Systematic Review

Durability of continuous-flow left ventricular assist devices:

a systematic review

Ashleigh Xie', Kevin Phan', Tristan D. Yan'"?

"The Collaborative Research (CORE) Group, Macquarie University, Sydney, Australia; “Department of Cardiothoracic Surgery, Royal Prince Alfred

Hospital, Sydney, Australia

Correspondence to: Tristan D. Yan. Professor of Cardiovascular and Thoracic Surgery, The Collaborative Research (CORE) Group, Macquarie

University, Sydney, Australia. Email: tristanyan@annalscts.com.

Background: Left ventricular assist devices (LVADs) are becoming an increasingly viable alternative therapy
for heart failure, either as a bridge to heart transplantation (BTT) or destination therapy (DT). The latter
has become increasingly popular in recent years, in the face of a donor organ shortage and a rise in elderly
patients ineligible for heart transplants. For these patients in particular, device durability is a key contributor
to survival, morbidity, and quality of life. This systematic review aimed to assess the long-term durability of
current continuous-flow LVADs.

Methods: Six electronic databases were searched from their dates of inception to August 2014 for original
studies reporting on patients receiving continuous-flow LVADs. LVAD failure was defined as device
malfunction necessitating exchange or explantation, or causing patient mortality. Pooled averages were
calculated for outcomes and rates of device failure were reconstructed from digitized graph curves using the
software, WebPlotDigitizer v3.3.

Results: Twelve retrospective observational studies with a total of 5,471 patients were included for analysis.
The mean duration of LVAD support was 504.7 (range, 303-568) days, and the overall weighted incidence
of device failure was 3.9% (range, 1-11.3%). On average, pump thrombosis was the most common cause of
device failure (50.5%), followed by lead or cable damage (21.7%), mechanical pump failure (11.6%), device-
related infection (11.1%), and surgical complications from implantation (2.5%). Long-term device failure rates
at 2-, 6-, 12-, 18- and 24-months post-implantation were 0.5%, 1.8%, 2.9%, 4.5% and 6.5%, respectively.
Conclusions: With the expected rise in LVAD usage for end-stage heart failure, particularly as a DT, the
steady minority of patients experiencing device failure is likely to increase. Further investigation is required
into the incidence and mechanism of major causes of failure, as well as design improvements that may
address these complications. There is currently a lack of guidelines and large randomized studies reporting

on the etiology and outcomes of LVAD failure.
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Introduction

Left ventricular assist devices (LVADs) are emerging as
an increasingly viable alternative therapy for heart failure,
either as a bridge to heart transplantation (BTT) or
permanent destination therapy (DT) (1). The latter has

become increasingly popular in recent years, in the face of a
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donor organ shortage and a rise in elderly patients ineligible
for heart transplants (1). Key advances in LVAD technology
continue to improve long-term outcomes and quality of
life, and include the emergence of continuous-flow devices
(CF-LVADs) that are smaller and more durable than older
pulsatile models (2-4).

As the average duration of long-term mechanical
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support increases, device durability (as measured by the
rate of device failure over time) becomes an increasingly
critical contributor to patient survival, morbidity, and
overall quality of life (5). In the most severe cases, device
failure can be fatal. In other circumstances, the subsequent
requirement for pump replacement incurs additional
healthcare costs and exposes the patient to potentially
serious complications such as thrombosis and bleeding (6).
Despite improvements in the durability of CF-LVADs,
continuing causes of device failure include mechanical
problems such as drive unit failure and percutaneous lead
damage, as well as conditions such as device thrombosis,
hemolysis and infection (6-8).

The present systematic review therefore aimed to assess
the long-term durability of current CF-LVADs, as defined
by rates of device exchange and death related to pump
failure, and evaluate the major causes of device failure.
Secondary endpoints included long-term survival without
the need for device replacement.

Materials and methods
Literature search strategy

Six electronic databases, including MEDLINE, EMBASE,
PubMed, Cochrane Central Register of Controlled Trials
(CENTRAL), Cochrane Database of Systematic Reviews
(CDSR), and Database of Abstracts of Reviews of Effects
(DARE), were searched from their dates of inception to
August 2014. To maximize the sensitivity of the search
strategy, we combined the terms: “heart-assist devices” or
“LVAD?” or “left ventricular assist” or “assisted circulation”
AND “pump failure” or “device failure” or “equipment
failure” or “exchange” or “replacement” as either keywords
or MeSH terms. The references of retrieved articles were
also reviewed in order to identify further relevant studies.

