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Abstract

Aims Since the withdrawal of HeartWare (HVAD) from the global market, there is an ongoing discussion if and which
patients require prophylactically exchange for a HeartMate 3 (HM3). Therefore, it is important to study outcome differences
between HVAD and HM3 patients. Because centres differ in patient selection and standard of care, we performed a propensity
score (PS)-based study including centres that implanted both devices and aimed to identify which HVAD patients are at highest
risk.

Methods and results We performed an international multi-centre study (n = 1021) including centres that implanted HVAD
and HM3. PS-matching was performed using clinical variables and the implanting centre. Survival and complications were
compared. As a sensitivity analysis, PS-adjusted Cox regression was performed. Landmark analysis with conditional survival
>2 years was conducted to evaluate long-term survival differences. To identify which HVAD patients may benefit from a
HM3 upgrade, Cox regression using pre-operative variables and their interaction with device type was performed. Survival
was significantly better for HM3 patients (P < 0.01) in 458 matched patients, with a median follow-up of 23 months. Within
the matched cohort, HM3 patients had a median age of 58 years, and 83% were male, 80% of the HVAD patients were male,
with a median age of 59 years. PS-adjusted Cox regression confirmed a significantly better survival for HM3 patients when
compared with HVAD, with a HR of 1.46 (95% confidence interval 1.14-1.85, P < 0.01). Pump thrombosis (P < 0.01) and
ischaemic stroke (P < 0.01) occurred less in HM3 patients. No difference was found for haemorrhagic stroke, right heart fail-
ure, driveline infection, and major bleeding. Landmark-analysis confirmed a significant difference in conditional survival
>2 years after implantation (P = 0.03). None of the pre-operative variable interactions in the Cox regression were significant.
Conclusions HM3 patients have a significantly better survival and a lower incidence of ischaemic strokes and pump throm-
bosis than HVAD patients. This survival difference persisted after 2 years of implantation. Additional research using
post-operative variables is warranted to identify which HVAD patients need an upgrade to HM3 or expedited transplantation.
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pump
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Introduction

Since Medtronic’s announcement in June 2021 on withdraw-
ing HeartWare (HVAD, Medtronic, Minneapolis, MN, USA)
from the global market, HVADs are not implanted anymore.*
Approximately 4000 patients worldwide are still on HVAD
support, of which many patients are on destination therapy
or on a long waiting list for heart transplantation. It remains
unclear which HVAD patients are at highest risk and elective
device exchange is considered by some.

It is therefore important to study differences in outcomes
between patients on HM3 and HVAD support. No random-
ized controlled trial has been performed comparing
long-term outcomes of HM3 and HVAD. Both third genera-
tion devices were only compared with its predecessor the ax-
ial flow pump HMIL*® Instead, retrospective comparisons
were conducted. Several single-centre studies were per-
formed comparing HM3 and HVAD.” ! Different outcomes
were considered, but all studies showed a worse complica-
tion profile for HVAD. None of those studies showed a signif-
icant difference in survival for HM3 and HVAD. This could be
caused by the low number of patients included, for which
registry-based studies with larger patient numbers could be
the solution. Three registry-based studies were performed,
which showed a higher incidence of pump thrombosis and
device malfunction in HVAD patients*? and fewer neurologi-
cal events for patients on HM3 support.**** Potapov et al.
found a non-significant difference in survival, whereas Pagani
et al. showed a significant better 1 year survival for patients
on HM3 support.*>**

Those general registry-based studies included a higher
number of patients, but were limited by several factors such
as missing data. More importantly, registry-based studies
usually include all centres, including centres that only implant
one of the two devices. These centres may have a different
standard-of-care and patient selection. Therefore, we pro-
pose a multi-centre propensity score based approach to
compare survival in patients on HVAD and HM3 support.
Moreover, we aimed to identify which HVAD patients are at
greatest device-specific risk and HM3 upgrade or priority
status on the waiting list for heart transplantation may be
desired.

