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Heart transplantation (HTPL) has been established as the gold-standard surgical treat-
ment for end-stage heart failure. However, the use of a left ventricular assist device
(LVAD) as a bridge to HTPL has been increasing due to the limited availability of HTPL
donors. Currently, more than half of HTPL patients have a durable LVAD. Advances in
LVAD technology have provided many benefits for patients on the waiting list for HTPL.
Despite their advantages, LVADs also have limitations such as loss of pulsatility, throm-
boembolism, bleeding, and infection. In this narrative review, the benefits and short-
comings of LVADs as a bridge to HTPL are summarized, and the available literature
evaluating the optimal timing of HTPL after LVAD implantation is reviewed. Because
only a few studies have been published on this issue in the current era of third-genera-
tion LVADs, future studies are needed to draw a definite conclusion.
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INTRODUCTION

The number of patients who suffer from end-stage heart
failure (ESHF) is rapidly increasing in many countries, in-
cluding Korea. The estimated number of ESHF patients in
Korea was over one million in 2018 and the prevalence in-
creased from 0.77% in 2002 to 2.24% in 2018 [1]. Although
heart transplantation (HTPL) has been established as the
gold standard surgical treatment for ESHF, limited donor
availability is still the major hurdle in expanding its indi-
cations, and the annual number of patients undergoing
HTPL has plateaued since 1990 [2].

The National Institute of Health in the United States
started an artificial heart program in 1964, and the
first-generation model of the left ventricular assist device
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(LVAD) received an Investigational Device Exemption (IDE)
from the Food and Drug Administration (FDA) for use as
a bridge to transplant (BTT) in 1985 [3]. With advances in
LVAD technology, overall survival in ESHF patients waiting
for HTPL has been improving [4], and there has been a
resultant increase in the number of patients undergoing
HTPL with a BTT LVAD [5].

However, LVADs have limitations, and the optimal tim-
ing of HTPL in patients with LVADs is still up for debate
[6,7]. Therefore, this article was conducted to review the
benefits and shortcomings of LVADs as a BTT and to in-
vestigate the current evidence regarding the optimal tim-
ing of HTPL in patients with BTT LVADs.
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HIGHLIGHTS

* The timing of transplantation after ventricular assist
device implantation is debatable.

* At least 1 month of support may be needed before heart
transplantation.

* Three months of support may be beneficial for improv-
ing functional status.

* Delayed transplantation at over 1 or 2 years after ven-
tricular assist device implantation may be harmful.

BENEFITS OF THE LEFT
VENTRICULAR ASSIST DEVICE

The first LVAD that was approved for BTT by the FDA was
the HM IP 1000 (Thoratec Corp.), a first-generation LVAD
with a pulsatile pneumatic pump device [3]. Historical
trials [8,9] showed that first-generation LVADs were more
beneficial compared to optimal medical therapy (OMT) for
patients waiting for HTPL. A previous study [8] found that
patients with HM IP 1000s had a greater chance of being
successfully transplanted than those with OMT (71% [53
of 75 patients] vs. 36% [12 of 33 patients]). Moreover, the
1-year survival rate after HTPL was significantly higher in
the LVAD group than in the OMT group (91% vs. 67%). An-
other study [9] compared the results of 288 patients who
had HeartMate Vented Electric (Thoratec Corp.) LVADs
with those of 48 historical control patients with OMT. The
results of the latter study were similar to those of the for-
mer, including a significantly higher proportion of patients
who underwent HTPL and a significantly higher survival
rate after HTPL in the LVAD group than in the OMT group.
These improved results after BTT LVAD implantation in
patients with ESHF awaiting HTPL could be explained by
several factors. The theoretical advantage of the LVAD for
BTT is that the patient's condition could be optimized for
HTPL by the LVAD as follows: (1) improvement in end-or-
gan perfusion, (2) improvement in functional status by
ambulating and gaining strength, and (3) increased prob-
ability of participating in cardiac rehabilitation [10].

With the proven efficacy of LVADs and the introduction
of second- and third-generation LVADs with improved de-
vice designs, the number of patients who underwent LVAD
in the United States increased from 98 patients in 2006 to
more than 2,000 patients in 2014, and a total of more than
24,000 patients underwent LVAD implantation between
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2006 and 2017 [10,11]. As the number of patients with an
LVAD increases, the proportion of patients who undergo
HTPL after LVAD therapy is also increasing. Currently, al-
most half of HTPL patients have a history of LVAD for BTT [5].

SHORTCOMINGS OF LEFT
VENTRICULAR ASSIST DEVICES

Although LVADs have been used to rescue patients with
ESHF who either could not wait until HTPL or were not
candidates for HTPL, LVADs also have shortcomings. In
the current era of third-generation as well as second-gen-
eration LVADs, which are characterized by continuous
flow (CF) with centrifugal pumps and axial pumps, respec-
tively, the loss of pulsatility has been identified as one of
the major drawbacks of LVAD therapy. Loss of pulsatility
generates many harmful effects on the patient's body that
result in long-term complications of LVAD therapy, such
as gastrointestinal bleeding, hypertension, stroke, and
pump thrombosis [12].

