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Third-generation continuous-flow left ventricular
assist devices: a comparative outcome analysis by
device type
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Abstract

Aims Continuous-flow left ventricular assist devices (CF-LVADs) have become a standard of care in end-stage heart failure.
Limited data exist comparing outcomes of HeartMate3 (HM3) and HeartWare HVAD (HW). We aimed to compare midterm
outcomes of these devices.
Methods and results Investigator-initiated retrospective-observational comparative analysis of all patients who underwent
primary LVAD implantation of either HM3 or HW at our centre between January 2010 and December 2020. Data were derived
from a prospective registry. Primary endpoints were all-cause mortality and heart transplantation. Secondary endpoints in-
cluded device-related major adverse cardiac and cerebrovascular events, which included major bleeding, major neurological
dysfunction (defined as persisting neurological impairment for ≥24 h), device-related major infection (excluding driveline in-
fections), major device malfunctions leading to re-intervention or partial device exchange (pump failure, outflow-graft twist
or failure, controller failure, battery failure, patient cable failure, but excluding pump thrombosis), and pump thrombosis. Fur-
ther secondary endpoints included right heart failure, gastrointestinal bleeding, driveline infections, and surgical re-
interventions. The secondary outcomes were analysed not only for the first event but also for recurrent events. The analysis
included competing risks analysis and recurrent event regression analysis, with adjustment for confounders age, gender, body
mass index (BMI), and Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS) level. Out of 106 pri-
mary CF-LVAD implantations, 36 (34%) received HM3 and 70 (66%) received HW. Median follow-up was 1.48 years [interquar-
tile range 0.67, 2.41]. HM3 was more often implanted in men (91.7% vs. 72.9%, P = 0.024); patients were older (median
61 years [54, 66.5] vs. 52.5 years [43, 60], P < 0.001), had a higher BMI (median 26.7 kg/m2 [23.4, 29.0] vs. 24.3 kg/m2

[20.7, 27.4], P = 0.013), had more comorbidities, and were more likely targeted for destination therapy (36.1% vs. 14.3%,
P = 0.010). Death occurred in 33.3% of HM3 patients, compared with 22.9% of HW patients, P = 0.247 (probability of survival
at 4 years, 54.7% vs. 74.1%, P = 0.296). After adjustment for confounders, we observed a significant six-fold risk increase in
device malfunctions for HW [hazard ratio (HR) 6.49, 95% confidence interval (CI) [1.89, 22.32], P = 0.003], but no significant
differences in pump thrombosis (P = 0.173) or overall survival (P = 0.801).
Conclusions Comparing midterm outcomes between HM3 and HW for LVAD support from a prospective registry, HW pa-
tients had a significantly higher risk of device malfunctions. No significant differences were evident between devices in overall
survival and in respect to most outcomes.

Keywords Left ventricular assist device; LVAD; HeartMate3; HeartWare HVAD; Outcome comparison
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Introduction

Continuous-flow (CF) left ventricular assist devices (LVADs)
have become a standard of care in end-stage heart failure
(HF). Through the technological advancements with the more
durable centrifugal-pump technology, today’s devices have
become more reliable and have a decreased rate of
device-related complications when compared with previous
second-generation or first-generation devices. Since the emer-
gence of magnetically levitated CF-LVADs, overall survival at
4 years has approached 60% and thus offers a durable option
for bridge to transplantation (BTT) as well as for destination
therapy (DT).1–3 The rate of device-related adverse events re-
mains high, with stroke, bleeding, infection, device malfunc-
tion, and pump thrombosis occurring in 19%, 26%, 47%, 5%,
and<2% of patients within 2 years, respectively.1,4,5 Twomag-
netically levitating CF-LVADs are in use today and represent
the current gold standard in LVAD therapy—HeartMate3
(HM3) and HeartWare HVAD (HW). The newer HM3 is a fully
magnetically levitated centrifugal-flow pathway pump with a
frictionless rotor and a fixed intrinsic pulse, whereas HW uses
a combination of hydrodynamic andmagnetic levitation of the
internal rotor. It is known from prospective trials of recent
years that these magnetically levitating centrifugal CF-LVADs
are non-inferior to axial-flow CF-LVADs and have a lower rate
of device-related complications.2,6,7 However, very limited
data exist comparing outcomes with both devices, and the
gap of knowledge remains.8–10 Therefore, we aimed to analyse
all magnetically levitating CF-LVADs implanted at our institu-
tion and compare outcomes between devices.