Methods

This investigator-initiated study was designed as a
multi-centre retrospective study to compare outcome of pa-
tients on HVAD and HM3 support. The study was approved
by the local ethics committee of the University Medical
Centre Utrecht (UMCU), the Netherlands (METC: 20-195).
The study was conducted in accordance with Good Clinical
Practice and the 2002 Declaration of Helsinki and in

compliance with the ISHLT Ethics Statement. The need for
informed consent was waived.

Inclusion criteria

All adult patients (n = 1021) that were primarily implanted
with a (sintered) HVAD or HM3 LVAD in one of the participat-
ing centres up until December 2019 were included for analy-
sis. Participating centres were as follows: Heart and Diabetes
Centre North Rhine-Westphalia (HDZ NRW, Bad Oeynhausen,
Germany), Medical University of Vienna (MedUni Vienna, Vi-
enna, Austria), University Medical Centre Utrecht (UMCU,
Utrecht, the Netherlands) and Rabin Medical Centre (RMC,
Petah Tikva, Israel). Only centres that implanted both devices
were asked to participate in the current multi-centre study, to
eliminate the effect of the performance of the centre on the
outcome. Patients that received an HVAD with non-sintered
inflow cannula were excluded from analysis, as this

was an important design change preventing tissue
ingrowth encircling the external surface of the inflow can-
nula, which might result in emboli.’ Baseline characteristics
and outcome data were collected by each centre using the
electronic health record and their databases.

Endpoints

The follow-up of the study was until January 2021. The pri-
mary endpoint was death or urgent heart transplantation
(HTx) during follow-up. Urgent HTx was defined as a trans-
plantation that was performed after a patient received a pri-
ority status on the waiting list. Patients were censored if re-
ceiving HTx after normal listing or for ongoing support at
follow-up. Secondary endpoints were complications that
were registered locally according to the definitions of
Interagency Registry for Mechanically Assisted Circulatory
Support (INTERMACS): major bleeding, ischaemic stroke,
haemorrhagic stroke, pump thrombosis, right heart failure,
or driveline infections.

Statistical analysis

Baseline characteristics of all unmatched patients were pre-
sented as median and interquartile range (IQR) for continu-
ous variables, and categorical variables were presented as
number or percentage. The Mann—Whitney U test was used
for continuous variables, and the Fisher’s exact test was used
for categorical variables. The percentage of missing data was
displayed for all variables per centre.

The across method was used to create two comparable
groups, combining multiple imputation and propensity score
(PS) matching. At first, missing data of all variables necessary
for PS-matching were imputed using multiple imputation
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(R-package: mice), resulting in five imputed datasets.'® The
PS was calculated for every patient within each dataset.
Subsequently, the average PS was calculated for each patient,
which was then used to perform 1:1 matching using the
nearest neighbour method, with a calliper of 0.1 without re-
placement. The covariates that were used for PS-matching
are reported in Table 1. Patients with pre-operative tempo-
rary support were considered as being a separate group from
INTERMACS 1 and were classified as ‘pre-operative tempo-
rary support’. In addition to those clinical covariates, the
implanting centre was used for PS-matching as well. Because
HVADs were available prior to the introduction of HM3, the
number of months after the start of the first implantation
(February 2012) in the study cohort was considered for PS-
matching, to ensure comparing survival of patients implanted
within the same time period. Within the PS-matched groups,
differences between both groups were tested using the
Wilcoxon signed-rank test or McNemar test. The standardized
mean difference (SMD) was calculated to assess the balance
after matching. We assumed having two comparable groups
if the SMD was <10% for all covariates.

The primary endpoint in both unmatched and matched pa-
tient groups was assessed using Kaplan—Meier analysis with
95% confidence intervals (Cl), censoring for ongoing support
at the end of the follow-up, left ventricular assist device
(LVAD) explantation and non-urgent heart transplantation.
Log-rank testing was performed to assess difference in
survival between HVAD and HM3 patients. In addition, com-
peting risk analysis was conducted to evaluate differences
in the cumulative incidences of all secondary outcomes: ma-
jor bleeding, ischaemic and haemorrhagic stroke, pump
thrombosis, right heart failure, and driveline infection.

