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Abstract

OBJECTIVES: In patients supported by a durable left ventricular assist device (LVAD), infections are a frequently reported adverse event
with increased morbidity and mortality. The purpose of this study was to investigate the possible association between infections and
thromboembolic events, most notable cerebrovascular accidents (CVAs), in LVAD patients.

METHODS: An analysis of the multicentre European Registry for Patients Assisted with Mechanical Circulatory Support was performed.
Infections were categorized as VAD-specific infections, VAD-related infections and non-VAD-related infections. An extended Kaplan–Meier
analysis for the risk of CVA with infection as a time-dependent covariate and a multivariable Cox proportional hazard model were performed.

RESULTS: For this analysis, 3282 patients with an LVAD were included with the majority of patients being male (83.1%). During follow-up,
1262 patients suffered from infection, and 457 patients had a CVA. Cox regression analysis with first infection as time-dependent covariate
revealed a hazard ratio (HR) for CVA of 1.90 [95% confidence interval (CI): 1.55–2.33; P < 0.001]. Multivariable analysis confirmed the asso-
ciation for infection and CVAs with an HR of 1.99 (95% CI: 1.62–2.45; P < 0.001). With infections subcategorized, VAD-specific HR was 1.56
(95% CI: 1.18–2.08; P 0.002) and VAD-related infections [HR: 1.99 (95% CI: 1.41–2.82; P < 0.001)] remained associated with CVAs, while
non-VAD-related infections (P = 0.102) were not.

CONCLUSIONS: Infection during LVAD support is associated with an increased risk of developing an ischaemic or haemorrhagic CVA,
particularly in the setting of VAD-related or VAD-specific infections. This suggests the need of a stringent anticoagulation management
and adequate antibiotic treatment during an infection in LVAD-supported patients.
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ABBREVIATIONS

CVAs Cerebrovascular accidents
CI Confidence Interval
EUROMACS European Registry for Patients Assisted with

Mechanical Circulatory Support
HR Hazard ratio
HF Heart failure
HVAD HeartWare Ventricular Assist Device
INTERMACS Interagency Registry of Mechanically Assisted

Circulatory Support
LVADs Left ventricular assist devices

INTRODUCTION

Continuous-flow left ventricular assist devices (LVADs) have be-
come an important modality, especially in the high income
countries, in the treatment of end-stage heart failure (HF) as a
bridge to transplantation, a bridge to candidacy or destination
therapy. Given the shortage of suitable donor hearts, LVAD as
destination therapy has become a viable treatment strategy in
patients once all other therapeutic options have been exhausted
[1]. However, long-term LVAD support has potential drawbacks,
including the risk of cerebrovascular accident (CVA), bleeding
and infection [1, 2]. The high rate of complications hampers the
long-term survival of patients supported with a continuou-flow
LVAD. The median long-term survival of patients with a donor
heart is 15 years compared to median long-term survival on
LVAD support of 5 years [3]. Infection is the most common cause
of rehospitalizations with an incidence of 4.4 per 100 patients in
3 months and 24.0 in 12 months of LVAD support and continues
to increase over time [1]. Therefore, major infection is the second
leading cause of death in LVAD-supported patients [2].

Thromboembolic events are another notable complication in
LVAD-supported patients and are significantly increased in patients
with LVAD support [4]. Whereby, a CVA, both ischaemic and
haemorrhagic, continues to be a major cause of morbidity and
mortality [5, 6]. Interestingly, some small studies reported already
the association between infections and CVA, where 51–63% of the

patients had active infections at the time of CVA [7, 8]. An
Interagency Registry of Mechanically Assisted Circulatory Support
(INTERMACS) study confirmed these findings with a higher preva-
lence of CVAs in patients with an active infection compared to
patients without an active infection (18% vs 11%) [9]. Although
these studies report a higher incidence of CVA in LVAD patients
with an active infection, most studies were based on small single-
centre cohort studies, lacked detailed data regarding the risk of
CVA, type of infections and possible differentiation between is-
chaemic and haemorrhagic CVA. Furthermore, known risk factors
for both infections and CVA, such as smoking, diabetes and atrial
fibrillation, could potentially blur the potential interaction of the
risk of a CVA and infections [10–12]. To investigate this, it is im-
portant to use a large patient database so these factors can be cor-
rected in the analysis. Early recognition and proactive treatment of
infections in LVAD patients along with meticulous anticoagulation
management could lead to a decrease in infection-related CVAs.
The aim of this study was therefore to evaluate the association be-
tween infections and CVAs in the European Registry for Patients
with Mechanical Circulatory Support (EUROMACS), a multicentre
registry with over 70 participating centres.