Methods

Study design

An observational retrospective analysis was conducted in-
cluding all patients who underwent primary implantation of
a centrifugal CF-LVAD at our tertiary care academic centre
between January 2010 and December 2020. Implanted
CF-LVADs included either the HM3 (Abbott, Chicago, IL,
USA) or the HW (Medtronic, Minneapolis, MN, USA) device.
HW has been implanted at our centre since 2010, and HM3
since 2015. We excluded all patients with biventricular VADs,
isolated right VAD (RVAD), or after a device exchange. Patient
data, including demographics, preoperative characteristics,
and post-operative outcomes, were collected from the pro-
spective European Registry for Patients with Mechanical Cir-
culatory Support (EUROMACS) database for our centre. All
primary LVAD implantations in our patient cohort were per-
formed over median sternotomy and under full cardiopulmo-
nary bypass (CPB). The anticoagulation regime was consistent
in all patients and included vitamin K antagonist (VKA)

phenprocoumon with international normalized ratio (INR)
range between 2.0 and 3.0, and acetylsalicylic acid (ASA).

The follow-up duration was patient based and comprised
the complete available follow-up for each patient, until pri-
mary endpoints of overall death or heart transplantation,
whichever occurred first, but no longer than 31 December
2020 (censor date). Secondary endpoints included all
device-related major adverse cardiac and cerebrovascular
events (MACCE), defined as major bleeding [defined as any
major bleeding event, including gastrointestinal (GI)], major
neurological dysfunction (defined as persisting neurological
impairment for ≥24 h), device-related major infection (ex-
cluding driveline infections), major device malfunctions lead-
ing to re-intervention or partial device exchange (pump
failure, outflow-graft twist or failure, controller failure, bat-
tery failure, patient cable failure, but excluding pump throm-
bosis), and pump thrombosis, as defined in the EUROMACS
registry. Additional secondary endpoints included the occur-
rence of right heart failure (RHF) and RHF-related
rehospitalizations, incidence of surgical re-interventions for
driveline infection, overall incidence of driveline infections,
and the overall rate of GI bleedings. Patients were grouped
according to the implanted device type. Patient demo-
graphics and baseline data included the haemodynamic,
echocardiographic, and laboratory status collected prior to
LVAD implantation and are summarized in Table 1. The study
conforms with the principles outlined in the Declaration of
Helsinki and was approved by the local ethics committee on
human research (KEK Bern, 2017-00785).

Statistical analysis

The STROBE checklist was used for reporting observational
studies. The distribution of continuous or discrete data was
assessed with histograms, Q–Q plots, and Shapiro–Wilk tests,
with most variables showing a skewed distribution. We there-
fore consistently report medians and quartiles for numeric
data and used non-parametric testing (Mann–Whitney U
tests) for comparisons between groups.11 Categorical data
are summarized as counts and percentages and were com-
pared between groups using Pearson’s χ2 tests or Fisher’s ex-
act tests, as appropriate.12 Survival analysis techniques were
used for time-to-event data.13 Specifically, Kaplan–Meier
curves and log-rank tests were used to compare time-to-first
event between the groups. Cox regression was used to derive
the hazard ratios (HRs) and 95% confidence intervals (CIs).
The proportional hazards assumption was assessed by testing
for nonzero slope in a regression of the scaled Schoenfeld re-
siduals on time. Additionally, analyses were performed in
which heart transplantation was considered as competing
risk for death, death as competing risk for heart transplanta-
tion, and both—death and heart transplantation—as compet-
ing risks for the secondary outcomes (Fine and Gray model).
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Moreover, events that can recur in patients (i.e. all secondary
outcomes) were modelled using recurrent events analysis
(Andersen–Gill model). We present unadjusted HRs as well
as adjusted HR (aHR), adjusting for potential confounders,
which we had selected a priori based on clinical relevance:
patient age and body mass index (BMI) at the time of device
implantation, gender, and Interagency Registry for Mechani-
cally Assisted Circulatory Support (INTERMACS) score 1–3
versus 4–7.14 Likewise, unadjusted and adjusted
subdistribution HR (SHR and aSHR) are reported for compet-
ing risks models. Two-sided P-values < 0.025 were consid-
ered statistically significant for primary outcomes
(Bonferroni correction for two primary outcomes15), and
P < 0.05 was considered significant for secondary outcomes.
All statistical analyses were performed in Stata/IC 16.0
(StataCorp., College Station, TX, USA).

