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Thoratec, Pleasanton, CA) and HeartWare (HW; HeartWare International, Inc. Framingham, MA). We
aimed to compare the cost-effectiveness of the use of these within the NHS program.

METHODS: Individual patient data from the UK NHS Blood and Transplant Data Base were analyzed with
Kaplan-Meier and competing outcomes methodologies. Outcomes were time to death, time to heart
transplant (HT), and cumulative incidences of HT, death on LVAD support, and LVAD explantation. A
semi-Markov multistate economic model was built to assess cost-effectiveness. The perspective was from
the NHS, discount rates were 3.5%. Outcomes were quality-adjusted life-years (QALYs) and incremental
cost (2011 prices in GB£) per QALY (ICER) for HW vs HM 1L

RESULTS: Survival was better with HW support than with HM II. Cumulative incidence of HT was low
for both groups (11% at ~2 years). HW patients accrued 4.99 lifetime QALYs costing £258,913
($410,970), HM I patients accrued 3.84 QALYs costing £231,871 ($368,048); deterministic and
probabilistic ICERs for HW vs HM II were £23,530 ($37,349) and £20,799 ($33,014), respectively.
CONCLUSIONS: Patients In the UK BTT program who received the HW LVAD had a better clinical
outcome than those who received the HM II, and the HW was more cost-effective. This result needs to be
reassessed in a randomized controlled trial comparing the 2 devices.
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Heart transplant (HT) offers the optimal treatment for patients
with advanced heart failure, improving survival and quality of
life. In the United Kingdom (UK), approximately 750,000
people have heart failure, with an estimated 27,000 new cases
annually.' Since 2000, the supply of donor hearts has
diminished.” and use of left ventricular assist devices (LVADs)
as a bridge to transplant (BTT) has been increasing.”

High demand for LVADs internationally has stimulated
significant technologic advances. First-generation pulsatile
LVADs were replaced by smaller second-generation continu-
ous-flow LVADs, with improvements in reliability and
reductions in adverse events.” These devices are costly but
can maintain an individuals’ cardiac function and improve
survival and quality of life until a donor heart becomes available.
Currently, the 2 most frequently used LVADs in the UK are the
HeartMate I (HM II; Thoratec, Pleasanton, CA) and the
HeartWare (HW, HeartWare International, Framingham, MA).

The HM II second-generation device is placed below the
diaphragm and necessitates abdominal surgery in patients who
are already at high risk because of poor cardiac function. The
HW device is a smaller third-generation LVAD that is placed
in the pericardial space, thus avoiding the need for abdominal
surgery. The HM II has been implanted in more than 3,000
patients worldwide.” Tn 2005, it received Conformité Europé-
enne (CE) approval, allowing for commercial sale in Europe.
The HW received CE approval in 2009.5~"

Several studies have highlighted the benefits of these
second- and third-generation LVADs, but no direct comp-
arisons have been made between them.''™"> Choice of
LVAD may have important implications for patients
and for the cost and sustainability of expenditure for an
expanding candidate population; therefore, estimating the
relative clinical and cost-effectiveness of these devices is
important. The objectives of this study were, firstly, to
investigate the clinical outcomes for those individuals
implanted with HM II and HW devices in the UK, and
secondly, to estimate the cost-effectiveness of the HW VAD
relative to the HM II LVAD for patients treated in the UK
National Health Service (NHS) BTT program

Methods

Clinical outcomes

There are 6 designated centers responsible for undertaking LVAD
implantation and HT in the UK. Data are collected from individuals
eligible for HT who enter the program and are held and maintained
in the UK Blood and Transplant Data Base (BTDB), an
administrative registry. We included all patients who received an
HW or HM 1I as a BTT, bridge to decision for HT, or bridge to
myocardial recovery between May 2002 and December 2011. Of
235 patients in the database who received second- or third-
generation devices, 125 received the HW and 82 the HM II. The
main demographic characteristics of these patients are summarized
in Table 1. Two centers implanted 83% of HM II and 86% of HW
devices. Before 2007, 5% of the HM 11 devices were implanted, and
before 2009, only 4% of HW. Most (84%) HW devices were
implanted from 2010 to 2011, whereas HM II use has been more
extended: 36% from 2010 to 2011, 37% from 2008 to 2009, and
27% pre-2008. These data imply a faster learning curve for HW

