 

be safe in LVAD patients based on retrospective observation studies with very low rate 

of thromboembolic complications during hospitalization.102,103 Current evidence does not 

support routine platelet transfusion in patients with normal platelet count regardless of 

antiplatelet use at the time of HS.104

In addition to anticoagulation reversal, strict blood pressure control is another important 

intervention to prevent hematoma expansion which is associated poor outcome in HS.105,106 

It remains unclear whether acute blood pressure lowering after HS impairs cerebral blood 

flow within the perihematomal region resulting in secondary ischemia; while some studies 

did not demonstrate higher rates of secondary IS with acute blood pressure lowering 105,106, 

a post-hoc analysis of patients presenting with SBP ≥220 mmHg reported higher rates of 

neurological deterioration and acute kidney injury.107 In patients without LVAD, American 

Heart Association (AHA) recommends targeting a SBP of 140 mmHg within the first hour 

of presentation with a goal of maintaining SBP between 130–150 mmHg.108 Although 
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the SBP goal may not apply to LVAD patients, targeting a MAP of < 85–90 mmHg is 

considered reasonable and safe.

A large HS may cause mass effect from cerebral edema, brain compression, hydrocephalus 

and elevated ICP. AHA guidelines recommend placing an external ventricular drain in 

patients with intraventricular extension of HS causing hydrocephalus, and craniotomy for 

patients with cerebellar HS causing brainstem compression, hydrocephalus, or a hematoma 

volume ≥15 mL.108 In patients with supratentorial HS, there is limited evidence support 

hematoma evacuation and hemicraniectomy, but minimally invasive hematoma evacuation 

for HS ≥20mL may reduce mortality compared with medical management alone.109,110 

Additionally, all patients should get repeat imaging to assess hematoma expansion or 

stability within 4 hours from initial CT brain and subsequent CT with any concerns of exam 

changes. Acute ICP elevation or life-threatening mass effect can be treated with standard 

neurocritical care interventions such as hypertonic saline or mannitol as well as elevation of 

the head of bed to 30 degrees and antipyretics to aggressively manage hyperthermia.111

The optimal timing for antithrombotic resumption following HS is unknown in both non-

LVAD and LVAD patients. In the non-LVAD patients, the observational studies suggested 

waiting for 4–8 weeks following HS is safe while minimizing the risk of IS while off 

anticoagulation and HS after resumption.112,113 Early resumption around 1–2 weeks after 

HS is deemed feasible for high risk patients such as patients with mechanical valve or 

intra-cardiac thrombus.114 Patients with mechanical circulatory support device such as 

LVAD should be considered as a high risk population for thromboembolic events while 

off anticoagulation. One retrospective study of 36 LVAD-associated HS reported that 

withholding aspirin for 1 week and warfarin for 10 days was sufficient and safe to reduce 

the risk of hemorrhage expansion or recurrent HS in LVAD patients while minimizing the 

risk of IS and pump failure.76 Another observational study of 39 LVAD-associated HS 

reported that the resumption of aspirin alone was associated with higher thromboembolic 

events compared to warfarin alone and warfarin plus aspirin, although patients with warfarin 

resumption had a higher rate of non-fatal recurrent hemorrhage.102 Therefore, we advise to 

resume anticoagulation and aspirin within 7–10 days after HS with the exact timing being 

determined by evaluating unique patient characteristics and considering risks and benefits as 

part of a multidisciplinary team.

Stroke impact on Patient Outcome—LVAD-associated stroke significantly impacts 

patient’s quality of life, candidacy for heart transplantation, and their survival. Depending 

on the severity of the stroke and location of the stroke (involvement of eloquent 

neuroanatomical structures), the neurological deficits from stroke can often lead to a 

significant disability and poor quality of life. More importantly, stroke often compromises 

a patient’s candidacy for heart transplant for those with bridge to transplantation. Stroke 

leads to a lower probability of receiving a heart transplant compared to those without 

(15.6% vs. 33.3%) and negatively impact on survival in LVAD patients.40 Both IS and HS 

increase the in-hospital mortality by 4 and 18-fold, respectively, based on a US population 

study and is an independent predictor for subsequent in-hospital mortality (HR=6.1).115,116 