Results

Demographic and operative characteristics

A total of 106 primary magnetically levitating CF-LVADs were
implanted during the study period. Thirty-six patients (34%)
received the HM3, and 70 patients (66%) received the HW.
In brief, median age was higher in the HM3 population, with
61 years [54, 66.5], compared with a median age of 52.5 years
[43, 60] in the HW group, P < 0.001. Among those with the
HM3, there were more males compared with HW (91.7% vs.
72.9%, P = 0.024), and more patients with higher BMI and
body surface area (BSA) received HM3 (median 26.7 kg/m2

[23.4, 29.0] vs. 24.3 kg/m2 [20.7, 27.4], P = 0.013, and 2.0 m2

[1.9, 2.1] vs. 1.9 m2 [1.7, 2.1], P = 0.019, respectively). Patients
receiving the HM3 device also had a significantly higher inci-
dence of chronic obstructive pulmonary disease (COPD)
(30.6% vs. 5.8%, P = 0.001), chronic kidney disease (CKD)
(48.6% vs. 17.7%, P = 0.001), history of smoking (77.3% vs.
52.4%, P = 0.041), and history of non-skin cancer (11.4% vs.
1.43%, P = 0.041). More patients supported by the HM3 group
were intended for DT (36.1% vs. 14.3%, P = 0.01), and fewer
patients required inotropic support prior to implantation in
the HM3 group (17.1% vs. 35.7%, P = 0.049), although no evi-
dence was noted for a difference in the distribution of
INTERMACS stages between the devices. The most common
cause of HF was non-ischaemic dilatative cardiomyopathy
(NIDCM) (61.9%), and 12.3% of patients had had previous car-
diac surgery. Remaining patient demographics were compara-
ble between the groups (Table 1).

Endpoints

Median duration on LVAD support was 530 days [326, 894.5]
for HM3 and 544.5 days [219, 873] for HW. Overall, 33.3% of

HM3 patients died, compared with 22.9% in the HW group;
however, no significant difference in overall mortality was ob-
served between devices (Table 2). Median time to death in
HM3 patients was 259 days [13, 530], compared with
391.5 days [214.5, 632] in HW. The Kaplan–Meier estimator
of unadjusted survival probability (Figure 1A) at 1 and 4 years
was 83.2% and 54.7% in HM3, and 86.0% and 74.1% in HW,
respectively (P = 0.296). However, after adjustment for age,
BMI, gender, and initial INTERMACS stage, no significant dif-
ference in survival between the treatment groups was ob-
served using Cox regression models (aHR 0.97, 95% CI [0.43,
2.21], P = 0.949; Table 3) or competing risks regression (aSHR
0.90, 95% CI [0.41, 1.99], P = 0.801; Table 3, Figure 1B).

With a higher distribution of DT candidates supported by
HM3, only 1 in 10 patients supported by HM3 received heart
transplantation, with a median waiting time of 566.5 days
[372.5, 695.5]. In contrast, 61.4% of patients supported by
HW received heart transplants, with a median waiting time
of 551 days [209, 799]. The statistically significant higher
transplantation rate in the HW group (P < 0.001; Figure 1C)
continued to be observed after accounting for competing
risks (Figure 1D), as well as when only BTT candidates were
analysed (Supporting Information, Figure S1, Table S2). One
HW patient received device explantation due to myocardial
recovery.

The composite of MACCE occurred in a majority of patients
with both devices (58.3% in HM3 vs. 65.7% in HW, P = 0.456),
with shorter time to the first MACCE in HM3 patients (19 days
[1, 301] vs. 123.5 days [3, 254], P = 0.750), and higher inci-
dence of early post-operative MACCE at POD 30 in the HM3
group (57.1% vs. 43.5%). No evidence of difference between
devices was observed in risk of composite MACCE either
as first or as recurrent event (Table 2, Figure 2), although
freedom from MACCE was higher in HM3 (Figures 3A, 3B,
Table 2).

Severe neurological dysfunction occurred in 13.9% of HM3
patients and in 24.3% of HW patients (P = 0.211; Table 2).
Major bleeding of any cause was observed in over 40% of pa-
tients in both devices (44.4% vs. 40.0%, P = 0.660; Table 2),
and the first major bleeding occurred later in the HW group
(14.5 days [1.0, 268] vs. 118 days [5.5, 295.5], P = 0.464).
No significant difference was observed for recurrent major
bleedings (aHR 1.16, 95% CI [0.61, 2.20], P = 0.651) or for re-
current GI bleedings (aHR 0.88, 95% CI [0.26, 2.98],
P = 0.837), with same anticoagulation therapy in both de-
vices. Rate of GI bleeding was similar for the two devices
(19.4% vs. 21.4%, P = 0.811). Device-related infections ex-
cluding driveline were rare for both devices (5.6% vs. 4.3%,
P > 0.99), but driveline infections were observed significantly
more often for HM3 (47.2% vs. 32.9%, P = 0.148; aSHR 0.42,
95% CI [0.19, 0.93], P = 0.032). However, when analysing for
recurrent driveline infections, the significance between de-
vices vanishes (aHR 0.56, 95% CI [0.26, 1.22], P = 0.146).
There was no significant difference in median time to first
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driveline infection (131 days [96, 250] vs. 199 days [71, 339],
P = 0.665). Almost three-fold more surgical driveline revisions
due to infection were performed in HM3 (33.3% vs. 11.4%,
P = 0.006; aHR 0.21, 95% CI [0.07, 0.65], P = 0.007), but the
significance again disappeared in the recurrent event analysis
(aHR 0.46, 95% CI [0.11, 1.87], P = 0.277).