Selection criteria

Eligible studies included clinical trials in which at least
20 adult patients received CF-LVADs as either bridge to
transplantation or DT for heart failure. Studies that did not
report the incidence of device failure were excluded. When
institutions published duplicate studies with cumulative
sample sizes or increasing lengths of follow-up, only the
most recent reports were included. All studies were limited
to those published in the English language. Case reports,
conference abstracts, editorials, and expert opinions were
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excluded. Review articles were additionally excluded, due to
the potential for duplication of studies.

Data extraction and critical appraisal

Data were extracted from article texts, tables and figures
for the following: study characteristics (study period,
institution, types of LVAD used), patient demographics,
mean duration of LVAD support, total and long-term
rates of device failure, duration to time of LVAD failure
or replacement, etiology of LVAD failure, and long-term
rates of transplantation and survival without device failure.
LVAD failure was defined as any device malfunction
necessitating device exchange or explantation, or causing
patient mortality. Two investigators independently reviewed
each article (A.X. and K.P.), and discrepancies between the
reviewers were resolved by discussion to reach a consensus.
The final results were reviewed by the senior investigator
(I'D.Y)).

Statistical analysis

Conventional descriptive statistics were used to summarize
the baseline demographics of included patients. Data were
presented as raw numbers, percentages, or means with
standard deviations unless otherwise indicated. Pooled
averages were calculated for outcomes reported in at
least three of the included studies. When not explicitly
reported in the article text, patient survival data and rates
of device failure were reconstructed from digitized Kaplan-
Meier curves using the web-based software program,
WebPlotDigitizer v3.3. The studies were assessed for
publication bias by constructing funnel plots and using
Egger’ linear regression method (9). If studies appeared to
be missing in areas of low statistical significance, publication
bias was a more likely cause of funnel asymmetry. A
contour-enhanced funnel plot was performed to aid
interpretation of the funnel plot, and trim-and-fill analysis
was used to investigate possible asymmetry.

Results
Quantity and quality of evidence

In total, 1,448 records were identified through electronic
searches of the six databases (Figure I). After screening the
articles based on abstract content, 195 full-text publications
were assessed according to the selection criteria, and the
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Figure 1 Search strategy of systematic review for durability of continuous-flow left ventricular assist devices.

reference lists were also searched to identify additional
relevant articles. Twelve relevant studies were included
in the current review, all of which were observational and
retrospective (1able 1) (6,10-20). Where studies presented
separate data for patients receiving continuous- and
pulsatile-flow LVADs (6,17,20), only the outcomes for CF-
LVADs were included for analysis.

The median sample size was 166 (range, 43-2,816). Three
large US multicenter studies were included (12,13,18), as
well as data from the Interagency Registry for Mechanically
Assisted Circulatory Support INTERMACS) registry of
mechanical assist devices in US patients (21). Although
this may have resulted in some duplication of patients, this
was thought to be considerably outweighed by the unique
data contributed by each study. Furthermore, two studies
included patients as young as 15 years old (10,22). However,
these studies were still included for analysis as young
patients only represented a small proportion of the total
sample size.

In one study, LVAD failure was defined as malfunction
leading to device exchange or device-related death (6). In the
remaining studies, device failure was defined as malfunction
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necessitating explantation or replacement (10-20).

Demographics and LVAD types

The baseline demographics are summarized in Table 2. A
total of 5,471 patients were included in the present analysis.
Of these, 77.7% were male, and the mean weighted age
was 54.8 years. Ischemic heart disease was the etiology of
cardiac failure in 44.1% of patients. On average, 26.4% of
patients were diabetic and 53.3% hypertensive. The CF-
LVADs used included the HeartMate 11, EVAHEART,
Heartware, and Duraheart devices.