Table 1 Demographic Characteristics of Blood and Transplant
Data Base Patients who Received HeartMate II or HeartWare
Devices®

Characteristic” HM II (n = 82) HW (n = 125)

Age, y

Mean (SD) 40.8 (14.4) 47.7 (12.0)

Median (range) 43 (16-66) 49.5 (17-66)
Gender

Male 64/78 (82.1)  113/125 (90.4)

Female 14/78 (17.9) 12/125 (9.6)
Ethnicity

White 64/78 (84.3)  113/125 (90.4)

Asian/Asian-British 5/78 (6.8) 6/125 (4.8)

Black/Black-British 6/78 (7.9) 4/125 (3.2)

Other 1/78 (1.3) 2/125 (1.6)
Height, mean (SD) cm

Male 175.9 (8.6) 177.3 (7.3)

Female 162.4 (8.6) 163.5 (5.2)
Weight, mean (SD), kg

Male 78.1 (13.3) 83.8 (16.4)

Female 65.6 (13.4) 63.4 (9.3)
Systolic BP, mean (SD) 97.1 (12.1) 98.1 (4.1)

mm Hg

Medication use®

ACE inhibitor 19/64 (29.7)  67/123 (54.5)

Angiotensin receptor 6/62 (9.7) 17/122 (13.9)

blocker

B-Blocker 28/66 (42.4)  75/119 (63.0)

Inotrope use 56/71 (78.9) 86/122 (70.5)
Diabetic 5/76 (6.6) 25/124 (20.2)
Smoking

Current smoker 9/63 (14.3) 10/110 (9.1)

Former smoker 14/63 (22.2) 39/110 (34.5)
Hypertension 1/67 (1.5) 20/111 (18.0)
Concomitant surgery 6/79 (7.6) 13/125 (10.4)

ACE, angiotensin-converting enzyme; BP, blood pressure; HM II,
HeartMate II; HW, HeartWare; SD, standard deviation.

Database entries recorded as unknown or missing were few and were
excluded from the calculations. There were more missing and unknown
entries for HeartMate II (Thoratec, Pleasanton, CA) than for HeartWare

(HeartWare International, Framingtom, MA).
PCategoric variables are shown as number (%) and continuous

variables as indicated.
‘Depending on how data were accrued patients may have

discontinued -blockers before receiving ACE inhibitors or some received
both treatments.

surgery, and that with time in the UK program, the proportion of
HW implants has grown relative to that of HM II.

Principal outcomes recorded in the BTDB after implantation of an
LVAD were HT, explantation of the device, continuation alive with the
originally implanted device, and death while supported with the
originally implanted device. We investigated outcomes with Kaplan-
Meier (KM) time-to-event analyses and with cumulative incidence
methodology for competing outcomes.'® Statistical analyses were
conducted in Stata SE 11 software (StataCorp LP, College Station, TX).

Economic model and model inputs

We adopted a previously developed model'” to assess the cost-
effectiveness of the UK BTT program (Figure 1). The model has a
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Figure 1 Semi-Markov discrete-time multistate model for
Heart Mate II (Thoratec, Pleasanton, CA) and HeartWare (Heart-
Ware International, Framingham, MA) patients: P/1(f), probability
of a ventricular assist device (VAD) patient surviving ¢ months
after VAD implant; P/2(¢), probability a VAD patient receives a
heart transplant  months after VAD implant; P13(z), probability of
a VAD patient dying ¢t months after VAD implant, before heart
transplantation; P22(t*), probability of a transplant recipient
surviving * months after heart transplantation; P23(#*), probability
of a transplant recipient dying * months after heart transplantation.

semi-Markov multistate structure and was built using Excel
software (Microsoft, Redmond, WA). Each patient in the model
exists in 1 of 3 mutually exclusive health states: state 1, alive on
LVAD:; state 2, alive after HT; state 3, dead (the absorbing health
state). The monthly transition probabilities between health states
are represented by the quantities p/2, pl3, and p23. Transition
between states occurs at the end of each cycle, and cycle length
was 1 month. We estimated transition probabilities for death
amongst those who received an with a LVAD (p/3) or with HT
(p23), and time to HT (p/2) using individual patient data (IPD) KM
time-to-event analyses for recipients of HM II, HW, and HT. We
used parametric extrapolation beyond observed data as necessary.