Major device malfunctions excluding pump thrombosis
were significantly more frequent with the HW (28.6% vs.
8.3%, P = 0.017; aHR 4.66, 95% CI [1.40, 15.49], P = 0.012)
and occurred later (612 days [202, 784] vs. 328 days [163.5,
863.5], P = 0.635). Moreover, when analysing recurrent de-
vice malfunctions, HW was associated with a significant
six-fold increase in risk (aHR 6.49, 95% CI [1.89, 22.32],
P = 0.003). Pump thrombosis occurred in 11.4% of HW pa-
tients, and one HM3 patient (2.8%) had an outflow-graft twist
with resulting thrombosis (P = 0.130); however, no significant
difference between the devices was observed for pump
thrombosis. Median time to pump thrombosis in HW was
179.5 days [53, 402.5]. No significant difference for pump
thrombosis was shown between devices in competing risk
analysis (aHR 4.60, 95% CI [0.51, 41.22], P = 0.173).

No significant difference between devices was observed in
occurrence of initial (aSHR 0.72, 95% CI [0.33, 1.59],

P = 0.417) or recurrent RHF (aHR 1.04, 95% CI [0.47, 2.30],
P = 0.924), although RHF occurred in 36.1% of HM3 patients,
compared with 21.4% of HW patients (P = 0.104). More
rehospitalizations with RHF were observed for HM3 (30.6%
vs. 17.1%, P = 0.113). Further results are summarized in
Tables 2 and 3, as well as in Supporting Information, Figures
S1–S3.

Discussion

The authors present the institution’s uncensored experience
from a prospective registry of all implanted HM3 and HW de-
vices for primary LVAD support over the past 10 years. No sig-
nificant differences in overall survival rates between the
devices were found after adjusting for the confounders age,
gender, BMI, and INTERMACS level. A 20% higher but
non-significant probability of mortality was observed in pa-
tients supported by the HM3 at 4 years in the unadjusted
model, but the HM3 patients were older and had more co-
morbidities. An important observation is the significant dif-
ference in major device malfunctions (excluding pump

Figure 1 Kaplan–Meier plots and adjusted cumulative incidence functions (considering heart transplantation as competing risk for death and vice
versa) for primary outcomes. Kaplan–Meier survival probability of primary outcomes of overall survival (A) and heart transplantation (C), and corre-
lating competing risk analysis after adjusting for confounders, respectively (B, D). No significant difference was observed in overall survival between
devices. Significant difference in transplant probability was observed in HeartWare HVAD in the adjusted and unadjusted model. The cumulative inci-
dence functions for death (B) and heart transplantation (D) are typically displayed.
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Table 3 Time-to-event analysis results

Outcome Effect size [95% CI] P-value

Death
Unadjusted Cox regression 0.67 [0.31, 1.43] 0.300
Adjusted Cox regression 0.97 [0.43, 2.21] 0.949
Unadjusted competing risks regression 0.51 [0.24, 1.08] 0.077
Adjusted competing risks regression 0.90 [0.41, 1.99] 0.801

Heart transplantation
Unadjusted Cox regression 5.94 [2.13, 16.54] 0.001
Adjusted Cox regression 3.56 [1.21, 10.42] 0.021
Unadjusted competing risks regression 6.73 [2.40, 18.85] <0.001
Adjusted competing risks regression 3.85 [1.34, 11.07] 0.012

MACCE
Unadjusted Cox regression 1.55 [0.90, 2.69] 0.115
Adjusted Cox regression 1.78 [1.00, 3.18] 0.051
Unadjusted competing risks regression 1.11 [0.67, 1.85] 0.675
Adjusted competing risks regression 1.47 [0.88, 2.45] 0.143
Unadjusted recurrent events regression 1.33 [0.75, 2.36] 0.324
Adjusted recurrent events regression 1.61 [0.88, 2.96] 0.122