Device failure

The incidence and etiology of device failure is summarized
in Table 3. The mean duration of LVAD support was
504.7 days, and the weighted incidence of device failure
was relatively low, at 3.9%. For patients with LVAD failure,
the average time to device exchange or malfunction was
539.7 days, though this varied greatly (7able 3). The primary

etiology of device failure varied considerably amongst the
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Table 1 Characteristics of studies reporting on durability of continuous-flow left ventricular assist devices

Median
First author Year.of . Institution Device types Study period Study type N follow-up
publication [ s
John 2011 University of Minnesota HeartMate Il 2005-2010 OS, R 102 NR
Medical Center
Saito 2014 JMACS registry EVAHEART 2011-2013 OS, R 96 6"
(14 Japanese centers)
Whitson 2014 Wexner Medical Centers HeartMate Il 2005-2012 OS, R 193 NR
Moazami 2013 47 US centers HeartMate || 2005-2010 OS, R 1128 NR
Slaughter 2013 30 US centers Heartware 2008-2013 OS, R 332 6"
Potapov 2013 Deutsches Heartware 2009-2012 OS, R 225 8
Herzzentrum Berlin
Frazier 2007 Texas Heart Institute HeartMate | NR OS, R 43 NR
Moazami 2014 23 US centers Duraheart 2008-2011 OS, R 63 6"
Sabashnikov 2014 Harefield Hospital Heartware, 2007-2013 OS, R 139 60°
HeartMate I
Yuan 2012 Johns Hopkins HeartMate | 2000-2012 OS, R 133° NR
Medical Institutions and Il
Holman 2013 INTERMACS registry HeartMate IP, 2006-2011 OS, R 2816 36°
(106 US centers) VE, XVE, and Il
Schechter 2014 Duke University HeartMate I, 2003-2012 OS, R 201 46°
Medical Center HeartMate XVE

A minimum follow-up for all patients; B maximum follow-up; e only the number of patients with continuous-flow devices is given;
INTERMACS, Interagency Registry for Mechanically Assisted Circulatory Support; JMACS, Japanese registry for Mechanically
Assisted Circulatory Support; N, number of patients; NR, not reported; OS, observational study; R, retrospective.

studies, with pump thrombosis being the most common
cause overall (50.5% of total device failures). This was
followed by lead or cable damage (21.7%), mechanical
pump failure (11.6%), device infection (11.1%), and surgical
complications associated with the LVAD implantation
procedure (2.5%). Other causes of failure reported in
one study included unsustained left ventricular recovery
following explantation of a pre-existing LVAD (n=1) (12).

Long-term LVAD durability and survival

Data were interpolated from the competing outcomes and
Kaplan-Meier curves of eight studies to approximate long-
term rates of device failure and survival with the original
LVAD in place (6,10-13,15,16,18). These outcomes are
summarized in Tuable 4. Analysis using weighted means
revealed rates of device failure of 0.5%, 1.8%, 2.9%,
4.5% and 6.5% at 2-, 6-, 12-, 18- and 24-months post
implantation, respectively. The weighted survival with the
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original device in place was 90.2% at 2 months, declining to
54.4% at 12 months, and 38.7% at 24 months.

Publication bias

Inspection of the funnel plot (Figure 2) did not show
significant asymmetry when overall incidence of device
failure was selected as an outcome. Egger’s linear regression
method suggested that publication bias was not a significant
influencing factor (P=0.81520). Trim-and-fill analysis
revealed that there were no missing studies, and thus no
change in overall effect size was observed. These trends
suggest that publication bias did not have a significant
influence on the presented analysis.

Discussion

The durability and functionality of LVADs is influenced by
several factors. These include implantation technique,
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Table 4 Long-term rates of device failure and original device survival in studies reporting on durability of continuous-flow left ventricular assist devices

First

Survival with original device in place, months (%)

Device failure, months (%)