METHODS

Study design

A retrospective study was conducted in all patients who under-
went an LVAD implantation using the EUROMACS data [2]. All
patients aged >_18 years with LVAD support were included.
Exclusion criteria were patients aged <18 years or patients with a
right ventricular assist device, single ventricular assist device, biven-
tricular assist device, total artificial heart and a pulsatile device.
Patients were censored at heart transplant or device explant.

Ethics statement

This study was approved by the institutional ethics committee of
all respective participating centres in the EUROMACS, and all
included subjects gave informed consent [13].
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Data collection

All patients from May 2000 to April 2019, who met the inclusion
criteria, were included in this study. Baseline characteristics be-
fore LVAD implantation include age, gender, body mass index,
aetiology of HF, INTERMACS profile, preoperative condition and
co-morbidities, electrocardiogram and echocardiogram were
collected. Furthermore, perioperative data on device strategy, de-
vice type and intensive care unit stay were retrieved.

Outcomes

The primary outcome was the occurrence of CVA(s) in patients
with infection(s) or without infection during LVAD support.
Secondary end points included risk of CVA stratified by ischae-
mic or haemorrhagic after infection, survival, pump thrombosis
and risk of neurological event(s) stratified by sort of infection.

Definitions

CVAs were defined using the INTERMACS definition. Ischaemic
CVA is defined as a new acute neurological deficit associated with
acute infarction on imaging. Symptomatic intracranial haemor-
rhage is defined as a new acute neurological deficit attributable
to intracranial haemorrhage [14]. All infections, regardless of the
severity, were subcategorized according to the International
Society for Heart and Lung Transplantation definition as: non-
VAD (Ventricular Assist Device) related—infections are not
affected by the presence of the VAD and are unlikely related (i.e.
lower respiratory tract infections and urinary tract infection); VAD
related—infections that refer to those that can also occur in
patients without VAD; however, there may be unique considera-
tions in patients with VAD (i.e. endocarditis, mediastinitis and
bloodstream infections); and VAD specific—infections that are
specific to patients with VAD and are related to the device hard-
ware and do not occur in non-VAD patients (i.e. driveline infec-
tions, pump or cannula infections and pocket infections) [15].

Statistics

Continuous data are presented as mean with standard deviation
(Gaussian distribution) or median (interquartile range) (non-
Gaussian distribution). Categorical data are presented as frequen-
cies (percentage). The Fine and Gray method was used to calcu-
late the cumulative incidence of CVA with death as competing
risk. An infection occurs somewhere in follow-up; therefore,
incorporating it as a baseline variable leads to a possible immor-
tal time bias: a patient has to survive until an infection occurs.
Infection was therefore used as a time-varying covariate. This
implies that the covariate infection only is considered a variable
after the first infection took place. Subsequently, it is not relevant
to group the baseline variables on infection yes or no, since in-
fection occurs somewhere in follow-up and is often of transient
nature. To visualize the impact of time-varying covariates on out-
comes, an extended Kaplan–Meier estimator was used to gener-
ate extended Kaplan–Meier curves presenting freedom of CVA
[16]. A multivariable cox model was developed in order to inves-
tigate determinants associated with CVA. Determinants were pre-
specified, and no predictor selection attempts were undertaken.
First post-LVAD infection was incorporated in the Cox

proportional hazard model as a time-varying covariate [17].
Missing baseline data were imputed using multiple imputations
by chained equations. All baseline variables with <20% missing
values were imputed. Five imputed datasets were generated
using 20 iterations each. Convergence and imputations were
visually checked. Since missing data were low in the pre-
specified determinants (Supplementary Material, Table S1), anal-
yses were done on the imputed first dataset. Statistical analyses
were done in R (Version 4.1.2).

RESULTS

Baseline characteristics

In total, 3282 patients met the requirements and were included
in the study. The median age was 56 years [interquartile range
47.0–63.0] and 83.1% were male. The predominant aetiology of
HF was non-ischaemic heart disease (51.2%), and patients were
mainly in INTERMACS class 2 (33.5%) or class 3 (27.6%) prior to
implantation. Diabetes was present in 844 patients (26.7%) and a
history of CVA was present in 186 patients (6.7%), of whom 169
(6.1%) were ischaemic and 17 (0.6%) were haemorrhagic. Bridge
to transplantation was the most common device strategy (74.4%)
and the device most frequently implanted was the HeartWare
Ventricular Assist Device (HVAD) (Medtronic, Minneapolis, MN,
USA) (50.8%) (Table 1).

