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1 | INTRODUCTION

| Kevin L. Ong PhD? | Gregg C. Fonarow MD?

Heart failure (HF) is a leading cause of cardiovascular mortality in the United States and pre-
sents a substantial economic burden. A recently approved implantable wireless pulmonary
artery pressure remote monitor, the CardioMEMS HF System, has been shown to be effective
in reducing hospitalizations among New York Heart Association (NYHA) class Il HF patients.
The objective of this study was to estimate the cost-effectiveness of this remote monitoring
technology compared to standard of care treatment for HF. A Markov cohort model relying on
the CHAMPION (CardioMEMS Heart Sensor Allows Monitoring of Pressure to Improve Out-
comes in NYHA Class Il Heart Failure Patients) clinical trial for mortality and hospitalization
data, published sources for cost data, and a mix of CHAMPION data and published sources for
utility data, was developed. The model compares outcomes over 5 years for implanted vs
standard of care patients, allowing patients to accrue costs and utilities while they remain alive.
Sensitivity analyses explored uncertainty in input parameters. The CardioMEMS HF System
was found to be cost-effective, with an incremental cost-effectiveness ratio of $44,832 per
quality-adjusted life year (QALY). Sensitivity analysis found the model was sensitive to the
device cost and to whether mortality benefits were sustained, although there were no scenar-
ios in which the cost/QALY exceeded $100,000. Compared with standard of care, the Cardio-
MEMS HF System was cost-effective when leveraging trial data to populate the model.
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effectiveness of specific programs and technologies.””? Telemonitor-

ing was not shown to reduce readmission rates significantly in

Heart failure (HF) currently affects 5.7 million adults in the United
States, with the prevalence projected to increase.>? There is a decre-
ment in health-related quality of life, likely related to disease progres-
sion and frequency of hospitalization,® as well as psychological and
financial burdens on caregivers of HF patients.* The economic burden
of HF is also substantial and estimated at more than $30 billion annu-
ally in 2012.3 As an important cost driver is hospital readmissions for
patients following decompensation,® technologies and advances that
minimize likelihood for readmission could minimize costs and the
associated patient and caregiver burden.

Remote monitoring technologies have come under consideration
for their ability to slow progression of symptomatic HF.® Review arti-
cles’ findings have been mixed; in general, there is support for the

concept of remote monitoring with differences in reported

2 recent large studies.'®!* Remote monitoring may be more benefi-
cial for certain populations than others,*? although few studies have
examined this question in detail. However, recent published studies
have started to explore the literature on remote monitoring to under-
stand variation in success rates and the inconsistent definition of
remote monitoring.”*31* The effectiveness of remote monitoring may
also depend on the particular monitoring device/system or patient
characteristics.*>1¢

Positive results have been demonstrated in a clinical trial invol-
ving a recently Food and Drug Administration (FDA)-approved
implantable wireless pulmonary artery pressure monitoring system
(CardioMEMS). The CardioMEMS Heart Sensor Allows Monitoring of
Pressure to Improve Outcomes in NYHA [New York Heart Associa-
tion] Class Ill Heart Failure Patients (CHAMPION) trial*”® utilized a
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single-blind, randomized design to compare patients who received
the CardioMEMS device and pulmonary artery (PA) pressure-guided
management for a minimum of 6 but an average of 18 months, with
control patients who received the device but did not transmit data,
essentially receiving usual care. An open access extension in which
control patients also received pressure-guided management followed;
average open access extension follow-up was an additional
13 months. These studies identified a sustained and significant
decrease in hospitalization for class Il NYHA patients compared with
controls, as well as benefits in patient-reported utilities, as measured
during the first year. Further analyses also support these findings

using trial data®?

and at a high-volume stand-alone cardiology cen-
ter.2° Given the high cost of HF hospitalizations, the availability of an
intervention that has been shown to significantly reduce hospitaliza-
tions is a potential paradigm shift in HF treatment. However, as with
any implanted device, the initial investment costs must be carefully
weighed against potential longer-term savings compared to
usual care.

The purpose of this study was to develop a Markov simulation
model to estimate the cost-effectiveness of the CardioMEMS HF
System at up to 5 years compared to usual care in the indicated

population.