Major neurological dysfunction > 24 h
Unadjusted Cox regression 1.91 [0.70, 5.19] 0.203
Adjusted Cox regression 1.96 [0.69, 5.61] 0.207
Unadjusted competing risks regression 1.74 [0.64, 4.76] 0.278
Adjusted competing risks regression 1.91 [0.64, 5.73] 0.247
Unadjusted recurrent events regression 1.73 [0.63, 4.73] 0.285
Adjusted recurrent events regression 1.76 [0.60, 5.19] 0.303

Major bleeding
Unadjusted Cox regression 1.01 [0.54, 1.90] 0.970
Adjusted Cox regression 1.28 [0.65, 2.51] 0.477
Unadjusted competing risks regression 0.80 [0.43, 1.46] 0.463
Adjusted competing risks regression 1.13 [0.61, 2.09] 0.706
Unadjusted recurrent events regression 0.89 [0.45, 1.76] 0.742
Adjusted recurrent events regression 1.16 [0.61, 2.20] 0.651

Major device-related infection excluding driveline
Unadjusted Cox regression 0.54 [0.08, 3.83] 0.534
Adjusted Cox regression 0.60 [0.07, 5.38] 0.649
Unadjusted competing risks regression 0.59 [0.10, 3.37] 0.553
Adjusted competing risks regression 1.27 [0.19, 8.66] 0.808
Unadjusted recurrent events regression 0.37 [0.06, 2.41] 0.295
Adjusted recurrent events regression 0.41 [0.07, 2.27] 0.309

Major device malfunction excluding pump thrombosis
Unadjusted Cox regression 3.87 [1.14, 13.12] 0.030
Adjusted Cox regression 4.54 [1.30, 15.80] 0.017
Unadjusted competing risks regression 3.39 [1.02, 11.25] 0.047
Adjusted competing risks regression 4.66 [1.40, 15.49] 0.012
Unadjusted recurrent events regression 6.31 [1.92, 20.78] 0.002
Adjusted recurrent events regression 6.49 [1.89, 22.32] 0.003

Pump thrombosis
Unadjusted Cox regression 4.57 [0.57, 36.71] 0.153
Adjusted Cox regression 4.65 [0.55, 38.98] 0.157
Unadjusted competing risks regression 4.01 [0.49, 32.49] 0.194
Adjusted competing risks regression 4.60 [0.51, 41.22] 0.173
Unadjusted recurrent events regression 4.07 [0.54, 30.63] 0.173
Adjusted recurrent events regression 4.24 [0.45, 39.85] 0.207

Right heart failure
Unadjusted Cox regression 0.55 [0.26, 1.16] 0.117
Adjusted Cox regression 0.70 [0.32, 1.55] 0.380
Unadjusted competing risks regression 0.50 [0.24, 1.06] 0.070
Adjusted competing risks regression 0.72 [0.33, 1.59] 0.417
Unadjusted recurrent events regression 0.78 [0.36, 1.72] 0.546
Adjusted recurrent events regression 1.04 [0.47, 2.30] 0.924

Right heart failure-related rehospitalization
Unadjusted Cox regression 0.53 [0.23, 1.19] 0.123
Adjusted Cox regression 0.83 [0.36, 1.93] 0.669
Unadjusted competing risks regression 0.48 [0.21, 1.08] 0.076
Adjusted competing risks regression 0.86 [0.37, 2.01] 0.734
Unadjusted recurrent events regression 0.81 [0.35, 1.85] 0.612
Adjusted recurrent events regression 1.16 [0.49, 2.73] 0.729

(Continues)
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thrombosis) between devices, with HW associated with a
six-fold risk increase in recurrent events (P = 0.003), and
HM3 having over 20% less device malfunction events com-
pared with HW (P = 0.017). Even though pump thrombosis
occurred in ~1 out of 10 HW patients, we observed no evi-
dence of a statistically significant risk increase for HW. With
respect to composite of MACCE, as well as major bleeding,
GI bleeding, stroke, major infection, driveline infection, and
RHF, no significant difference was found between devices,
confirming existing data.4,5,8–10,16,17

While there was no evidence of difference in most clinical
outcomes, the difference in major device-related
malfunctions stands out. A significantly elevated risk of de-
vice malfunctions in HW was consistently observed across
the unadjusted and confounder-adjusted analyses, with and
without considering death and heart transplantation as com-
peting risks, and when analysing the time to the first malfunc-
tion as well as recurrent events. Major device malfunctions
included any severe malfunction of a device component lead-
ing to readmission, reoperation, or an exchange of the device
component and may thus be considered clinically relevant.
While the MOMENTUM and ENDURANCE trials demonstrated
that device malfunctions have become less common with the
magnetically levitating LVADs compared with axial-flow
pumps,6,7 our results demonstrate that the elevated risk of
device malfunctions excluding pump thrombosis in HW re-
mains high.