18 24

12

10

12 18 24
NR

NR

10
NR

author
John

NR
84

28.4

84

31.4
84
NR
NR

78.4 68.6 471 39.2

89.2

NR

NR NR NR

NR

87.1
NR
NR

90.0
NR
NR

90.0
NR
NR

95.8

NR

96.6
NR
NR

Saito

NR
NR
NR
NR
NR
NR

NR
NR
NR
NR

NR
9.6
NR
NR
4.7

NR
6.3

NR
3.6
7.1

NR
25
7.0
NR
2.3
6.0

NR
2.3
6.0

NR
1.7

4.5

NR
1.1

3.7

Whitson

NR

0.5
3.1

Moazami

45.6
NR

77.6 67.1 56.8 51.1
NR NR NR

NR

90.9
NR

NR
NR
2.3

Slaughter

NR
2.3
6.0
NR
NR
2.1

NR

NR NR
2.3
5.0

NR

Potapov

81.4 81.4 81.4 79.1 NR
NR

81.4

86.0

2.3
6.0

Frazier

65.8 54.2 42.3 36.0 33.3

80.2

NR
NR
NR
5.5
NR
6.5

NR
NR
NR
4.0

2.8

1.5
NR
NR

Moazami

69.8
NR

75.6
NR

78.9
NR

81.5
NR

82.9
NR

85.4
NR

86.5
NR

90.8
NR

NR
NR

NR
NR

NR
NR
1.5
NR
1.8

NR
NR
0.8
NR

1.1

Sabashnikov

Yuan
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35.7
NR

43.0

NR

54.1
NR

58.9
NR

65.4
NR

73.0
NR

82.2
NR

90.2
NR

1.9
NR
25

1.7
NR

0.2

Holman

NR
4.5

NR
29

NR
0.5

Schechter
Mean

45.3 38.7

54.4

59.1

65.2

73.1

81.9

90.2

22

(54.2-90.0) (42.3-90.0) (36.0-87.1) (33.3-84) (28.4-84) (35.7-84)

(65.8-95.8)

(80.2-96.6)

(0-3.1) (0-3.7) (0-5.0) (0-6.0) (0-7.0) (0-7.1) (0-6.3) (0-9.6)

NR, not reported.

(range)

553

Funnel plot pf standard error by logit event rate

0.0 o
© / O‘\o o
VAR
/ N\
. 05 ° N
5 / AN
= / o \
g //'/ \‘\
S 0[5 AN
©
C AN
g
? 45
2.0 =
5 4 -3 =2 -1 0 1 2 3 4 5

Logit event rate

Figure 2 Funnel plot for assessment of publication bias in
systematic review for durability of continuous-flow left ventricular
assist devices. The logit event rate for device failure (horizontal axis)
is presented against the standard error (SE) of the log of logit event
rate (vertical axis). The SE inversely corresponds to the study size.
Asymmetry of the plot may indicate publication bias. Open circles
indicate included studies, while any filled circles (none) would

represent imputed studies identified through trim-and-fill analysis.

anatomical constraints, patient complications such as
infection and bleeding, treatment (including anticoagulation
regimens), pump settings, and device design and
manufacturer (23). While CF-LVADs have demonstrated
improved durability compared to older pulsatile models
in studies with up to 24 months follow-up (2-4), several
causative factors have been identified that contribute to
maintained rates of device failure. In the present review, the
weighted overall incidence of device failure was 3.9% (1-
11.3%), though this increased to 6.5% (0-9.6%) when the
four studies that followed patients for up to 24 months post-
implantation were considered.

The variability in device failure rates, particularly in the
study by Saito et 4l., may be attributed to several factors (16).
These include differences in study indications for device
failure and different continuous flow-devices used, such as
the EVAHEART and HeartMate II LVADs. The results of
the current review are nonetheless consistent with previous
studies, which showed that a steady minority of patients
will require pump exchange (8,24,25). However, with the
expected rise in LVAD usage for end-stage heart failure, this
number is likely to increase, reinforcing the importance of
maximizing device durability.

The most common cause of failure identified in this
review was pump thrombosis, which was previously
considered to be a fairly rare complication (<0.03 events
per patient year) (26). In the past two years, however,

www.annalscts.com
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data published by several US institutional studies and the
INTERMACS registry has shown that the incidence of
pump thrombosis has increased by as much as six-fold
from 2008 to 2012 (23,27). This rate is much more variable
amongst recent studies from Europe and the UK, partly
due to different anticoagulation regimens and definitions
of pump thrombosis (28). Nonetheless, these studies
reinforce the growing significance of pump thrombosis
as a risk factor for device failure and pump-related death (26).
The mechanisms of this complication remain poorly
understood, though decreased pump speeds and relaxed
anticoagulant protocols are thought to play a role (26). In
the future, strategies such as more individualized patient
anticoagulation protocols may be required (12).