2 | METHODS

A Markov model was developed to estimate cost-effectiveness of
the CardioMEMS HF System compared with usual care over a 5-
year period. The model has 3 primary types of inputs, namely clini-
cal events, costs, and utilities. The output is the incremental cost-
effectiveness ratio (ICER), that is, the difference in costs divided by
the difference in utilities, of CardioMEMS vs usual care. Patients
accrue clinical events (hospitalizations, complications), costs (routine
care, monitoring, hospitalizations), and utilities in each 1-month
cycle until they die or complete 60 cycles. Figure 1 illustrates the
structure. Patients with HF enter the model. The model structure is
identical for patients who receive the CardioMEMS device and usual
care, but event rates differ. In either cohort, patients may remain
stable and not incur hospitalizations, or they may require a hospital
admission. After each cycle, patients who are still alive cycle back

and can enter the following cycle either as a stable outpatient or

CardioMEMS: Markov State Diagram

Entry to Model

Accrue costs, utilities

~
[ HF Patient / Outpatient / Stable J

Hospital (HF or Non-
HF) Admission
Accrue costs, utilities

FIGURE 1 Model structure. Abbreviations: HF, heart failure.
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requiring hospitalization. When patients die, then they no longer
accrue costs or benefits (utilities). Patients who have a hospitaliza-
tion also have a different rate of accrual of utilities in the immediate
posthospitalization cycle. This posthospitalization state is not repre-
sented as a separate health state in this visual representation of the

model.

2.1 | Clinical data sources

As much as possible, published CHAMPION trial findings were used
to populate the model. Clinical inputs for the base case, including the
rate of implant-associated complications, mortality, and the rate of
HF-related and non-HF-related hospitalizations appear in Table 1.
Details of the approach appear in the Supporting Information, Appen-
dix, in the online version of this article.

2.2 | Utility data sources

The CHAMPION trial collected utilities from patients at baseline,
6 months, and 12 months using the EuroQol (EQ)-5D-3L.2! Health
utilities are a measure of well-being that range from 0 to 1, with
0 indicating immediate death and 1 indicating perfect health. There
are a number of methods to elicit utility values from respondents; the
EuroQol EQ-5D-3L is a widely used tool. Utilities are represented as
a single value to adjust for the patient’s life-years. For example,
someone who spends 5 years in a health state that he or she rates as
0.80 would accrue 4.0 quality-adjusted life-years (QALYs) during that
5-year period.??

Across both groups, the baseline utility score was 0.711. There
are 2 ways in which utilities are used in the model. First, there is a
change over time, from enrollment and randomization to the end of
the trial's utility observation period. As values were not collected
after 12 months, assumptions were made about how to assign utili-
ties after the end of the observed period to reflect the natural history
of HF. These assumptions are detailed in the Supporting Information,
Appendix, in the online version of this article. Although changes in
utilities over time are likely not linear, for the sake of the model, it is
assumed that changes from baseline to 6 months and from 7 to
12 months are linear, with the exception of decreases associated with
hospitalizations. Furthermore, the model's base case assumes that
there is no change in utility values over time; that is, the value at
12 months is carried forward to the remainder of the cycles for each
patient unless they are hospitalized or die. The alternatives, explored
in sensitivity analyses, include having the values increase or decrease
incrementally over time, reflecting how utility values may increase
with the duration of time since the most recent hospitalization or
may decrease over time as the patient ages.?® These 3 options—
increase, decrease, or remain the same—cover all possibilities.

Second, the model incorporates a decrement in utilities to reflect
what is known about the burden of hospitalization in HF. The impact
of hospitalization on utilities was not directly assessed in the CHAM-
PION trial; thus, other published sources were reviewed for guidance.
Details of the approach appear in the Supporting Information, Appen-
dix, in the online version of this article.
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TABLE1 Base case input parameters: clinical events and utilities

SCHMIER ET AL

Parameter CardioMEMS Standard of Care Source(s)
Implant complications 1.4% 0% CHAMPION
Mortality
Randomized period 18.5% 22.9% CHAMPION
Open access period 14.7% (pooling groups across open 22.9% (carrying forward randomized CHAMPION
access period) period rate)
Hospitalization
Randomized period 1.38 events per patient-year 1.65 events per patient-year CHAMPION
Open access period 1.31 events per patient-year 1.65 events per patient-year (carrying CHAMPION
forward randomized period rate)
Hospitalization, % HF
Randomized period 33% 42% CHAMPION
Open access period 36% 42% (carrying forward randomized CHAMPION
period distribution)
Remote monitoring
All months 100% 20% Gharacholou et al** (percent referred
for disease management)
Patient distribution, % 75% 75% Assumption
Medicare
Utilities
Baseline 0.711 0.711 CHAMPION
Change, months 1-6 0.001 -0.005 CHAMPION (distributed evenly over
interval)
Change, months 7-60 0.003 -0.003 CHAMPION (distributed evenly over
interval)
Cycle of hospitalization, 0.045 0.045 Assumption, based on Gohler et al*®
decrement
Cycle following 0.0225 0.0225 Assumption, based on Gohler et al®®
hospitalization
Change over time LOCF LOCF Assumption

Abbreviations: CHAMPION, CardioMEMS Heart Sensor Allows Monitoring of Pressure to Improve Outcomes in NYHA Class Il Heart Failure Patients

clinical trial; HF, heart failure; LOCF, last observation carried forward.