In addition to the loss of pulsatility, other issues such
as hemocompatibility and device size (although it is get-
ting smaller) are major hurdles that must be overcome.
Finally, a fully implantable device is needed not only to
improve convenience for patients but also to reduce seri-
ous complications after LVAD implantation; because the
driveline passes through the patient's body and connects
to an external module, it is prone to causing infection and
mechanical failure. Driveline infection is one of the most
common complications after LVAD implantation, and the
reported incidence ranges from 2.9% to 29% [13]. These
shortcomings of the LVAD may worsen patient outcomes
if the duration of the LVAD is prolonged while awaiting
HTPL.

OPTIMAL TIMING OF HEART
TRANSPLANTATION AFTER LVAD
IMPLANTATION

Evidence in the Era of Second-Generation Devices

Due to the theoretical advantages and drawbacks de-
scribed above, many studies have been conducted to de-
termine whether there is an optimal timing of HTPL after
LVAD implantation in which patients receive maximum
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benefits from LVAD support while minimizing harmful
effects. Most studies enrolled patients who underwent
LVAD implantation using a second-generation device,
particularly HeartMate 2 (Abbott Laboratories). A previ-
ous study provided some answers to one of the import-
ant questions regarding the duration required to obtain a
theoretical advantage from the LVAD [6]. In this study, the
authors enrolled 1,332 patients who were registered in the
United Network for Organ Sharing (UNOS) between 2011
and 2012. The patients were divided into three groups ac-
cording to the duration of the LVAD before HTPL: <90 days
(n=130), 90-365 days (n=729), and >365 days (n=473).
They analyzed the survival rate and functional status of
the patients at both the time of LVAD implantation and the
time of HTPL. Functional status was graded by the Karn-
ofsky Performance Scale [14], and proportions of patients
needing complete assistance were evaluated. Study re-
sults showed that LVAD support for 90 days or more was
associated with improvements in pretransplant functional
performance. However, the duration of LVAD support be-
fore HTPL did not significantly affect posttransplant mor-
bidity or mortality. Other studies also demonstrated that
the LVAD duration did not affect posttransplant survival
in the era of second-generation CF-LVADs [7,15]. One
study analyzed 250 HTPL patients from 468 patients with
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LVADs at 36 centers in a multicenter trial [7]. The authors
divided patients into four groups based on LVAD duration
(<30 days, 30-89 days, 90—179 days, and =180 days).
They showed that overall, 30-day, and 1-year survival
rates were not significantly different between the groups.
In another study [15] in which the patients were grouped
by the cutoff of 180 days, the authors also showed that
there were no significant differences in overall survival
up to 5 years after HTPL. On the contrary, other studies
have shown a significant impact of LVAD duration on
posttransplant survival [16]. In this study, the authors
analyzed 122 patients who successfully underwent HTPL
after BTT LVAD implantation. The cutoff duration in that
study was 1 year after LVAD implantation. The study re-
sults demonstrated that prolonged support time over 1
year was associated with a worse 3-year survival as well
as in-hospital mortality (Table 1).

Evidence in the Current Era of Third-Generation Devices
Because there are fundamental differences in device de-
sign and expected risks of complications between sec-
ond- and third-generation LVADs, the study results based
on second-generation LVADs may not provide important
clinical perspectives in the current era of third-generation
LVADs.

Table 1. Summary of findings demonstrating the significant impact of the duration of left ventricular assist device usage on heart transplantation

outcomes
. Study population
Operative . Cutoff Outcome
Study Country Study Control Device used i ) Result
era Total duration at risk measure
group  group
Grimm et al. (2016) [6] 2011-2012 USA 1,332 130 1,202 CF-LVAD in <90 day Changes in 40.8%-43.1% vs.
85%-90% of patients functional 34.6%-25.0%
status?
Takeda et al. (2015) [16]  2004-2013  USA 122 32 90 HeartMate Il 21 yr 3-yr survival 88% vs. 68%
Fukuhara et al. (2016) [17] 2011-2014 USA 1,857 267 1,590 HeartMate Il (85.6%) >2yr (ref. <1yr) 30-day survival 92.9% vs. 96.4%
HVAD (13.1%) 2-yr survival 78.9% vs. 88.2%
Others (1.3%)
Brownetal. (2019) [18] ~ 2009-2014 USA 1,186 28 1,158 Not specified <31day  3yrmortality 2.50 (1.22-4.76)
2.26 (1.25-5.26)°)
Truby et al. (2018) [19] 2009-2017  USA 263 CF-LVAD >Tyr Severe HR, 2.48; 95% ClI,
primary graft 1.14-5.40
dysfunction
Yu et al. (2022) [20] 2009-2019 Taiwan 95 23 74 Not specified? <24 day 5-yr survival 62% vs. 81%

