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Abstract

Purpose of Review Heart failure (HF) remains a significant burden to our healthcare system and a leading cause of hospitaliza-
tions. Current reactive strategies to treat and manage HF have failed to reduce hospitalizations and improve survival. The
CardioMEMS device has recently been demonstrated to improve quality of life in HF and reduce HF-related hospitalizations.
Current HF management strategies are reviewed with a particular emphasis on the current role of the CardioMEMS device.
Recent Findings The CHAMPION trial is the only randomized trial looking at the CardioMEMS device. Patients managed with
targeted pulmonary artery pressures resulted in 28% reduction in the primary end-point of HF-related hospitalization at 6 months
(HR 0.72, 95% C1 0.60-0.85, p = 0.0002) and 37% reduction during the entire follow-up period, which averaged 15 months (HR
0.63, 95% CI10.52-0.77, p <0.0001). The prospective open-label post-approval study recently presented a 58% reduction in HF
hospitalizations per patient year (HR 0.42, 95% CI 0.38-0.47, p < 0.0001).

Summary Management of HF using the CardioMEMS device has been shown to reduce HF hospitalizations and improve quality
of life regardless of ejection fraction. Patients best suited for this device are those with recurrent congestive symptoms despite

optimal medical therapy.
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Introduction

Heart failure (HF) affects around 6.2 million people in the United
States (US) [1]. This figure is expected to increase to over 8§
million people by 2030 [2]. The prognosis of HF remains
poor—30% of patients will die within the first year of diagnosis
[3-5] and 50% within 5 years [6, 7]. The medical costs from HF
currently total around $20.9 billion and are projected to increase
to $53.1 billion by 2030 [2]. Hospitalization continues to be the
biggest contributor to this figure.

In the US, around 1 million hospitalizations per year are
attributed to HF [8] with an average length of stay of 5 days
for decompensation [9, 10]. A post hoc analysis shows that
despite these somewhat long hospital stays, 48% of patients
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leave the hospital with continued congestive symptoms due to
inadequate diuresis [11]. In the same study, of the remaining
52% of patients believed to be euvolemic upon discharge, up
to 65% have return of congestive symptoms at 60-day follow-
up. This helps to explain the high readmission rates for HF of
30% within 1 month and 50% within 6 months [12, 13]. High
number of HF-related hospitalizations is also a strong predic-
tor of mortality [14, 15].

Current HF management strategies have been inadequate at
reducing readmissions and improving mortality. Care to date
has been largely reactive, focusing on adjusting medications
once the signs and symptoms of HF manifest. However, once
HF symptoms present, patients quickly present to the hospital.
A paradigm shift is needed in our management strategies uti-
lizing better tools to identify and manage congestion early
enough to prevent hospitalizations. Intracardiac and pulmo-
nary artery (PA) pressures rise up to several weeks before
the onset of symptoms [16, 17]. This information may give
opportunity for earlier interventions before symptoms present,
thereby preventing hospitalizations. Such a strategy would
hopefully improve patient quality of life, reduce healthcare
costs, and possibly improve survival.
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Ambulatory Monitoring of HF

The history and physical examination continue to be our most
frequently used tool in the diagnosis and management of HF;
however, this approach has significant limitations. Symptoms
of shortness of breath, orthopnea, paroxysmal nocturnal dys-
pnea, edema along with signs of crackles, a third heart sound,
and jugular venous distention have poor sensitivity and pre-
dictive value for decompensation [18]. Weight gain has also
been demonstrated to be poorly sensitive for acute decompen-
sation [19, 20]. The inaccuracy of these signs/symptoms and
the limited frequency of our clinical interactions limit their
usefulness to monitor for HF.

Tele-health increases the frequency of clinical interactions
by monitoring weight and symptoms, but this strategy failed
to reduce hospitalization or mortality [21, 22].

Natriuretic peptides have been used as a more objective
means of assessing HF severity with good sensitivity, but only
moderate specificity [23]. Using natriuretic peptides to moni-
tor HF has been associated with a reduction in hospitaliza-
tions, but this strategy did not significantly alter all-cause
mortality [24]. Subgroup analyses in this meta-analysis sug-
gest that patients <75 years of age and those with HF with
reduced ejection fraction (HFrEF) may benefit the most from
management guided by natriuretic peptide monitoring and
also had improved survival. Older patients are more resistant
to changes in natriuretic peptides and more likely to develop
adverse events [25]. The use of natriuretic peptides to guide
HF management is limited by a lack of an optimal target, an
inability to attain goal levels in most, and a lack of a universal
benefit in all patients with HF [26]. Patients with advanced
age and preserved ejection fraction (HFpEF), who make up a
large proportion of patients with HF, may not derive a benefit.

Invasive Monitoring of HF

A rise in ventricular filling pressures is the underlying patho-
physiology of acute decompensated HF. Right heart catheter-
ization (RHC) to measure filling pressures is the gold standard
to diagnose elevated cardiac filling pressures and has been
used in decompensated HF to guide titration of diuretics to a
hemodynamic goal. This can result in acute improvement in
hemodynamics; however, this may not translate into sustained
improvement [27]. In the ESCAPE trial, RHC was used in
addition to routine HF therapy. Though the RHC group had
improved exercise tolerance and quality of life, the use of
RHC compared with routine HF therapy did not result in a
difference in mortality and hospitalization [28]. The invasive
nature of RHC limits its utility in an ambulatory setting.
Several other devices have been used to continuously measure
filling pressures in the heart.