KM time-to-death plots (p/3 and p23) were strongly biphasic.
Poor initial survival was followed by improved survival with a
fairly constant hazard. However, when smaller proportions
(<10%) remained at risk, KM curves were associated with
uncertainty. Therefore, constant hazards were fitted to the first
phase of the KM plots (2 months for survival on LVAD support
and 3 months for post-HT survival), and then to the second phase
until 10% of patients remained at risk (20 for HW and 34 months
for HM II), and to 20% remaining at risk after HT (7 years). These
second constant hazards were used for extrapolation beyond the
observed data.

For survival post-HT, an adjustment was made so that modelled
probability of survival never exceeded the age- and gender-
matched UK population. Survival post-HT was based on IPD for
the 1,101 HT recipients in the BTDB. We applied the same
probability of receiving a donor heart (p/2) to all patients, which
was estimated from the IPD time to transplant for all 235 patients.
We used an exponential fit to the data as the best parametric
distribution amongst exponential, lognormal, loglogistic, Weibull,
and Gompertz, according to Akaike’s information criterion (AIC).
Expert clinical opinion indicated that the probability of receiving a
donor heart beyond 3.5 years was extremely low; we therefore set
pI2 to be O after 42 months. In sensitivity analysis, we used post-
HT survival reported by Russo et al'® in 2009.

In accordance with current UK guidelines, health outcomes
were measured in quality-adjusted life years (QALYs).'” We used
the New York Heart Association (NYHA) classification of patients
in the BTBD to determine EQ-5D utility scores.”” For those who
received an LVAD, NYHA class was recorded at initial registration
and at the 1-month follow-up. For HT recipients, NYHA class

recorded at 3-, 12-, and 24-month assessments was used. Health
state utilities were assumed to remain constant after implantation
with an LVAD?' and after HT.>

Cost inputs were based on a previous analysis” and inflated to
current prices by applying the projected health services cost
index.”® We obtained costs of LVAD devices from the 6 designated
UK centers and calculated a weighted average according to the
LVAD throughput at each center. Mean cost for the HW was
£80,076 ($127,104) and ranged from £76,774 to £98,160
($121,863-$155,809); the mean cost for the HM II was £89,830
($142,587) and ranged from £78,877 to £126,702 ($125,201-
$201,113). We estimated LVAD implant procedure cost based on
information from 1 center. We used cost of the implant procedure
reported by Moreno et al** in 2012 in the sensitivity analysis.

Probabilistic sensitivity analysis was undertaken to account for
uncertainty in individual patient outcomes and uncertainty in para-
meters. The beta distribution was used for transition probabilities
and utilities, and the gamma distribution was used for costs.”
Univariate sensitivity analysis was used to investigate the effect of
increasing and decreasing base case input variable values by 30%.
All model inputs are summarized in Table 2.

The model was run for a lifetime horizon (50 years), and shorter
time horizons of 3 and 10 years were explored in sensitivity
analyses. We evaluated costs and benefits from the perspective of
the UK NHS (that is, only activities undertaken within the NHS
and costs met by the NHS were considered). An annual discount
rate of 3.5% was applied to costs and benefits'’; all costs are
reported in 2011 GB£. Model outputs include mean life-years
gained (LYG), mean QALYs, mean costs, and mean incremental
cost-effectiveness ratios (ICERs), calculated as £/LYG and
£/QALY gained.

Results

Clinical outcomes

Figure 2 summarizes the cumulative incidence of competing
outcomes for HM II and HW recipients. Follow-up was
more extended for HM 1II patients than for HW patients.
According to the competing-outcome analysis, the estimated
proportion of patients who died on LVAD support at 12
months was 20.5% for HW and 24% for HM 1I patients, and
by 24 months, the proportions were 22% for HW and 31.5%
for HM 1II. At 750 days, irrespective of LVAD device, only
about 11% of patients had undergone successful trans-
plantation with a donor heart. This low rate of HT extended
to the end of follow-up for both sets of patients and
presumably reflects the low availability of donor hearts
within the UK.? A greater proportion of patients were alive
with HW support at 750 days (63%) than with HM 1I
support (~40%).