In addition to the primary analysis, two sensitivity analyses
were performed. PS-adjusted Cox regression was performed
using the average PS in all imputed datasets. The second
sensitivity analysis that was performed was similar to the
primary analysis. However, now patients were also censored
for urgent heart transplantation, since this was usually
performed in previous literature.

To identify in which HVAD patients an HM3 upgrade
should be considered, we first performed a landmark analysis
to check if the survival difference remains after 2 years after
implantation. We included only patients that survived for
more than 2 years for PS-matching (with a similar approach
as the primary analysis). Lastly, to assess which HVAD
patients are more at risk for the primary outcome (death
and urgent HTx) when compared with HM3 patients, we
performed a Cox regression (complete case analysis) with
the pre-operative variables age at primary implantation,
sex, body surface area (BSA), body mass index (BMI), diabe-
tes, and stroke, in addition to device type and the interaction
with the variables and device type. Because the proportional
hazard assumption for sex was not met, we used a step
function for the regression coefficient of sex, that is, a

time-dependent coefficient, using three segments (<1 year,
>1 and <2 years, and >2 years after primary implantation).

A P value <0.05 was considered statistically significant. All
statistical analyses were performed using R software version
4.0.3.

Results

Between 2011 and December 2019, 1021 adult patients were
primarily implanted with HM3 (n = 433) or sintered inflow
cannula HVAD (n = 588) in all four participating centres. Base-
line characteristics of all patients are presented in Table 1,
categorized per centre and device type. Within all centres,
fewer females were implanted with HM3, and patients on
HVAD support had a lower BSA and BMI. In addition, age at
implantation, the number of patients with ischaemic cardio-
myopathy, concomitant surgery, bilirubin, diabetes, and the
number of months after the first implantation differed signif-
icantly within each centre. The percentage of patients on
temporary support before LVAD implantation differed across
centres, but overall temporal support was more common in
HVAD patients. Furthermore, patients on HVAD support
more often had a stroke in their medical history. Table S2
shows the percentage of missing data for each covariate
per centre. A minimum of 14 out of 16 covariates per patient
were available.

Matching substantially reduced imbalance, as the SMD
was smaller than 10% for all covariates (Figure ). After PS-
matching, 458 matched patients were included for analysis
(Table 2). Patients were followed-up for a median of
23 months (IQR: 30 months). Both before and after PS-
matching, survival was significantly better for HM3, with
P < 0.01 (Figure 2). The cumulative incidences of important
complications were compared in PS-matched patients (Fig-
ure 3). Ischaemic stroke (P < 0.01) and pump thrombosis
(P < 0.01) more frequently occurred in patients on HVAD
support. The incidences for major bleeding (P = 0.49),
haemorrhagic stroke (P = 0.11), right heart failure
(P =0.92), and driveline infections (P = 0.96) did not differ sig-
nificantly between HM3 and HVAD.

In total, in two patients, the LVAD was explanted after a
median of 6 months, and 69 patients received a heart
transplantation after a median of 18 months (IQR:
18 months). Table 3 shows the number of patients with
urgent and non-urgent HTx, the number of deaths and the
number of LVAD explants. Patients on HVAD support more
often received an urgent HTx, and a higher percentage of
HVAD patients died during follow-up.

The PS-adjusted Cox regression also showed a significantly
better survival for HM3 when compared with HVAD, with a
hazard ratio (HR) of 1.46 (95% Cl 1.14-1.85) with P < 0.01.
The sensitivity analysis where patients were censored for
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Figure 1 Love plot showing the standardized mean difference (SMD) before and after PS-matching. BMI, body mass index; BSA, body surface area;
eGFR, estimated glomerular filtration rate; HDZ NRW, Heart and Diabetes Centre North Rhine-Westphalia; INTERMACS, Interagency Registry for Me-
chanically Assisted Circulatory Support; MedUni Vienna, Medical University of Vienna; PS, propensity score; RMC, Rabin Medical Centre; RV, right ven-

tricular; UMCU, University Medical Centre Utrecht.
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urgent heart transplantation confirmed a significant worse
survival for patients on HVAD support, with P < 0.01.