Despite this risk in HW, overall survival did not statistically
differ between devices and was comparable with survival
from other studies at 1 and 2 years.4,6,9,16,17 However, at
4 years, a drop of survival was found in HM3 patients to
54.7%. While the difference is not significant, it should be fur-
ther investigated. Importantly, when adjusting for con-
founders, the mortality risk in both groups was not
significantly different. This merely indicates that there is in-
sufficient evidence to claim there is a difference but does
not imply that devices are ‘equivalent’ or ‘similar’ with re-
spect to these outcomes. These results support conclusions
of the study published by Potapov et al. involving >1500
LVAD patients, where an increased risk for haemorrhagic
stroke and pump thrombosis was found in HW, but no evi-
dent difference was observed in overall survival between
the devices.17 A recent study by Pagani et al. however ob-
served a significantly elevated mortality in patients supported
by HW at both 12 and 24 months after implant.18 While our
study fails to differentiate between the haemorrhagic and
ischaemic stroke, and other studies did not differentiate be-
tween pump thrombosis and other major device
malfunctions that led to device exchange or death, all suggest
an elevated risk profile in HW. However, to our best knowl-
edge, no studies comparing both devices have analysed for
recurrent events, and no studies have differentiated between
device malfunctions that excluded pump thrombosis and
other major device malfunctions.8,9,17,18

Table 3 (continued)

Outcome Effect size [95% CI] P-value

Driveline infection
Unadjusted Cox regression 0.60 [0.32, 1.13] 0.115
Adjusted Cox regression 0.41 [0.19, 0.88] 0.021
Unadjusted competing risks regression 0.59 [0.32, 1.1] 0.096
Adjusted competing risks regression 0.42 [0.19, 0.93] 0.032
Unadjusted recurrent events regression 0.64 [0.33, 1.25] 0.192
Adjusted recurrent events regression 0.56 [0.26, 1.22] 0.146

Driveline infection-related surgical re-intervention
Unadjusted Cox regression 0.31 [0.13, 0.77] 0.011
Adjusted Cox regression 0.24 [0.08, 0.71] 0.010
Unadjusted competing risks regression 0.29 [0.12, 0.70] 0.006
Adjusted competing risks regression 0.21 [0.07, 0.65] 0.007
Unadjusted recurrent events regression 0.58 [0.19, 1.76] 0.337
Adjusted recurrent events regression 0.46 [0.11, 1.87] 0.277

Gastrointestinal bleeding
Unadjusted Cox regression 1.28 [0.51, 3.17] 0.598
Adjusted Cox regression 2.10 [0.79, 5.58] 0.135
Unadjusted competing risks regression 0.99 [0.41, 2.40] 0.979
Adjusted competing risks regression 1.79 [0.74, 4.34] 0.200
Unadjusted recurrent events regression 0.78 [0.26, 2.40] 0.671
Adjusted recurrent events regression 0.88 [0.26, 2.98] 0.837

CI, confidence interval; MACCE, major device-related adverse cardiac and cerebrovascular events.
Time-to-event analysis results for primary and secondary outcomes. Effect sizes are hazard ratios (Cox regression and recurrent events re-
gression) or subdistribution hazard ratios (competing risks analysis), with HeartMate3 as the reference category. An effect size > 1 thus
indicates a higher risk for the HeartWare device compared with HeartMate3 (i.e. favours HeartMate3), whereas an effect size < 1 indicates
a lower risk (i.e. favours HeartWare). The proportional hazards assumption was satisfied for all outcomes except pump thrombosis. Ad-
justed analyses adjust for patient age and body mass index at the time of device implantation, gender, and Interagency Registry for Me-
chanically Assisted Circulatory Support score 1–3 versus 4–7.
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It is worth mentioning that our LVAD population differs
from those in other studies by primarily having INTERMACS
stages >3 in both devices. Despite these non-significant dif-
ferences, HM3 was associated with higher freedom from
composite of MACCE, neurological dysfunction, and pump
thrombosis but had lower freedom from RHF, RHF-related
rehospitalizations, driveline infections, and driveline
infection-related surgical re-interventions. Our study ob-
served an elevated incidence of stroke and of pump thrombo-
sis in patients supported by HW; however, these risks were
not significant in the adjusted models and in competing risks
analyses. While our data thus do not provide strong evidence
for an association, there may be a possible association be-
tween HW and stroke or pump thrombosis. This is in line with
the results published by others, where HW has been associ-
ated with significantly elevated risks for stroke and pump
thrombosis. It is known from the prospective MOMENTUM
and ELEVATE trials that HM3 and HW have lower rates of
pump thrombosis compared with HeartMate II6,7 and that
the low 2.3% incidence of pump thrombosis with HM3 is con-
sistent with results reported elsewhere.4,9,16,17 There appears
to be fewer driveline infections after adjustment for potential
confounders in the HW group; however, this only holds true
when the first event is considered. Numan et al. observed a
similar trend towards higher driveline infection rates with