Figure 3 summarizes KM time-to-event analyses for
survival on LVAD support, for survival after HT, for time to
HT, and also the parametric modelling to the observed data.
Observed and modelled survival was superior for the HW
recipients. According to KM analysis at 6 months, there was
little difference in survival between groups. By 12 months,
an estimated 24% of HW patients and 34% of HM II
recipients had died.

Table 3 summarizes base case deterministic and
probabilistic results in mean costs accrued, mean life-years
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Table 2 Summary of the Base Case Deterministic and Probabilistic Model Inputs
Beta distribution
Health state transition probabilities (p)* Mean SE Alpha Beta
HW VAD support to death p13
Month 1-2 0.055879442 0.0317 2.86 48.4
Month >3 0.014119275 N/A N/A N/A
HM II VAD support to death p13
Month 1-2 0.063555656 0.0398 2.31 34.17
Month >3 0.023391965 N/A N/A N/A
Time to HT p12 HW and HM II
Month 1-42 0.012745641 N/A N/A N/A
Month >42 0
Support on HT to death p23 HW & HM II
Month 1-3 0.070366726 0.0163 17.2 227.25
Month 4-284 0.002980948 N/A N/A N/A
Month >284 As UK pop'n N/A N/A N/A
Health state utility
Post-HW VAD all months 0.75 0.006 2,869.14 949.35
Post-HM II VAD all months 0.73 0.008 1,976.61 745.84
Post HT all months 0.83 0.005 4,683.69 959.31
Cost item (£) Gamma distribution
Alpha Beta
HW VAD device 80,076 N/A N/A N/A
HM II VAD device 89,830 N/A N/A N/A
VAD implant procedure 3,728 N/A N/A N/A
Post-VAD implant support
HW Month 1° 109,581 3996 751.68 145.78
HM II Month 1° 119,336 4367 746.44 159.87
HW & HM II
Month 2 13,440 1306 105.95 126.84
Month 3 5,110 764 44.69 114.32
Month 4 3,836 607 40 95.89
Month 5 3,248 460 49.89 65.09
Month 6 2,326 356 42.69 54.48
Month >7 1,893 907 4.35 434.97
HT theater cost HW & HM II 16,663 N/A N/A N/A
Post-HT costs HW & HM II
Month 1 2,240 1117 832.97 38.7
Month 2 4,331 802 29.18 148.4
Month 3 2,609 470 30.77 84.79
Month 4 2,828 260 117.87 23.99
Month 5 2,179 432 25.42 85.7
Month 6 1,646 138 142.69 11.53
Month >7 1,410 1,780 62.91 22.41

HM II, HeartMate II (Thoratec, Pleasanton, CA); HT, heart transplant; HW, HeartWare (HeartWare International, Framingham, MA); N/A, not applicable;
SE, standard error; UK pop'n, United Kingdom population; VAD, ventricular assist device.

#p12 , p13,and p23 refer to transition probabilities shown in Figure 1.
PIncludes device and procedure.

gained (LYG), and mean QALYs in each treatment group
for the lifetime horizon of 50 years. The probabilistic
analysis found individuals who received the third-generation
HW incurred more costs but accrued more life-years and
QALYs than did HM II recipients. The base case pro-
babilistic analysis indicates that implanting the third-gene-
ration HW compared with implanting the second-generation
HM II would cost the NHS an average of an additional
£24,379 ($38,697) over the lifetime of an individual (95%

confidence interval, —£46,527 to £108,940 [-$73.,852 to
$172,920]), with an ICER of £20,799 ($33,014)/QALY
gained (95% confidence interval, dominant to £79,837
[$126,725]). The deterministic ICER was slightly higher.
The main reason for the greater expense of the HW option is
that more patients survive to HT, which incurs greater costs
(e.g., for HT surgery and after care).