The landmark analysis confirmed a significant better condi-
tional survival in patients that were on HM3 support for more
than 2 years (P = 0.03). Lastly, we analysed which variables
are predictive for a worse survival for HVAD patients com-
pared with patients on HM3 support for a subset of variables.
Table S2 reports the HRs and P values of all used variables
and interactions. None of the interactions were significant.

Discussion

In this multi-centre retrospective study, we compared
survival and incidence of major complications in patients on
HM3 and HVAD support (graphical abstract). After PS-
matching, patients on HM3 support showed a significantly
better survival, with a lower incidence of ischaemic
strokes, and pump thrombosis, whereas major bleeding,
haemorrhagic stroke, right heart failure, and driveline

infections did not significantly differ. Also, in patients who
survived for more than 2 years, survival was significantly
better in HM3 patients. We were not able to identify which
HVAD patients are more at risk compared with HM3 patients
using a subset of pre-operative variables.

So far, four single-centre retrospective studies and three
registry-based studies compared the outcome of patients on
HM3 and HVAD support.”*%*>13 Different methods were
used, with PS-matching being the most used method. In addi-
tion to survival, different complication types were compared
in HM3 and HVAD patients. Potapov et al. studied the com-
bined incidence of pump thrombosis and outflow graft twist-
ing, which did not differ significantly between both groups.*?
In line with the current study, two studies found a signifi-
cantly higher incidence of pump thrombosis for patients on
HVAD support, whereas Schramm et al. showed no significant
difference between both groups.”**° Two out of five studies
reported a significant higher incidence of stroke for patients
on HVAD support.”#%01213 Two single-centre studies and a
registry-based study observed a significantly higher incidence
of haemorrhagic stroke in HVAD patients,®°? but not of isch-
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Table 2 Baseline characteristics before and after PS-matching
Covariate Unmatched patients P value PS-matched patients P value
HM3 (n = 433) HVAD (n = 588) HM3 (n = 229) HVAD (n = 229)

Centre (%) HDZ NRW 44.8 62.2 <0.01 51.1 47.6 0.90

MedUni Vienna 23.8 19.6 22.3 24.0

UMcCu 18.5 14.5 21.8 23.1

RMC 12.9 3.7 223 24.0
Sex (% male) 83.8 79.9 0.10 82.5 79.9 0.55
Age (years) 60 [53-66] 58 [50-64] <0.01 58 [51-65] 59 [52-64] 0.28
Ischaemic CMP (%) 51.0 49.8 0.75 51.5 50.7 0.93
BMI (kgz/mz) 25.7 [23-29] 25.0 [23-28] <0.01 25.5[23-29] 25.6 [23-29] 0.91
BSA (m?) 2.0[1.8-2.2] 2.0[1.8-2.1] <0.01 2.0[1.8-2.1] 2.0[1.8-2.1] 0.36
eGFR (mL/min/1.73 m?) 56 [39-83] 57 [37-90] 0.71 59 [39-88] 58 [39-87] 0.66
Bilirubin (umol/L) 18 [11-30] 23 [14-37] <0.01 20 [12-34] 21 [12-32] 0.74
RV function (1 = poor, 2 = moderate, 3 [2-4] 3 [2-4] 0.03 3 [2-4] 3 [2-4] 0.32
3 = reasonable, 4 = good)
Diabetes (%) 334 27.4 0.05 29.6 28.9 0.95
Stroke (%) 8.8 12.5 0.08 11.6 10.2 0.73
Concomitant surgery (%) 25.9 26.9 0.77 26.2 28.8 0.60
Pre-operative support (%) 13.4 333 <0.01 20.1 17.9 0.63
INTERMACS 1 (%) 6.2 8.2 0.30 7.9 7.9 1.00
INTERMACS 2 (%) 28.9 25.5 0.26 27.9 31.4 0.47
INTERMACS 3-7 (%) 51.5 33.2 <0.01 441 42.8 0.85
Number of months 74 [60-85] 43 [29-62] <0.01 64 [53-79] 67 [51-80] 0.73