2.3 | Cost data sources

Several types of costs were required for the model: implant cost,
implant procedure cost, complications cost, routine monitoring,
CardioMEMS-related monitoring, HF and non-HF hospitalizations.
Table 2 presents costs used in the model and their corresponding
sources. The base case of this model used estimates from a recent

TABLE 2 Base case input parameters: costs

analysis of the Truven Health MarketScan April 2008 to March 2013
Commercial Claims and Encounters and Medicare Supplemental and
Coordination of Benefits Database?* for complication costs, as no
other published data were available. This MarketScan data analysis,

25,26

as well as other published studies, were used for costs of HF and

non-HF hospitalizations. Costs were inflated to 2016 US dollars.

Parameter Cost (USD)* Source(s)
CardioMEMs device (per device) $17,750 Average sales price
Implantation procedure $1,280 Medicare: $1,138; CPT 93451, 93568,
33210, 2016 MFS; Commercial: $1,707
(MFS x 1.5)
Complications, each $5,770 Martinson et al?* inflated to 2016
Hospitalizations Takes into account % Medicare vs
commercial
HF hospitalization $21,007 Martinson et al?* inflated to 2016
Non-HF hospitalization $24,367 Martinson et al** inflated to 2016
Monthly monitoring $47 Martinson et al?* inflated to 2016
Outpatient costs, routine care (per year) $19,576 Martinson et al?* inflated to 2016

Abbreviations: CPT, Current Procedural Terminology; HF, heart failure; MFS, Medicare Fee Schedule.

1 Costs are presented in 2016 dollars and were inflated or discounted as described in the Methods. All costs are weighted based on the assumption that
75% of patients are covered by Medicare and 25% have commercial coverage.
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2.4 | Other assumptions

The model assumed that 75% of the population is covered by Medi-
care and 25% are covered by commercial insurers. A 3% annual dis-
count rate for costs and outcomes (ie, utilities) was used.

2.5 | Sensitivity analyses

Sensitivity analyses systematically explored variations in costs and
clinical differences between treatment and standard of care (SoC)
groups in mortality and hospitalization rates.

The model was developed and implemented in Microsoft Excel
(Microsoft Corp., Redmond, WA).

3 | RESULTS

Based on the model's base case, half (50.4%) the original Cardio-
MEMS patients were dead at 60 months; in the SoC group, mortality
exceeded 50% earlier (at 40 months). At the end of the 60-month
model time horizon, 49.6% of CardioMEMS patients and 23.8% of
SoC patients remained alive.

The cost of device and implantation, including treatment of com-
plications, totaled $19,111. The cost over the 5-year observation
period was approximately $162,772 per patient among SoC patients
and $188,880 (including the device and implantation) in CardioMEMS
patients. The difference in QALYs was 0.58, favoring the Cardio-
MEMS patients (2.51 compared to 1.93 among SoC patients). Table 3
shows total costs and total utilities accrued by the 2 groups over the
5-year observation period. The base case of the model estimated the
incremental cost-effectiveness ratio of CardioMEMS compared to
SoC as $44,832 per QALY.

Sensitivity analyses appear in Figure 2 and the Supporting Infor-
mation, Table, in the online version of this article. Inputs that highly
influenced the cost/QALY included device cost and cost of routine
outpatient care. Device cost, even when it was increased to $20,759,
still resulted in a cost/QALY < $50,000, remaining in the high-value
space, using the guidelines sponsored by the American College of
Cardiology and American Heart Association.?” Even doubling the
device price resulted in a cost/QALY of < $76,000, well within the

intermediate-value space. Alternative costs for outpatient care

TABLE 3 Model results: base case

Standard
CardioMEMS  of Care
Five-year costs and outcomes
Total costs $188,880 $162,772
Implant: device, procedure, $19,111 $0
complications
Inpatient costs $108,124 $113,199
Outpatient costs (including $61,645 $49,573
monitoring)
Total accumulated QALYs 2.509 1.926
Incremental cost-effectiveness ratio $44,832

(cost per QALY gained)

Abbreviations: QALY, quality-adjusted life year.

WILEY (e

included an estimate less than half of the base case used in the model
($6,930%8); using this estimate as a model input resulted in a cost/
QALY of $33,040, reflecting that the longer-living treatment patients
had lower outpatient expenses over the modeled period. The multiple
ways in which this model varied utilities to reflect the natural history
of disease had little influence on outcomes. A different baseline utility
value for patients, such as the 0.55 that another team derived based
on an algorithm to convert the Minnesota Living with Heart Failure

Questionnaire,?’

also had a small influence on the cost/QALY. It
should be noted that some of the sensitivity analysis results are sym-
metrical around the base case; others are appropriately not
symmetrical.