Figure 4 illustrates probabilistic results for 3-year, 10-year,
and lifetime horizons distributed on the cost-effectiveness
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Figure 2 Competing outcomes analysis for (left) HeartWare (HW; HeartWare International, Framingham, MA) and (right) Heart Mate II
(HM II; Thoratec, Pleasanton, CA) patients. Outcomes were died while being supported by the original ventricular assist device (VAD),
received a heart transplant, or the VAD removal.

plane. Each data point represents one of the model’s 1,000 Sensitivity analysis

iterations. The slope of the line indicates the mean incremental

cost-effectiveness of the intervention. Figure 4 also shows the Sensitivity analysis shows that either changing modelled
cost-effectiveness acceptability curves (CEACs) for the 3 time survival probability after transplant (p23), in line with

horizons. The CEAC highlights that at a willingness-to-pay data reported by Russo et al'® (Figure 3; Table 3) or
threshold of £20,000 ($31,476)/QALY, the probability that changing the cost of the implant procedure in line with
implanting the HW is cost-effective is 0.51, 0.51, and 0.50 over Moreno et al** had little effect on the ICER. Figure 5
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Figure 3 Time-to-event analyses and modelling of individual patient data in the United Kingdom National Health Service Blood and
Transplant Data Base (BTDB). Kaplan-Meier plots (shaded area shows 95% confidence interval) of survival while supported with (left) Heart
Mate II (HM II; Thoratec, Pleasanton, CA), (right) Heart Ware (HW; HeartWare International, Framingham, MA), or with a heart transplant,
and time to heart transplant. The continuous lines represent modelled curves. Patients supported with a ventricular assist device (VAD) were
censored if alive at the end of follow-up, at time of removal of a VAD, and at time of receipt of a transplant. For time-to-transplant analysis
patients, were censored on death and at time alive at end of follow-up if they had not received a donor heart. Heart transplant patients were
censored if alive at the end of follow-up.
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Table 3  Summary of Base Case and Sensitivity Analysis Results
Deterministic analysis lifetime model
Variable Mean cost UK, £ Mean survival, y Mean QALYs
HW VAD 258,913 6.30 4.99
HM II VAD 231,871 4.87 3.84
Difference 27,042 1.42 1.14
ICER (£/LYG) 18,978
ICER (£/QALY) 23,530
Probabilistic analysis lifetime model
Mean cost UK £ Mean survival, y Mean QALYs
(95% CI) (95% CI) (95% CI)

HW VAD

HM II VAD
Difference

ICER, £/LYG

ICER, £/QALY

256,867 (206,110 to 332,598)
232,488 (189,487 to 286,308)
24,379 (-46,527 to 108,940)

16,978 (dominates to 86,586)
20,799 (dominates to 79,837)

Univariate sensitivity analyses

6.34 (5.26 to 7.48)
4.90 (3.75 to 6.01)
1.43 (0.42 to 2.57)

5.02 (4.14 to 5.99)
3.85 (2.99 to 4.78)
1.17 (0.36 to 2.06)

ICER £/QALY

Difference in QALYs Difference in costs (£)

Post-HT survival as Russo® (p23)° 23,576
Implant cost as Moreno® 24,058
3-year time horizon 12,969
10-year time horizon 22,954

1.14 26,916
1.14 27,649
0.22 2,955

0.75 17,429

(I, confidence interval; HM II, HeartMate II (Thoratec, Pleasanton, CA); HT, heart transplant; HW, HeartWare (HeartWare International, Framingtom,
MA); ICER, incremental cost effectiveness ratio; LYG, life-years gained; QALY, quality-adjusted life-year; VAD, ventricular assist device.

“Lifetime horizon.
bp23 refers to the transition probability shown in Figure 1.

robust to increasing and decreasing important base case
inputs by 30%.

Discussion

The shortage of donor hearts means that LVADs will often be
the only treatment option available for this ever-expanding
patient population. However, the increasing range of LVADs
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necessitates a closer look at their relative effectiveness and
cost-effectiveness. We used individual patient data from the
UK NHS BTDB to investigate the relative costs and
consequences of implanting individuals with the 2 most
commonly used LVADs. We found that HW was associated
with an ICER of £20,799 ($33,014)/QALY compared with the
older second-generation HM II. Over a 3-year time horizon,
the ICER reduces to about £12,000 ($19,048)/QALY.
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lifetime horizons for the comparison of Heart Ware (HeartWare International, Framingham, MA) vs Heart Mate II (Thoratec, Pleasanton,

CA) ventricular assist devices. QALY, quality-adjusted life-years.
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Figure 5

Tornado diagram depicts the results from sensitivity analyses in which the named model input parameters were increased and

decreased by 30%. Negative incremental cost-effectiveness ratios show that the HeartWare (HW; HeartWare International, Framingham,
MA) ventricular assist device (VAD) dominates the Heart Mate II (HM II; Thoratec, Pleasanton, CA), indicating it is more effective and less

costly. QALY, quality-adjusted life years.