CF, continuous flow; LVAD, left ventricular assist device; HVAD, HeartWare Ventricular Assist Device; HR, hazard ratio; Cl, confidence interval.
dProportion of patients with worse performance cohort needing complete assistance assessed with Karnofsky Performance scale; PHR with 95% CI
compared to support duration of 31 to 365 days; “HR with 95% CI compared to support duration >365 days; “Included both temporary and durable

LVADs.
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The characteristics of the third-generation LVADs,
namely the HeartWare Ventricular Assist Device (HVAD;
Medtronic) and HeartMate 3 (Abbott Laboratories), in-
clude small, continuous-flow centrifugal pumps with
magnetically levitated rotors [21,22]. In addition, the
HeartMate 3 can generate pulsatility by periodically
changing the pump speed [22,23], although the impact of
this ‘artificial pulse’ on the clinical outcomes is still ques-
tionable. These characteristics of third-generation LVADs
may provide more benefits and less harm to patients who
are waiting for HTPL with the support of these devices.
Therefore, updated evidence is needed to evaluate the
optimal timing of HTPL in patients with third-generation
LVADs. However, only a few studies [17-20] may partly in-
clude these patients because the use of HVAD and Heart-
Mate 3 as BTT was approved by the FDA in 2012 and
2017, respectively [24,25]. Moreover, one of the third-gen-
eration LVADs, the HVAD, was abandoned in the market
in 2021 due to safety issues, and only the HeartMate 3 is
currently available.

One study analyzed 2,456 patients identified in the
UNOS database from January 2011 to March 2014 [17].
In that study, the authors further divided patients into
three groups according to the duration of BTT LVAD: <1
year (n=1,590, 64.7%), 1 to 2 years (n=599, 24.4%), and >2
years (n=267, 10.9%). Among the study patients, 13.1%
underwent LVAD using HVAD. Study results showed that
a duration of LVAD support over 2 years was a significant
factor associated with a higher 30-day mortality and low-
er 2-year survival rate compared to the other two groups.
It should be noted that the same group of authors applied
different cutoff values in two separate studies [16,17], and
study findings from the UNOS database with similar study
periods were different according to the cutoff duration
[6,17]. In another study [21], the authors included 2,639
fee-for-service Medicare patients between 2009 and
2014. A substantial proportion of patients enrolled in the
previous study described above [17] may also have been
enrolled in this study, and a lower proportion of patients
may have undergone LVAD using the HVAD compared
to the previous study. In this study, the authors divided
the LVAD patients according to the duration of BTT as <1
month (n=28), between 1 month and 1 year (n=748), and
>1 year (n=409). They demonstrated that patients with
BTT LVAD <1 month had worse all-cause mortality than
the other two groups (1-year survival rates of 74%, 85%,
and 88%, respectively). By analyzing the LVAD duration as
a continuous variable, they also suggested that the haz-
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ard ratio of mortality was highest at 34 days of support,
was significantly over one in only the early period (until 34
days), and decreased to less than one at approximately 2.5
months of support.

In addition to studies evaluating the impact of LVAD
duration on posttransplant survival, a study analyzed the
risk factors associated with severe primary graft dys-
function (defined as the need for mechanical circulatory
support within the first 24 hours after HTPL) [22]. In this
study, 480 patients who underwent HTPL between 2009
and 2017 at a single institution were enrolled. Along with
other risk factors, more than 1 year of LVAD support was
a factor associated with severe primary graft dysfunc-
tion after HTPL with a hazard ratio of 2.48. The authors
discussed that maladaptive remodeling associated with
LVAD support, such as changes in systemic vasculature
and worsening of right ventricular dysfunction during
support, may increase risks after HTPL. Finally, a very re-
cent study [23] analyzed the impact of the duration of me-
chanical support on HTPL outcomes. Although this study
dealt with all types of mechanical circulatory support,
instead of focusing solely on LVADs, the authors showed
that overall survival up to 5 years after HTPL was signifi-
cantly lower in 22 patients with LVAD support <24 days
than in 73 patients with LVAD support =24 days (Table 1)
[6,16,17,21-23].

LIMITATIONS

There are limitations in the current evidence that should
be noted. First, all the studies reviewed were retrospec-
tively designed. Therefore, confounding variables could
not be completely excluded. The most important limita-
tion is a selection bias regarding early HTPL after LVAD.
Patients may have undergone HTPL early after LVAD im-
plantation due to unstable patient conditions, which could
negatively affect patient outcomes. Second, as described
previously, the majority of the data was from the era of
second-generation LVADs. Therefore, there may be lim-
itations in extrapolating the results to the current era of
third-generation LVADs.
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CONCLUSIONS

Although there are limitations in previous studies, prema-
ture or delayed HTPL after LVAD implantation may affect
HTPL outcomes. It may be beneficial to perform HTPL at
least 1 month after LVAD implantation to improve survival.
In addition, more than 90 days of support with LVAD might
be beneficial in terms of functional recovery of severely ill
ESHF patients. Finally, prolonged LVAD support over 1 or
2 years may be harmful in terms of the occurrence of pri-
mary graft dysfunction and early and late mortality after
HTPL.
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