Abbreviations: BMI, body mass index; BSA, body surface area; CMP, cardiomyopathy; eGFR, estimated glomerular filtration rate; HDZ
NRW, Heart and Diabetes Centre North Rhine-Westphalia; INTERMACS, Interagency Registry for Mechanically Assisted Circulatory Support;

MedUni Vienna, Medical University of Vienna; PS, propensity score; RMC, Rabin Medical Centre; RV, right ventricle; UMCU, University

Medical Centre Utrecht.

Figure 2 Kaplan—Meier survival of (A) All patients and (B) propensity score matched patients, censoring for non-urgent transplantation and ongoing

support at follow-up.
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(B) PS—matched patients
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aemic stroke in contrast to our study.®® Furthermore, we
found fewer thrombotic events in HM3 patients, potentially
due to the different pump designs. Both devices are third

generation devices with a continuous and centrifugal blood
flow pattern, but the HM3 has a fully magnetically levitated
rotor, a relatively wide rotor housing, and an artificial pulse.’
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Figure 3 Cumulative incidence of propensity-score matched patients of complications: (A) Major Bleeding. (B) Ischaemic stroke. (C) Haemorrhagic
stroke. (D) Pump thrombosis. (E) Right heart failure. (F) Driveline infections. Death, heart transplantation and ongoing support were considered as
a competing risk.
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Table 3 Number of patients that were explanted, (non-urgent) HTx and causes of death in PS-matched groups

PS-matched patients (n = 458)

HVAD (n = 229) HM3 (n = 229)
Explant n (%) 1(0.4) 1(0.4)
HTx n (%) Non-urgent 18 (7.9) 20 (8.7)
Urgent 18 (7.9) 13 (5.7)
Death n (%) 111 (48.5) 82 (35.8)
Cause of death n (%) Device malfunction 0 (0.0) 1(0.4)
Infection 9 (3.9) 6 (2.6)
Stroke 21 (9.2) 13 (5.7)
Multi-organ failure 49 (19.3) 43 (18.8)
RV failure 2(1.7) 1(0.9)
Other 17 (7.4) 14 (6.1)
Unknown 10 (4.3) 3(1.3)

Abbreviations: HTx; heart transplantation, RV; right ventricle, PS; propensity score.
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We demonstrated no difference in right heart failure and
major bleeding incidences, which is in line with previous
research.”*? Driveline infections were diagnosed significantly
more often in patients on HVAD support in the study of
Schramm et al., whereas Potapov et al. found a trend to-
wards a higher incidence of infections for HM3 patients.”®
These variations across single-centres emphasize the impor-
tance of considering the implanting centre as covariate when
combining patient outcomes because these differences may
be caused by centre specific effects in addition to a dissimilar
patient population. Although differences in complications
existed, all retrospective studies confirmed a less favourable
complication profile for patients on HVAD support compared
with HMm3,77101213

Itzhaki Ben Zadok et al. observed a better survival free
from stroke or device change in HM3 supported patients.*°
In addition, Pagani et al. observed a significant better 1 year
survival in patients on HM3 support when compared with pa-
tients on HVAD support.’* Although in several studies insig-
nificant, the Kaplan—Meier survival curves of HVAD were less
favourable for HVAD patients in all studies. An important dif-
ference in the current and previous studies is that next to
death, we also considered urgent heart transplantation as
the primary endpoint. Without the urgent heart transplanta-
tion, the patient would probably not have survived and we
therefore consider this as an adverse outcome in addition
to death. Because in literature patients that receive heart
transplantation, including patients that were listed as highly
urgent, are usually censored, we performed a sensitivity anal-
ysis. This confirmed our primary results.