Multivariate and threshold analyses explored additional scenarios
to include alternative inputs or to identify input values that would
make the cost/QALY meet or exceed various thresholds (Supporting

Information, Table, in the online version of this article and Figure 2).

4 | DISCUSSION

With the substantial societal and economic impact of HF, technolo-
gies that can help minimize the likelihood for readmission and cost of
care associated with HF may provide significant benefits to the
healthcare system. With positive clinical evidence behind the Cardio-
MEMS HF System remote pulmonary artery pressure monitoring
device, this study sought to evaluate the cost-effectiveness of the
device. This analysis demonstrated that the estimated cost/QALY of
CardioMEMS compared to the standard of care (non-PA-guided
medical management) was $44,832, within the range of what is con-
sidered highly cost-effective. This finding puts CardioMEMS in the
high-to-intermediate value according to the American College of Car-
diology/American Heart Association?” and other organizations.303%
Findings were consistent across a range of sensitivity analyses.

With constrained resources for healthcare expenditures, it is rea-
sonable to expect evaluation of new technology not just on safety
and efficacy but also cost-effectiveness and value. Findings on cost-
effectiveness of treatments to manage HF range widely, in terms of
the incremental cost-effectiveness ratios that they present as well as
the interventions and patient groups compared. Clinical guidelines
are moving toward considering level of value as part of the evalua-
tion, with interventions with an ICER of less than $50,000/QALY
being classified as having high value, $50,000 to < $150,000/QALY
having intermediate value, and those with a higher cost/QALY of low
value.?” Use of guideline-directed therapy vs diuretics alone was
found to be highly cost-effective (<$1,500/QALY) and often cost sav-
ing.3? Among reduced ejection fraction HF patients, ICERs associated
with treatment with eplerenone were < £10,000 in the UK
and < €10,000/QALY in Spain.®® Among patients with advanced HF,
the ICER of left ventricular assist devices has been shown to range
from $127,887 to $209,400/QALY compared to optimal medical
management.34'36 Adding resynchronization therapy to implantable
cardioverter-defibrillators among mild HF patients was found to be of
intermediate value, with an ICER of $61,700.3” The findings from this
model placed the CardioMEMS HF System in the high-value or

intermediate-value categories.
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Sensitivity Analyses

Hospitalization rate (both set to trt, SoC 50% higher) |

Mortality rate (both set to trt, SoC 50% higher)
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Cost of outpatient care (+/- 50%)

Cost of hospitalizations (+/- 50%)

Utilities after 12 months (+/- 0.002 per month)
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FIGURE 2 Tornado diagram. The vertical
line the near center of the figure
represents the base case result ($44,832/
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Incremental Cost per QALY

The findings from this model are robust and consistent with
guidelines on model development and testing that recommend use of
real world evidence as much as possible.3°38-4° Our findings gener-
ated cost/QALY estimates that differed from 2 recent publications
describing models comparing CardioMEMS HF System to usual

2429 with the present analysis finding a cost/QALY falling

care,
between the other publications. Some of these differences are due to
the different hospital and outpatient cost inputs utilized. There is no
consensus on hospitalization costs for HF patients, so some differ-
ences across models may be expected. Our analysis used hospital

costs that were similar to those used by Martinson et al,>*

as we
found these to be the most recent and relevant cost estimates availa-
ble in the literature. We adjusted the values utilized from 2014 to
2016 to account for inflation, which accounts for an increase in costs
of 5%. Another assumption that varied across models is the propor-
tion of standard of care patients who received some sort of monitor-
ing with its associated monthly cost. The Martinson et al?** study
assigned a cost to 25% of patients based on expert opinion; we
assumed only 20% in the base case,*! whereas it is unclear if the
Sandhu et al?’ study assigned a similar cost to SoC patients. Given
the low monitoring cost assigned, the impact is relatively limited; in a
sensitivity analysis, the cost/QALY only increased to $45,320 when
we assigned no monitoring costs in the SoC patient cohort.