Outcome after infection

During follow-up, 1262 (38.5%) patients experienced an infection.
CVA was reported in 457 patients. The cumulative incidence of
CVA in the overall population at 3 years was 14.8% [95% confi-
dence interval (CI): 13.5–16.1; Supplementary Material, Fig. S1].
Cox regression with the first infection as a time-dependent cova-
riate revealed a significant increased hazard ratio (HR) for CVA of
1.90 (95% CI: 1.55–2.33, P < 0.001) during infection in LVAD
patients (Fig. 1). Furthermore, infection is significantly associated
with ischaemic and haemorrhagic CVA, respectively, with an HR
of 1.91 (95% CI: 1.43–2.56, P < 0.001; Fig. 2A) and an HR of 2.36
(95% CI: 1.77–3.16, P < 0.001; Fig. 2B). Pump thrombosis was
comparable between the infection and non-infection groups
with an HR of 0.85 (95% CI: 0.65–1.11, P 0.236; Fig. 3).

Infections subcategorized

Infections were subcategorized, according to the International
Society for Heart and Lung Transplantation definition, as described
in the ‘Methods’ section, as non-VAD related, VAD related and
VAD specific. Non-VAD-related infections were not significantly
associated with CVA [HR: 1.27 (95% CI: 0.95–1.69; P = 0.102].
However, both VAD-related and VAD-specific infections were
significantly associated with the risk of a CVA, respectively, with
an HR of 1.99 (95% CI: 1.41–2.82; P < 0.001) and an HR of 1.56
(95% CI: 1.18–2.08; P = 0.002) (Fig. 4).

Multivariable analysis

Multivariable analysis confirmed the significant association for
risk of CVA during active infection with an HR of 1.99 (95%
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CI: 1.62–2.45; P < 0.001; Supplementary Material, Table S2).
Furthermore, multivariable analysis confirmed the significant as-
sociation for the risk of ischaemic or haemorrhagic CVA after in-
fection, respectively, with an HR of 2.00 (95% CI: 1.48–2.71,
P < 0.001; Supplementary Material, Table S3) and an HR of 2.42
(95% CI: 1.80–3.27, P < 0.001; Supplementary Material, Table S4).
Multivariable analysis of the subcategorized infections confirmed
the earlier mentioned findings with non-VAD related not
significant associated with the risk of a CVA (HR 1.25, 95% CI:

0.93–1.68, P = 0.144). VAD-related and VAD-specific infections
remained significantly associated with the increased risk of a CVA
after multivariable analysis (respectively, HR 1.99, 95% CI: 1.39–
2.85, P < 0.001 and HR 1.54, 95% CI: 1.15–2.06, P = 0.003;
Supplementary Material, Table S3). Furthermore, patients with an
HVAD showed more significantly more ischaemic CVA and infec-
tion after implantation than in other devices in the multivariable
analysis (Supplementary Material, Tables S3 and S5). No violation
of the proportional hazard assumption was detected with the
Schoenfeld test, P = 0.850.

DISCUSSION

In this article, we analysed the association of an active infection
and risk of CVA in patients supported with an LVAD in the large
multicentre EUROMACS using contemporary analyses with infec-
tion as a time-dependent covariate. The main findings were that
infections, in particular VAD-related and VAD-specific infections,
are significantly associated with an increased risk of both ischae-
mic and haemorrhagic CVAs. The multivariable analysis con-
firmed the highly significant association with an HR of 1.99
(P < 0.001). This implies the plausible clinical relevance, with time-
ly and adequate treating the patients with an active infection,
and concomitant stringent management of the anticoagulation
regime to prevent an ischaemic of haemorrhagic CVA during an
active infection.