In comparison with previous studies, this study is unique
in also considering the implanting centre as a covariate for
PS-matching. We showed that patients on HM3 and HVAD
support differed significantly on several covariates across
the four included centres. Besides different patient charac-
teristics, probably due to a different patient selection, it is
likely that there are centre specific effects that affect the
results, as all centres have a different standard-of-care.
For example, anti-thrombotic and anti-coagulation proto-
cols may differ among centres. Moreover, the hospital
and surgeon volume may differ. Cowger et al. demon-
strated that higher volume LVAD centres have better sur-
vival rates.'® In addition, the number of implantations
per surgeon was correlated with reduced mortality.*® In
addition to measurable and known differences between
centres, it is likely that there are other unknown covariates
related to the implanting centre. To reduce this centre bias
as much as possible, we used centre as a covariate to
match on.

Clinicians now face the question if HVAD patients may ben-
efit from a HM3 exchange. Cogswell et al. studied patients
undergoing HVAD to HM3 exchange and HVAD to HVAD
exchange.® The results need to be interpreted carefully, as
the subgroups undergoing HVAD to HM3 exchange for a spe-

cific cause were generally sicker than patients who would be
undergoing an elective device exchange. Even though device
exchange may lead to better clinical outcomes on a popula-
tion level, the replacement surgery entails peri-operative
risks such as bleeding, right heart failure, or stroke.> The
benefit of the device exchange should outweigh those initial
post-operative risks. Both the current study and previous
research showed a worse patient profile for patients before
HVAD implantation. To determine which HVAD patients are
more at risk, we performed a Cox regression with a subset
of pre-operative variables and its interaction with device
type. None of the interaction terms were significant. There-
fore, we conclude that the selection of patients who will
benefit from a HM3 upgrade, cannot be made based on
solely pre-operative variables. Post-operative information
should be included to identify HVAD patients at high but
reducible risk.

Our study has several limitations. First, we have some
missing data, but a minimum of 14 out of 16 covariates were
complete. Multiple imputation was used to be able to include
all patients for matching. Moreover, almost half of the
patients were implanted in one of the four centres, which
may affect generalizability. However, we do not expect this
to heavily impact generalizability of the study results, as the
difference in primary outcome between HM3 and HVAD
was consistent across the four centres and the centre effect
was minimized by PS-matching.

Another limitation of the study is the observational nature
of the study. Even though imbalance was drastically reduced
due to PS-matching, the risk of unknown or unmeasured co-
variates that are more imbalanced after matching cannot be
excluded.?® We minimized centre-specific effects by including
the centre as a covariate for PS-matching. Sensitivity analysis
was performed using PS-adjusted Cox regression, which
showed a significant better survival for HM3, confirming our
primary analysis. The current study was not designed to ad-
vise about which patients on HVAD support need elective de-
vice exchange, but can inform HVAD patients and their
treating physicians in their shared-decision making. Ongoing
research is still warranted to identify those at highest risk
for complications or death within the HVAD group. Although
randomized controlled trials are needed to confirm
retrospective studies, registries have shown to be valuable
resources for outcome research. With further enriched
registries, a continuous learning healthcare system can be
developed, allowing early detection of a possible difference
in device performance. The current proposed method pro-
vides guidance for the design of future registries and research
(graphical abstract), to enable comparison of outcome in
short cycles or even real time.

We demonstrated that in a multi-centre PS-matched co-
hort, patients on HM3 support have a significantly better sur-
vival than patients on HVAD support. In addition, a
significantly higher incidence of ischaemic strokes and pump
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thrombosis was found in patients on HVAD support. Future
research is warranted to pinpoint which HVAD patients are
at highest risk. The current proposed method provides guid-
ance for the design of future registries and research, to en-
able comparison of outcome in short cycles or even real time.
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