The second most common cause of failure identified was
damage to the device cable. Potapov ez 4l. identified the
lead portion most proximal to the pump body as being a
particularly vulnerable spot for cable breaks (29). Accidental
pulling on the cable, weight gain leading to increased cable
strain, and physically active patient lifestyles have been
reported to contribute to cable fractures (12,29). Strategies
to prevent accidental cable pulls have included C-shaped
tunneling of the cable and looping of the driveline inside
the body (29). Furthermore, several targeted design
modifications have involved softer cable material and
rounded mould edges in order to minimize cable strain (12).
To date, these techniques have proved highly effective in
reducing the incidence of cable breakage (12,29). Potential
future strategies include the use of transcutaneous energy
sources to remove the need for a driveline altogether (29).

Device-specific infection was another important cause
of failure in this review, and can be categorized into pump
and/or cannula, pocket, and percutaneous driveline exit
site infections (30). Although most device infections are
initially superficial, a significant proportion can evolve over
months into deep infections, resulting in an increased risk
of hospital readmissions, bloodstream infections, sepsis, and
other serious complications (31). Furthermore, the causative
pathogen in an existing device infection can also change
over time, especially in the context of suppressive antibiotics
and drug-resistance (31). In addition, LVAD exchange
is not consistently curative in the setting of progressive
device infection, and lifelong antibiotic therapy may still be
required (31). Strategies to prevent infectious complications
have included immobilizing the device driveline at the skin
level in order to reduce traction or tearing, and thereby
improve wound healing (32). Of course, eliminating the
need for a driveline altogether, with a transcutaneous

© AME Publishing Company. All rights reserved.
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energy source, would similarly reduce the incidence of this
complication.

In the current review, post-exchange morbidity and
mortality were poorly reported and thus not included in the
analysis. Studies which have examined these rates have been
mostly case series, and only one of these included a matched
primary implant control group for comparison (17). This
trial found that patients requiring device replacement had
a significantly reduced survival at 30 days (90% wvs. 100%
for matched controls, P=0.03) and one-year postoperatively
(50.8% wvs. 83.3%, P=0.03) (17). The 30-day survival for
replacement procedures in this trial was similar to previous,
non-matched studies (12,24,25,33,34). The replacement
cohort also experienced increased morbidity, although this
could be due to the operative approach used—a difficult
redo median sternotomy in a majority of cases, and a less
invasive subcostal approach in five patients. Other case series
have shown that this latter technique may suffice for some
patients, with relatively low morbidity (25). Furthermore,
limitations of this single controlled study included the
inability to completely match groups for characteristics such
as heart failure class and acuity of presentation (17). Clearly,
further controlled studies investigating outcomes and costs
associated with post-device exchange are needed, as well as
guidelines on the indications and timing for replacement
procedures.

This present review has several limitations. Firstly, all
included studies were observational and retrospective. Thus,
decisions regarding the indications for LVADs, operative
approach used, and patient management strategies in device
exchange were largely center-specific and driven by different
surgeons, introducing a degree of selection bias. This could
account for some of the variability seen with device failure
rates and outcomes. Another potential contributor could
be variations in study definitions of certain postoperative
complications, such as pump thrombosis, and the different
CF-LVAD models used across studies. In addition, data
on mortality, morbidity, costs and quality of life were
insufficiently reported to be included in analyses. Finally,
survival and device failure rates reported in this review
should be interpreted with a small margin of error as these
figures were interpolated from digitalized curves for several
included studies.

Conclusions

Device failure and replacement is associated with increased
healthcare costs, morbidity and mortality. The present
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review highlighted the importance of device durability in
optimizing patient outcomes as the average duration of
long-term LVAD support increases. It also emphasized
the need to investigate major causes of failure, particularly
pump thrombosis, the pathophysiology of which remains
unclear. Furthermore, improvements to LVAD design will
play a key role in reducing the risk of complications such as
lead fracture and device infection. To date, there remains a
lack of guidelines and large, controlled studies reporting on
the etiology, morbidity and mortality of LVAD failure.
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