In our study, infections occurred in 38.5% of the patients after
LVAD implantation. This observation is consistent with what is
known from the current literature, i.e. 35–42% [9, 18]. Infections in
patients supported by an LVAD, and in particular bloodstream
infections, have previously been suggested as a significant risk fac-
tor for both ischaemic and haemorrhagic CVAs [7, 8, 19, 20].
However, clinical temporal association of infections leading to a
CVA and sample size were limited in these studies. With contem-
porary analyses, with infection as time-varying covariate in an
extended Kaplan–Meier, we were able to calculate and visualize
the risk of a CVA during or after an active infection. The overall in-
cidence of CVA was 14.8% at 3 years, with most patients having an
ischaemic CVA, which is in concordance with previous studies
(18%) [9]. Our study revealed that, in particular, patients with a
VAD-related or VAD-specific infection have an increased risk of
developing a CVA. Earlier studies showed that the majority of
VAD-related infections are bloodstream infections, while driveline
infections are described as the predominant type of VAD-specific
infection [21]. Interestingly, local infections, such as a driveline in-
fection, are less likely to result in systemic activation of the inflam-
matory system but have the same influence on the risk of CVAs
[22]. Particularly, bloodstream infections are linked to coagulation
system activation, thereby an increased risk of CVA [23, 24]. Our
study did not show a difference in the risk of pump-thrombosis
between patients with or without an infection. This is in concord-
ance with earlier studies and might be a result of more small
thrombus formation, which could more easily transport through-
out the LVAD [25]. Patients with an HVAD had an elevated risk of
both ischaemic CVA and this is described earlier which contrib-
uted to the recent production stop of the HVAD [26].

During septic infections, the blood is hypercoagulable,
and platelets are activated; these mechanisms contribute to
tissue ischaemia and necrosis of organs [27, 28]. Therefore, pro-
posed mechanisms could trigger a CVA during or short after
infection, which includes platelet activation and aggregation,

Table 1: Baseline and clinical characteristics

Overall

Number of patients 3282
Age, median [IQR] 56.0 [47.0, 63.0]
Male, n (%) 2728 (83.1)
Weight (kg), median [IQR] 79.0 [69.4, 90.0]
Height (cm), median [IQR] 176.0 [170.0, 181.0]
BMI, median [IQR] 25.6 [22.7, 28.9]
History of infection, n (%) 257 (9.1)
History of positive blood culture, n (%) 127 (5.4)
Diabetes, n (%) 837 (26.7)
Dialysis, n (%) 90 (2.9)
Smoking history, n (%) 2672 (66.6)
COPD, n (%) 304 (10.8)
History of neurological event (%), n (%)

None 2485 (88.8)
CVA 186 (6.7)
ICB 17 (0.6)
TIA 108 (3.9)

Cardiac rhythm, n (%)
Sinus 1422 (52.4)
Paced 801 (29.5)
Atrial fibrillation 430 (15.8)
Others 63 (2.3)

ICD in situ, n (%) 1762 (63.6)
ECMO, n (%) 344 (11.0)
LVEF (%), median [IQR] 19.0 [15.0, 22.0]
Aetiology, n (%)

Ischaemic heart disease 1376 (48.8)
Non-ischaemic heart disease 1440 (51.2)

INTERMACS patient profile, n (%)
1 Critical cardiogenic shock 470 (14.8)
2 Progressive decline 1067 (33.5)
3 Stable but inotrope dependent 878 (27.6)
4 Resting symptoms 567 (17.8)
5 Exertion intolerant 201 (6.3)

Device strategy (%), n (%)
Bridge to transplant 2410 (74.4)
Destination therapy 599 (18.5)
Others 229 (7.1)

Device type (%), n (%)
LVAD 3107 (94.7)
LVAD (+ temporary RVAD) 175 (5.3)

Device brand (%), n (%)
HeartWare HVAD 1665 (50.8)
HeartMate II 1010 (30.8)
HeartMate 3 544 (16.6)
Other 59 (1.8)

ICU stay (days), median [IQR] 11.0 [5.0, 25.0]

BMI: body mass index; COPD: chronic obstructive pulmonary disease; CVA:
cerebrovascular accident; ECMO: extracorporeal membrane oxygenation;
HVAD: HeartWare Ventricular Assist Device; ICB: intra-cranial bleeding;
ICD: implantable cardioverter-defibrillator; ICU: intensive care unit;
INTERMACS: Interagency Registry for Mechanically Assisted Circulatory
Support; IQR: interquartile range; LVAD: left ventricular assist device; LVEF:
left ventricular ejection fraction; RVAD: right ventricular assist device; TIA:
transient ischaemic attack.
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inflammation-induced thrombosis, impaired endothelial function,
infection provoked cardiac arrhythmias and dehydration-induced
thrombosis [29, 30]. Another adverse effect of continuous-flow
LVAD support is shear stress on blood components and endothe-
lial dysfunction [31, 32]. This could lead to aggravating the ubiqui-
tous existent acquired von Willebrand disease and thereby
increase haemorrhagic events which is a major cause of morbidity
[33]. Furthermore, subclinical microthromboembolisms to the
brain could probably as well transform into a secondary haemor-
rhagic CVA [34]. Both of these factors, a septic infection and shear
stress, could probably explain the incremental risk of bleeding and
thereby CVA. Our study implies that, given association between
VAD-related and VAD-specific infections with the increased risk of
ischaemic and haemorrhagic CVA, it is essential to treat infections
as early and aggressively as possible and concomitantly, proactive
anticoagulation management. However, radical treatment of infec-
tions remains very challenging because of possible formation of
biofilm on the prosthetic material involved. To date, there are no
appropriate evidence-based antimicrobial treatment guidelines in
LVAD patients. Therefore, further studies should focus on the de-
velopment of a protocolized diagnostic and treatment approach,
not only for the treatment of infection but also to reduce the risk
of concomitant CVA.