Other differences in model structure and inputs were more notable.
The Sandhu et al article did not use mortality findings from the CHAM-
PION trial.?? The authors in that study suggested that the analysis was
not powered for mortality; however, recent recognition of the challenges
in powering studies for all relevant economic endpoints suggests that it is
preferable to use underpowered real-world findings than to make
assumptions.*? Similarly, the model by Sandhu and colleagues did not use
trial data on patient utilities, but instead elected to convert scores from
the condition-specific quality-of-life measure included in the trial.?’ The
different source for utilities and the difference in how hospital-related
decrements were assigned explained the variation in total accrued utilities
between these 2 models. Our model also attempted to follow the natural
history of the disease more closely and used longer and larger decrements
in health utilities for each hospitalization. Finally, sensitivity analyses var-
ied between these 2 models, because the present study tested values as
proportion of the CHAMPION trial outcomes, whereas the prior study
used alternative inputs from studies with patients who are not indicated
for this intervention (ie, use of a population with a large proportion of

$50

QALY). Abbreviations: QALY, quality-
adjusted life years; SoC, standard of care;
trt, treatment.

$60 $70 580 $90
SK/QALY

patients with NYHA class Il HF?°). We encourage future development of
the model as other indications are approved, but selectively choosing
inputs from nonindicated populations seems speculative and introduces
more uncertainty than it resolves. Another recent cost-effectiveness
model of CardioMEMS also found it to be highly cost-effective.?? A health
economic simulation of the CardioMEMS system in Germany based on
the CHAMPION trial data also found substantial benefits.*3

The challenges of treating HF should not be understated. Approxi-
mately 5.7 million adults 20 years and older in the United States were
estimated to have HF in 2012, with that number expected to exceed
8 million by 2030.2 Most large-scale randomized trials using noninva-
sive monitoring approaches, in contrast to CHAMPION, have not
demonstrated reduction in hospitalizations. The cost-effectiveness
estimates generated from this model have leveraged trial data, consid-
ered the natural history of disease in the decrements and change over
time in utilities, and the model was also designed to allow users to
enter personalized inputs to reflect individual payers’ situations. The
incremental cost-effectiveness ratio with the CardioMEMS system is

well within the range of existing interpretation guidelines,?”-3031

as
are plausible scenarios tested by sensitivity analysis, suggesting that
the CardioMEMS HF System is worthy of consideration by payers in
determining coverage for an otherwise costly chronic disease.

There are several limitations in this model and analysis that
deserve consideration. First, the CHAMPION trial included a mini-
mum 6é-month, single-blind period (with an average of 18 months)
and an additional mean 13-month open access period, requiring
assumptions about the sustainability of benefits over the long term.
The model took into account the possibility that the benefits would
not continue to accrue after a period of time, but there remains
uncertainty about inputs in the second half of the modeled period.
These were considered in the sensitivity analyses. This model used
findings from the open access period of the trial. One could argue
that the changes in population characteristics between the rando-
mized and open access dropout affects our ability to use these data.
Given that the SoC cohort was receiving more intense, although not
PA-pressure-guided, care than a typical population by nature of their
study participation, it is likely that the trial design inherently minimized
the effect of the intervention. For this reason, we determined that
using open access period data was reasonable, because sensitivity
analyses also explored carrying forward data from the randomized
period. Second, there are additional analyses or data collection that
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could have refined the model but are currently limited by the lack of
data. For example, there has not yet been any analysis exploring the
relationship between patient-reported utilities and number of hospita-
lizations, or if there are differences in utilities among patients who had
none, 1, or multiple hospitalizations during an interval. These might
allow the model to have different sets of scenarios for generally well
vs sick patients in whom outcomes might vary. These different scenar-
ios could, in turn, be useful to examine the effects of populations that
differ from the CHAMPION population. Unfortunately, there were no
data available on how utilities for patients in the CHAMPION trial
were related to hospitalizations. We assumed a linear trajectory for
increases or decreases in utilities and applied a short-term decrement
associated with hospitalizations. It is possible that this could double-
count decrements in utilities. However, sensitivity analyses that
explored utilities overall and associated with hospitalizations suggest
the influence of hospitalization-related utilities in the model was
inconsequential as decrements were short term and small. Third, this
analysis was operationalized as a deterministic model. Although there
are certainly situations that require a stochastic approach, given the
little that is known about the distributions for many of the input vari-
ables, using such an approach would not increase model accuracy.
Multivariable sensitivity analysis can address similar concerns, though
we believe that individual model users in decision-making capacities
could best determine their own base case and extreme input values.
Another important limitation to this model and many other models
estimating the cost-effectiveness of HF is that the direct medical costs
are just 1 component of the total societal cost of care. There is an
opportunity cost to repeated, possibly avoidable hospitalizations, in that
other patients may be denied treatment based on limited availability.
The time associated with remote monitoring using less technologically
advanced systems might create a greater time burden on clinical staff.
There are not yet time and motion studies comparing staff time on
monitoring and responding to data from the CardioMEMS HF System
compared to other technologies, but it seems plausible that the time
required would be less than gathering a full report from the patient dur-
ing a telephone call. Infrastructure improvements may be required to
implement monitoring programs. Well-planned and implemented
improvements could enhance the cost-effectiveness of the monitoring;
a less organized or structured arrangement might limit the benefits of
remote monitoring programs. A recent study of the CardioMEMS
device monitoring at a single site collected data on the time required for
nurses and physicians to review patient data?’; these data can be used
to develop an analysis of time savings on the part of healthcare provi-
ders that might be associated with remote monitoring. Beside the
opportunity presented for managing patients with less time, there are
other potential benefits. Fewer in-person outpatient visits could save
transportation costs as well as caregiver time and costs, for the patients
who are regularly assisted by a caregiver. The use of informal caregiving
is common among HF patients** and can range from occasional help to
moving closer to a parent*>; and the burden on caregivers can be sub-
stantial.*® There may be costs to insurers based on caregiver health,
which can be impaired due to caregiving responsibilities. As these data
become available, they should be incorporated to refine or modify these
findings. Our findings are also specific to the CardioMEMS HF System