Until recently, there have been concerns that the smaller
third-generation LVADs may not perform as well as the
larger second-generation LVADs.”® The KM plots (Figure 3)
indicate superior survival for HW relative to HM II
recipients in the immediate post-operative months and in
the long-term. Although there may be little reason to suspect
that choice of device depends on patient characteristics, the
lack of random allocation means the comparison is at risk of
bias. Survival for recipients of the HW has been reported for
2 multicenter trials of 50 and 140 patients.”*”*® These
reported 1-year survivals of 85% and 86%, respectively, and
a 2-year survival of 79%.* In the HM 11 United States us)
Food and Drug Administration-approval trial of 133 patients
(ClinicalTrials.gov number, NCT00121472), survival at
1 year was 68%.”° In extensions of this trial, a 1-year
survival of 73% was reported for 281 patients® and of
75.6% for 486 patients.’’ Overall, these data support
improved survival for patients receiving the HW vs the
HM II. Retrospective analysis also revealed improved 1-year
survival for the latter groups of 73% and 84.9%.'

The competing outcomes analysis indicated that a
relatively low proportion of patients in the UK BTT program
proceed to successful HT (~11% after 750 days). This result
is quite different from that seen from competing outcome
analyses in the international literature. In the US multicenter
HM 1I study of 281 patients, 56% received HT by 18
months.”” Similarly in the smaller multicenter European
study of 50 patients with the HW, 40% received HT by
2 years.* The most recent published study of the HW device
(140 patients)”’ reported that approximately 29% received a
HT by 6 months and 40% by 1 year. John et al®' compared
the 48% receiving HT within the US multicenter HM 1I trial
(n = 486) with the 39% who received HT in the post-trial era
subsequent to US FDA approval. All of these studies report
much higher rates for HT than observed for the UK program,
presumably reflecting a lower availability of donor organs.

A weakness of this study (as with all studies of these
devices) is the lack of a randomized comparison between
different devices. There are several candidate explanations
for the differences seen in device performance; for example,
the HW device avoids abdominal surgery, populations and
practices may change with time, and 84% of HW devices
were implanted from 2010 to 2011 whereas HM II use
has been more extended at 36% from 2010 to 2011, 37%
from 2008 to 2009, and 27% pre-2008. In the absence of
randomized evidence, a potential strength of our analysis is
the use of the BTDB IPD for the derivation of transition
probabilities between health states and of utilities. However,
that time-to-event analyses are not free of bias is possible.
In addition, extrapolation beyond the observed data was
required to model survival, and this inevitably leads to
uncertainty regarding the estimation of transition probabil-
ities in the longer term. Although the use of simple constant
hazard models may be problematic, others have adopted
similar procedures.'’**

Economic modelling required a number of assumptions
that were effectively investigated in sensitivity analyses.
A disadvantage is that because the BTDB did not collect
direct health-related quality of life measures, we had to use a
published algorithm to derive utilities for the different health
states.”’ This will continue to hamper economic evaluations
of LVADs in the UK until these data can be routinely
collected as part of the BTDB. Furthermore, bottom-up
analysis of the current costs associated with maintenance on
LVAD support is required.

Although our analysis shows that the HW may be a
preferred device to the HM II, unhesitatingly recommending
HW over HM II remains difficult owing to the lack of head-
to-head randomized comparisons of the clinical effective-
ness of the devices. The prospect of abdominal surgery
required for the HM II might possibly deter intervention for
some patients who might be considered candidates for the
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HW device. The differences between the 2 patient groups,
as summarized in Table 1, also potentially suggest the
possibility of individualized or personalized treatment
which, in turn, means cost-effectiveness results should not
necessarily favor one device over the other. Nevertheless
our findings may aid clinicians and decision makers when
they consider the use of different LVADs, especially within
the NHS- supported BTT program.

In summary, we conclude from our economic evaluation
that within the UK NHS BTT program, the HW device
yields greater benefit than the HM II at an extra lifetime cost
of approximately £23,530/QALY. The extra cost derives
from better survival with the HW device, and this translates
to a greater proportion receiving a HT with its associated
short-term and long-term costs.
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