Adequate antithrombotic therapy in LVAD patients is import-
ant in the prevention of thrombotic or haemorrhagic events.
Maintaining an INR value between the aimed therapeutic range
of 2.0 and 3.0 tends to be crucial to prevent these complications
[34]. This could be challenging given the quality of anticoagula-
tion therapy is often lower than expected [35]. Furthermore,
LVAD patients often have coexisting morbidity, which could po-
tentially increase the risk of thrombotic and/or haemorrhagic
complications [36]. Such comorbidities include atrial fibrillation,
congestive right-sided HF, renal failure, pulmonary circulation

disorders, liver disorders and coagulopathy and are known to be
predictors of an increased risk of a CVA after infection [37]. Our
study adjusted for most, available, comorbidities with the multi-
variable analysis and concluded that active infection remained
significant associated with risk of CVA during LVAD support.
Interestingly, atrial fibrillation during long-term LVAD support is
a known significant risk factor for CVA [38]. However, after
adjusting for atrial fibrillation in our study, infection was still sig-
nificantly associated with the elevated risk of CVA. To reduce the
risk of haemorrhagic complications during LVAD support, a new
preliminary study suggests maintaining much lower INR values
between 1.5 and 1.9 [39]. Therewith, exposure to any antibiotic
agent (in particular, co-trimoxazole and rifampicin) is associated
with an increased risk of bleeding due to anticoagulation
derangements requiring even more hospitalizations [40]. At the
moment, little is known about other options for optimizing the
anticoagulation therapy, such as anti-platelet therapy and strict
anticoagulant monitoring; this will be an interesting topic for the
near future. The elevated risk of CVA in LVAD patients with an
active infection suggests that attention should be paid to main-
tain anticoagulation in the therapeutic range, especially when the
patient is suffering from an infection. Understanding these differ-
ences is critical in timely diagnoses and thereby providing man-
agement interventions with scientifically proven guidelines.

Limitations

This EUROMACS study has certain limitations that should be con-
sidered while interpreting the results. Due to the retrospective na-
ture of this study, the number of data fields captured is limited. It is
possible that not all infections or CVAs were captured, which could
lead to outcome missing data. This could result in a possible under-
estimation of these outcomes; however, the EUROMACS regularly

Figure 1: Freedom from all-cause (ischaemic and haemorrhagic) cerebrovascular accidents in an extended Kaplan–Meier with infection as time-varying covariate.
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Figure 2: (A) Freedom from ischaemic cerebrovascular accident in an extended Kaplan–Meier with infection as time-varying covariate. The red line represents the
non-infection group, and the blue line represents the infection group. (B) Freedom from haemorrhagic cerebrovascular accident in an extended Kaplan–Meier with
infection as time-varying covariate.

Figure 3: Freedom from pump thrombosis in an extended Kaplan–Meier with infection as time-varying covariate.
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checks data input and audits participating centres for data quality
and completion. Furthermore, due to the large multicentre data-
base design, specific details of infection including pathogens or INR
values at the time of infection are missing. This is an important issue
for future research. Finally, we used multiple imputations to ac-
count for randomly missing baseline data. Incremental improve-
ments in LVAD therapy led to a reduced incidence of CVA. The
used historic data relate the incidence of infection and CVA occur-
ring with devices used at that time.

CONCLUSION

Our findings imply that infection is associated with an increased
risk of developing an ischaemic or haemorrhagic CVA in LVAD-
supported patients. Furthermore, subcategorized infections
including VAD-related and VAD-specific infections are associated
with a significantly increased risk of both ischaemic and haemor-
rhagic CVA. This study suggests the plausible need for proactive
anticoagulation management and adequate antibiotic treatment
in LVAD patients with an active infection.

SUPPLEMENTARY MATERIAL

Supplementary material is available at EJCTS online.
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