Survival at one year is also much lower in patients with a stroke (43.7%) compared to those 

without a stroke (80%).40 IS that occurred after discharge was an independent predictor 
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of mortality78, while periprocedural HS and HS after discharge were both independent 

predictors of mortality.78

Cognition and Cognitive Decline.—Advanced heart failure is associated with 

chronic decreased cerebral perfusion and has been associated with subsequent cognitive 

impairment.117 Pre-LVAD cognitive performance is predictive of LVAD-associated stroke as 

well as mortality after LVAD implantation.118 Importantly, LVAD implantation in patients 

with advancement heart failure was associated with an improvement in cognitive function. In 

one study, 56 patients underwent cognitive screening as part of LVAD candidacy evaluation 

and again after LVAD implantation.119 Patients undergoing cognitive screening before 

and after LVAD implantation demonstrated increases in Montreal Cognitive Assessment 

(MOCA) scores from 23.6 to 25.1 with significant improvements in visuospatial, executive, 

and delayed recall domains. Additionally, the Beck Depression Inventory improved 

significantly from 12.8 pre-LVAD (indicative of mild mood disturbance) to 6.64 at 8 months 

post-LVAD (within normal range). In an analysis of patients with HVAD and HMII, 80% of 

patients had stable or improved neurocognitive function at 6, 12, and 24 months after LVAD 

implantation.4 In the same study, when patients had cognitive decline, male sex, stroke, and 

HVAD (vs. HMII) were risk factors4, highlighting the importance of stroke prevention and 

device selection.

Conclusions

Despite significant improvements in LVAD design/technology and an increased recognition 

of device-associated complications over the past decade, neurological complications of 

LVAD remain a leading cause of morbidity and mortality and stroke is a major outcome in 

LVAD clinical trials. While neurological complications in LVAD patients are increasingly 

recognized, sparse evidence and clinical guidelines exist on optimal strategy for stroke 

prevention and management. Future research to further elucidate the underlying mechanisms 

of neurological complications is necessary in order to develop better prevention and 

management strategies.
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Figure 1. 
Kaplan-Meier analysis of freedom from major neurologic adverse events in a propensity-

matched cohort of patients receiving HeartWare (HVAD, blue) or Heartmate III (HM3, 

red) devices. CVA: cerebrovascular accident; HM3: Abbott HeartMate3; HVAD: Medtronic 

HeartWare HVAD; INTERMACS: Interagency Registry for Mechanically Assisted 

Circulatory Support; TIA: transient ischemic attack.

Adapted with permission from “Cerebrovascular Events in Patients with Centrifugal-Flow 

Left Ventricular Assist Devices: Propensity Score–Matched Analysis From the Intermacs 

Registry.” Cho et al., Circulation, 2021.
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Figure 2. 
Risk factors for the development of LVAD-associated ischemic and hemorrhagic stroke. 

CPB: cardiopulmonary bypass, vWD: von Willebrand disease.

Adapted with permission from “A Comprehensive Review of Risk Factor, Mechanism, and 

Management of Left Ventricular Assist Device-Associated Stroke”. Cho et al., Seminars in 

Neurology, 2021.
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Figure 3. 
Proposed algorithm for the management of LVAD patients presenting with acute stroke. 

EVD: External Ventricular Drain, INR: International Normalized Ratio, LDH: Lactate 

Dehydrogenase, LVO: Large Vessel Occlusion, PCC: Prothrombin Complex Concentrate, 

PTT: Partial Thromboplastin Time

Shoskes et al. Page 22

Can J Cardiol. Author manuscript; available in PMC 2023 February 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Summary
	Introduction
	LVAD Specific Stroke Pathophysiology:
	Endothelial Dysfunction and Arterial Stiffness
	Impaired Cerebral Autoregulation
	Dysautonomia

	Ischemic Stroke
	Epidemiology
	Risk factors
	Prevention
	Antithrombotic therapy
	Phosphodiesterase Type 5 Inhibitors

	Management of Ischemic Stroke

	Hemorrhagic stroke
	Epidemiology
	Risk factors
	Acquired von Willebrand factor disease
	Cerebral Microbleeds
	Iatrogenic coagulopathy

	Management
	Stroke impact on Patient Outcome
	Cognition and Cognitive Decline.


	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.