HM3 but also found no statistically significant difference.9 It
is worth mentioning that our study differs from the study
by Numan et al.9 as our data were taken from a prospective
registry that was analysed not only for the primary event
but also for recurrent ones. In the recurrent events analysis,
the significance vanishes. Therefore, while there is some evi-
dence that HW is associated with a lower risk of initial drive-
line infections, there is no evidence that it is associated with a
lower risk of driveline infections overall. This should be inves-
tigated further in a larger population.

While transplantation was significantly more frequent fol-
lowing HW implantation, this difference should be interpreted
carefully. The median waiting time was just under 2 years for
both devices, but more transplantations were performed after
HW support, also due to longer institutional experience and
patient follow-up with HW. As our HW patients were signifi-
cantly younger, were more often female, had lower BMI, and
more frequently (albeit not significantly) had a lower
INTERMACS score, they were more often intended for trans-
plantation. Concurrently, as the durability of HM3 became ev-
ident through initial non-inferiority studies, our patients
intended for DTmore often received HM3. Another major con-
sideration should be given to the difference in pump size,
which reflects on the patient selection. The HW pump is
smaller than the HM3 and is often preferred in smaller

Figure 2 Forest plot analysis of primary and secondary outcomes by device type. Time-to-event analysis for primary and secondary outcomes. Primary
outcomes were analysed by Cox proportional hazards regression. Secondary outcomes can recur and were analysed with a modification of Cox pro-
portional hazards regression suggested by Andersen and Gill. All analyses were adjusted for patient age and body mass index at the time of device
implantation, gender, and Interagency Registry for Mechanically Assisted Circulatory Support score 1–3 versus 4–7. CI, confidence interval; HR, hazard
ratio; MACCE, major device-related adverse cardiac and cerebrovascular events.
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patients such as young adolescents and patients with smaller
BSA and BMI. This was observed in our HW cohort, in which
the patients were significantly younger and had a lower BMI.
We aimed to account for such differences by adjusting the sta-
tistical analysis for BMI as well as other potential confounders.
These differences in demographics are important, as our insti-
tutional or surgeon’s bias is not reflected in the transplant
probability analysis, which only include BTT candidates
(Supporting Information, Figure S1, Table S2).

Our study is subject to the inherent limitations of observa-
tional research, in particular, potential confounding due to
systemic baseline differences between the HW and HM3
groups, inherently leading to possible differences in respec-
tive outcomes. An important limitation is the possible time
bias and sample size. As the HW was implanted since 2010,
and the HM3 since 2015, there is a potential time bias in pa-
tient selection and overall device experience. By 2016, the
devices were implanted in 1:1 ratio and have since then
shifted towards implanting more HM3 devices over the years.
As the smaller size of the HW pump might be preferred by
the surgeon in patients with smaller chest, such as young ad-
olescents and patients with smaller BSA and BMI, we never
fully transitioned to HM3 only. This is reflected by our data

where HW patients were significantly younger and had a
lower BMI. While we adjusted the analysis for potential con-
founders (age, gender, BMI, and INTERMACS score) and thus
correct for these differences between the device groups in
the analysis, we were limited in our ability to control for
other confounding such as era analysis more rigorously due
to the limited sample size and event rates. Hence, as gener-
ally true in observational research, our results do not support
causal inferences or give conclusions and recommendations
but should instead be interpreted in terms of associations.
However, information bias, selection bias, and type-I error
were minimized by the prospective design of the registry,
which included all VAD patients treated at our institution,
over a long follow-up period. It is important to notice that
the specialized care team for VAD patients remained largely
consistent throughout the years. Healthcare providers enter-
ing data into the registry had been trained in the proper use
of the database, and manual (MM) as well as plausibility
checks (PS) were performed to identify and correct poten-
tially erroneous entries. Because this study was based on all
available patients, a formal a priori sample size and power
calculation was not performed, and results should be con-
firmed in a larger patient cohort.