and should not be taken to be reflective of all remote monitoring

WILEY [

systems due to potential differences in clinical effectiveness, utilities,
and cost. This model presented findings based on nationally representa-
tive costs and a population matching the CHAMPION characteristics.
For this model to be more meaningful to decision makers, it should use

local clinical and cost data as inputs.

5 | CONCLUSION

Among eligible patients with HF when compared with SoC, the Cardi-
oMEMS HF System was found to be cost-effective. These values
were generally consistent across a range of sensitivity analyses. For
HF patients meeting current indications, the CardioMEMS HF System
may represent an important clinical advance, while at the same time

being a cost-effective treatment for HF.

5.1 | Acknowledgments

The authors thank Roxolana Kashuba and Carolyn Hulme-Lowe for

their assistance with the development and review of the model.

5.2 | Conflicts of Interest

Authors Jordana K. Schmier and Kevin L. Ong are employed by Exponent.
Exponent received a grant from St. Jude Medical to evaluate the cost-
effectiveness of its implantable remote monitoring system. Dr. Fonarow
has served as a consultant to St. Jude Medical. St. Jude Medical has
reviewed the manuscript prior to submission, but did not provide substan-

tial scientific input.

REFERENCES

1. Heidenreich PA, Albert NM, Allen LA, et al; American Heart Associa-
tion Advocacy Coordinating Committee; Council on Arteriosclerosis,
Thrombosis and Vascular Biology; Council on Cardiovascular Radiol-
ogy and Intervention; Council on Clinical Cardiology; Council on Epi-
demiology and Prevention; Stroke Council. Forecasting the impact of
heart failure in the United States: a policy statement from the Ameri-
can Heart Association. Circ Heart Fail. 2013;6:606-619.

2. Mozaffarian D, Benjamin EJ, Go AS, et al. Heart disease and stroke
statistics—2015 update: a report from the American Heart Associa-
tion. Circulation. 2015;131:e29-e322.

3. Nieminen MS, Dickstein K, Fonseca C, et al. The patient perspective:
quality of life in advanced heart failure with frequent hospitalisations.
Int J Cardiol. 2015;191:256-264.

4. Stromberg A, Luttik ML. Burden of caring: risks and consequences
imposed on caregivers of those living and dying with advanced heart
failure. Curr Opin Support Palliat Care. 2015;9:26-30.

5. V Voigt J, Sasha John M, Taylor A, Krucoff M, Reynolds MR, Michael
Gibson C. A reevaluation of the costs of heart failure and its implica-
tions for allocation of health resources in the United States. Clin Car-
diol. 2014;37:312-321.

6. Bertini M, Marcantoni L, Toselli T, Ferrari R. Remote monitoring of
implantable devices: Should we continue to ignore it? Int J Cardiol.
2016;202:368-377.

7. Inglis SC, Clark RA, McAlister FA, Stewart S, Cleland JG. Which com-
ponents of heart failure programmes are effective? A systematic
review and meta-analysis of the outcomes of structured telephone
support or telemonitoring as the primary component of chronic heart
failure management in 8323 patients: abridged Cochrane review. Eur
J Heart Fail. 2011;13:1028-1040.



L wiLEY e

8.

10.
11.
12.

13.
14.

15.

16.

17.

18.
19.
20.
21.
22.
23.
24.

25.
26.

27.

28.

SCHMIER ET AL

Klersy C, De Silvestri A, Gabutti G, Regoli F, Auricchio A. A meta-
analysis of remote monitoring of heart failure patients. J Am Coll Car-
diol. 2009;54:1683-1694.

. Pandor A, Gomersall T, Stevens JW, et al. Remote monitoring after

recent hospital discharge in patients with heart failure: a systematic
review and network meta-analysis. Heart. 2013;99:1717-1726.
Chaudhry SI, Mattera JA, Curtis JP, et al. Telemonitoring in patients
with heart failure. N Engl J Med. 2010;363:2301-2309.

Ong MK, Romano PS, Edgington S, et al. Effectiveness of remote
patient monitoring after discharge of hospitalized patients with heart
failure: the Better Effectiveness After Transition-Heart Failure (BEAT-
HF) randomized clinical trial. JAMA Intern Med. 2016;176:310-318.
Hughes HA, Granger BB. Racial disparities and the use of technology
for self-management in blacks with heart failure: a literature review.
Curr Heart Fail Rep. 2014;11:281-289.

Inglis SC. Telemonitoring in heart failure: fact, fiction, and contro-
versy. Smart Homecare Technol Telehealth. 2014;3:129-137.

Bui AL, Fonarow GC. Home monitoring for heart failure management.
J Am Coll Cardiol. 2012;59:97-104.

Kitsiou S, Pare G, Jaana M. Effects of home telemonitoring interven-
tions on patients with chronic heart failure: an overview of systematic
reviews. J Med Internet Res. 2015;17:e63.

Hawkins NM, Virani SA, Sperrin M, Buchan I|E, McMurray JJ,
Krahn AD. Predicting heart failure decompensation using cardiac
implantable electronic devices: a review of practices and challenges.
Eur J Heart Fail. 2016;18:977-986.

Abraham WT, Adamson PB, Bourge RC, et al. Wireless pulmonary
artery haemodynamic monitoring in chronic heart failure: a rando-
mised controlled trial. Lancet. 2011;377:658-666.

Abraham WT, Stevenson LW, Bourge RC, et al. Sustained efficacy of
pulmonary artery pressure to guide adjustment of chronic heart fail-
ure therapy: complete follow-up results from the CHAMPION rando-
mised trial. Lancet. 2015;387:453-461.

Adamson PB, Abraham WT, Stevenson LW, et al. Pulmonary artery
pressure-guided heart failure management reduces 30-day readmis-
sions. Circ Heart Fail. 2016;9:¢002600.

Jermyn R, Alam A, Kvasic J, Saeed O, Jorde U. Hemodynamic-guided
heart-failure management using a wireless implantable sensor: infra-
structure, methods, and results in a community heart failure disease-
management program [published online November 23, 2016]. Clin
Cardiol. doi: 10.1002/clc.22643.

Adamson PB, Bharmi R, Bauman J, Dalal N, Martinson M,
Abraham WT. Cost effectiveness assessment of pulmonary artery
pressure monitoring for heart failure management (AB36-01). Paper
presented at: Heart Rhythm Society 36th Annual Scientific Sessions,
May 13-15, 2015; Boston, MA.

Weinstein MC, Torrance G, McGuire A. QALYs: The Basics. Value Health
QALY Consensus Development Workshop. Building a Pragmatic Road:
Moving the QALY Forward. Value Health. 2009;12(S1):S5-59.

Gohler A, Geisler BP, Manne JM, et al. Utility estimates for decision-
analytic modeling in chronic heart failure—health states based on
New York Heart Association classes and number of rehospitalizations.
Value Health. 2009;12:185-187.

Martinson M, Bharmi R, Dalal N, Abraham WT, Adamson PB. Pulmonary
artery pressure-guided heart failure management: US cost-effectiveness
analyses using the results of the CHAMPION clinical trial [published online
September 19, 2016]. Eur J Heart Fail. doi: 10.1002/ejhf.642.

Joshi AV, D'Souza AO, Madhavan SS. Differences in hospital length-
of-stay, charges, and mortality in congestive heart failure patients.
Congest Heart Fail. 2004;10:76-84.

Ziaeian B, Sharma PP, Yu TC, Johnson KW, Fonarow GC. Factors
associated with variations in hospital expenditures for acute heart
failure in the United States. Am Heart J. 2015;169:282-289.e215.
Anderson JL, Heidenreich PA, Barnett PG, et al. ACC/AHA statement
on cost/value methodology in clinical practice guidelines and perfor-
mance measures: a report of the American College of Cardiology/
American Heart Association Task Force on Performance Measures
and Task Force on Practice Guidelines. J Am Coll Cardiol.
2014;63:2304-2322.

Dunlay SM, Shah ND, Shi Q, et al. Lifetime costs of medical care after
heart failure diagnosis. Circ Cardiovasc Qual Outcomes. 2011;4:68-75.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Sandhu AT, Goldhaber-Fiebert JD, Owens DK, Turakhia MP,
Kaiser DW, Heidenreich PA. Cost-effectiveness of implantable pul-
monary artery pressure monitoring in chronic heart failure.
JACC Heart Fail. 2016;4:368-375.