Figure 3 Kaplan–Meier plots for secondary outcomes and adjusted cumulative incidence functions for secondary outcomes. Kaplan–Meier freedom-
from-event analysis for secondary outcomes: composite of MACCE (A), major device malfunction excluding pump thrombosis (C), and pump thrombo-
sis (D). Competing risk analysis for composite of MACCE after adjusting for confounders is displayed in Panel (B). The cumulative incidence functions
for MACCE are typically displayed. MACCE, major device-related adverse cardiac and cerebrovascular events.

12 M. Mihalj et al.

ESC Heart Failure (2022)
DOI: 10.1002/ehf2.13794



In conclusion, our comparison of prospectively collected
data on midterm outcomes of two major CF-LVAD devices—
the HM3 and the HW—reveals a significantly higher risk of
device malfunction in HW. No difference in overall survival
between patients under HM3 or HW support was noted,
and no evidence of differences was observed between de-
vices with respect to most clinical outcomes. Multicentre
studies with longer observational periods or prospective de-
sign are needed to investigate this further.

Amendment

This manuscript was submitted after 3 June 2021, when
Medtronic stopped the distribution and sale of the HVAD sys-
tem after a Class I recall by the FDA on 3 June 2021 to stop
new implants of the Medtronic HVAD system, due to reports
of patient injuries and deaths associated with device
malfunctions.19 In fact, Medtronic has ‘received over 100
complaints involving delay or failure to restart of the HW
pump, including reports of 14 patient deaths and 13 cases
where an explant was necessary’.20 We would like to clarify
that such kind of device malfunctions were not observed in
our cohort. As the smaller size of the HW pump was pre-
ferred by the surgeon in patients with smaller chest, such
as young adolescents and patients with smaller BSA and
BMI, our centre did not fully transition to HM3 only. This is
reflected by our data, where HW patients were significantly
younger and had a lower BMI. The withdrawal of the HW
pump will probably have a significant impact on the paediat-
ric and adolescent field.21
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Table S1. Baseline variables investigated. Legend: body sur-
face area (BSA), body mass index (BMI), arterial hypertension
(HTN), pulmonary hypertension (pulmonary HTN), diabetes
mellitus (DM), chronic obstructive pulmonary disease
(COPD), renal disease (CKD), atrial fibrillation (AF), peripheral
vascular disease (PVD), carotid artery disease (CAD), Inter-
agency Registry for Mechanically Assisted Circulatory Support
(INTERMACS) status, white blood cells (WBC), international
normalized ratio (INR), blood urea nitrogen (BUN), aspartate
transaminase (AST), alanine transaminase (ALT), arterial pres-
sure (AP), systolic (s), diastolic (d), pulmonary artery pressure
(PAP), pulmonary capillary wedge pressure (PCWP), systemic
vascular resistance (SVR), pulmonary vascular resistance
(PVR), cardiac index (CI), cardiac output (CO), left ventricular
ejection fraction (LVEF), left ventricular end-diastolic diame-
ter (LVEDD), right ventricular (RV) function, tricuspid annular
plane systolic excursion (TAPSE), aortic regurgitation (AR), mi-
tral regurgitation (MR), tricuspid regurgitation (TR), cardio-
pulmonary bypass (CPB), operating room (OR).
Table S2. Analysis of outcome for heart transplantation, re-
stricted to BTT patients (n = 83).
Figure S1. Kaplan–Meier curve analysis showing probability
of no transplantation to BTT patients (n = 83).
Figure S2. Freedom-from-event analysis of secondary out-
comes. Kaplan–Meier freedom-from-event analysis for sec-
ondary outcomes: major neurologic dysfunction >24 h (A),
major bleeding (B), major device-related infection excluding
driveline infections (C) and gastrointestinal (GI) bleeding
(D). No statistical significance was observed throughout be-
tween devices in respect to these outcomes.
Figure S3. Freedom-from-event analysis of secondary
outcomes. Kaplan–Meier freedom-from-event analysis for

HeartMate 3 versus HeartWare HVAD outcome comparison 13

ESC Heart Failure (2022)
DOI: 10.1002/ehf2.13794



secondary outcomes: right-heart failure (RHF) (A),
RHF-related rehospitalization (B), driveline infections (C),
and surgical reinterventions due to driveline infections (D).
Driveline-infection-related surgical reinterventions were

significantly more likely to occur in HeartMate 3 patients
(P = 0.006), but no statistical significance was observed
between devices in respect to other outcomes.
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