Drummond M, Brown R, Fendrick AM, et al. Use of pharmacoeco-
nomics information--report of the ISPOR Task Force on use of phar-
macoeconomic/health economic information in health-care decision
making. Value Health. 2003;6:407-416.

Neumann PJ, Cohen JT, Weinstein MC: Updating cost-effective-
ness—the curious resilience of the $50,000-per-QALY threshold.
N Engl J Med. 2014;371:796-797.

Banka G, Heidenreich PA, Fonarow GC. Incremental cost-
effectiveness of guideline-directed medical therapies for heart failure.
J Am Coll Cardiol. 2013;61:1440-1446.

Lee D, Wilson K, Akehurst R, et al. Cost-effectiveness of eplerenone
in patients with systolic heart failure and mild symptoms. Heart.
2014;100:1681-1687.

Rogers JG, Bostic RR, Tong KB, Adamson R, Russo M, Slaughter MS.
Cost-effectiveness analysis of continuous-flow left ventricular assist
devices as destination therapy. Circ Heart Fail. 2012;5:10-16.

Baras Shreibati J, Goldhaber-Fiebert JD, Banerjee D, Owens DK,
Hlatky MA. Cost-effectiveness of left ventricular assist devices in
ambulatory patients with advanced heart failure. JACC Heart Fail.
2017;5:110-119.

Clarke A, Pulikottil-Jacob R, Connock M, et al. Cost-effectiveness of
left ventricular assist devices (LVADs) for patients with advanced
heart failure: analysis of the British NHS bridge to transplant (BTT)
program. Int J Cardiol. 2014;171:338-345.

Woo CY, Strandberg EJ, Schmiegelow MD, et al. Cost-effectiveness
of adding cardiac resynchronization therapy to an implantable
cardioverter-defibrillator among patients with mild heart failure. Ann
Intern Med. 2015;163:417-426.

Caro JJ, Briggs AH, Siebert U, Kuntz KM; Force I-SMGRPT. Modeling
good research practices--overview: a report of the ISPOR-SMDM Model-
ing Good Research Practices Task Force-1. Value Health.
2012;15:796-803.

Eddy DM, Hollingworth W, Caro JJ, et al. Model transparency and
validation: a report of the ISPOR-SMDM Modeling Good Research
Practices Task Force-7. Value Health. 2012;15:843-850.

Karnon J, Stahl J, Brennan A, et al. Modeling using discrete event sim-
ulation: a report of the ISPOR-SMDM Modeling Good Research Prac-
tices Task Force-4. Value Health. 2012;15:821-827.

Gharacholou SM, Hellkamp AS, Hernandez AF, et al. Use and predic-
tors of heart failure disease management referral in patients hospita-
lized with heart failure: insights from the Get With the Guidelines
Program. J Card Fail. 2011;17:431-439.

Drummond MF, Torrance GW, O’Brien BJ, Sculpher MJ. Methods for
the Economic Evaluation of Health Care Programmes. 3rd ed.
New York, NY: Oxford University Press; 2005.

Kolominsky-Rabas PL, Kriza C, Djanatliev A, et al. Health economic
impact of a pulmonary artery pressure sensor for heart failure telemo-
nitoring: a dynamic simulation. Telemed J E Health. 2016;22:798-808.
Joo H, Fang J, Losby JL, Wang G. Cost of informal caregiving for
patients with heart failure. Am Heart J. 2015;169:142-148.e142.
Choi H, Schoeni RF, Langa KM, Heisler MM. Older adults’ residential
proximity to their children: changes after cardiovascular events.
J Gerontol B Psychol Sci Soc Sci. 2015;70:995-1004.

Whittingham K, Barnes S, Gardiner C. Tools to measure quality of life
and carer burden in informal carers of heart failure patients: a narra-
tive review. Palliat Med. 2013;27:596-607.

How to cite this article: Schmier JK, Ong KL and
Fonarow GC. Cost-Effectiveness of Remote Cardiac Monitor-
ing With the CardioMEMS Heart Failure System, Clinical Car-
diology. Clin Cardiol. 2017;40:430-436. https://doi.org/

10.1002/clc.22696


https://doi.org/10.1002/clc.22696
https://doi.org/10.1002/clc.22696

	 Cost-Effectiveness of Remote Cardiac Monitoring With the CardioMEMS Heart Failure System
	1  INTRODUCTION
	2  METHODS
	2.1  Clinical data sources
	2.2  Utility data sources
	2.3  Cost data sources
	2.4  Other assumptions
	2.5  Sensitivity analyses

	3  RESULTS
	4  DISCUSSION
	5  CONCLUSION
	5.1  Acknowledgments
	5.2  Conflicts of Interest

	  REFERENCES