Cardiac implanted electronic devices have been looked at
to monitor HF. The widespread use of pacemakers and
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defibrillators in cardiac patients make them attractive targets
for this purpose. Various parameters such as intrathoracic im-
pedance and heart rate variability have been looked at to pre-
dict HF events with varying reported sensitivities ranging
from 20 to 76% [20, 29-31]. Using this information in the
DOT-HEF trial resulted in no difference in survival and actually
increased hospitalizations [32]. When patients in the imped-
ance monitoring arm passed a threshold suggesting fluid re-
tention, an audible alert was triggered that instructed patients
to present to the hospital. This accounts for the increase in
hospitalization and raises questions of how information
should be made available to patients. Though thoracic imped-
ance changes precede symptoms by days to weeks, these are
further preceded by increases in pulmonary artery (PA) pres-
sures by several days [17, 33].

The Heart POD (Abbott, Minneapolis, Minnesota) is a con-
tinuous left atrial pressure monitor studied in the LAPTOP-HF
trial. The trial was terminated early due to safety concerns
related to complications regarding the trans-septal implanta-
tion of the device, namely cardiac perforations. The trial re-
sults were overall negative demonstrating no reduction in a
composite endpoint of recurrent HF hospitalization and com-
plications of HF therapy. However, when using the endpoint
of only recurrent HF hospitalizations, the results showed a
reduction in HF hospitalizations of 43% [34].

The V-LAP system (Vectorious Medical Technologies, Tel
Aviv, Israel) is an implantable left atrial pressure sensor im-
planted permanently in the septum using a trans-septal ap-
proach and is currently being studied. Another device being
studied is the Titan LAP monitoring system (Integrated
Sensing Systems, Inc., Ypsilanti, MI). This device is im-
planted surgically, thus limiting its use to patients undergoing
cardiac surgery. It has been evaluated in first-in-man studies in
patients undergoing implantation of a left ventricular assist
device or other cardiac surgery [35].

The Chronicle IHM (Medtronic Inc., Minneapolis,
Minnesota) right ventricular lead was looked at in the
COMPASS-HF trial [36]. The device continuously monitored
right ventricular systolic and diastolic pressures. There was a
non-significant 21% reduction in HF events (hospitalizations
and emergency or urgent care Visits requiring intravenous
therapy, p = 0.33), but did show a significant 36% relative risk
reduction in HF-related hospitalizations (HR 0.64, 95% CI
0.42-0.96, p =0.03) [16, 37]. Event rates in the control group
were lower than expected making the study under-powered to
detect differences in HF clinical events.

CardioMEMS Pulmonary Artery Pressure Monitoring
System

The CardioMEMS device (Abbott Medical, Minneapolis,
Minnesota) has been the most successful of implantable he-
modynamic devices. The device is implanted into a branch of
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the PA during RHC. It is a leadless and battery-free device
consisting of three main components: the sensor, the home
electronics system that simultaneously powers and interro-
gates the sensor relaying the information, and a secure website
used by clinicians to review the data.

The CHAMPION trial was a randomized, single-blinded
trial that enrolled 550 patients with class III HF regardless of
left ventricular ejection fraction and had a hospitalization for
HF within the preceding 12 months [38, 39]. Patients were
randomized to management using daily measurement of pres-
sures in addition to standard care versus standard care alone.
Use of PA pressures resulted in 28% reduction (p = 0.0002) in
the primary end point of HF-related hospitalization at
6 months. Over the entire single-blinded follow-up period,
mean 15 months, PA pressure monitoring resulted in a 37%
reduction in HF-related hospitalization. The numbers needed
to treat to avoid a HF hospitalization were 8 at 6 months and
4 at 15 months. Overall freedom from system-related compli-
cations was 98.6% and freedom from pressure sensor failures
was 100%. Patients in the treatment arm had lower mean PA
pressures, improved Kansas City Cardiomyopathy
Questionnaire scores, and improved 6-min walk tests [39].

The results of HF hospitalization reduction were sustained
over the long term. Following patients for mean of 18 months,
rates of HF hospitalization were reduced in the treatment arm by
33% (HR 0.67, 95% C10.55-0.8, p <0.0001) [40]. Additionally,
following completion of the randomized access period, patients
in the control arm were opened up, managed utilizing PA pres-
sures, and followed longitudinally (mean 13 months). Armed
now with this data, rates of hospitalizations for HF in the former
control group were reduced by 48% (p < 0.0001) compared with
rates of admissions during the randomized access. There was no
significant difference in mortality [41¢]. However, retrospective
analysis of patients with HFfEF demonstrated not only a 28%
lower hospitalization in the treatment group (HR 0.72; 95% CI
0.59 to 0.88; p=0.0013), but also a strong trend for 32% lower
mortality (HR 0.68; 95% CI 0.45 to 1.02; p =0.06) [42]. In the
same analysis, they looked at the effect of guideline-directed
medical therapy (GDMT). Patients on at least 1 GDMT, angio-
tensin system blocker or beta-blocker, had 33% lower HF hos-
pitalization (HR 0.67; 95% CI 0.54 to 0.82; p = 0.0002) and 47%
lower mortality (HR 0.63; 95% CI 0.41 to 0.96, p =0.0293).
Patients on both optimal GDMT medications in the treatment
arm had 43% lower HF hospitalizations (HR 0.57; 95% CI
0.45 to 0.74; p<0.0001) and 57% lower mortality (HR 0.43;
95% CI 0.24 to 0.76; p =0.0026) compared with controls. [42].
Another subgroup analysis of the 119 patients from
CHAMPION with HFpEF (EF >40%) showed 46% reduction
in HF hospitalization rate at 6 months in the treatment group
(p<0.0001) and 50% reduction after the blinded follow-up
(mean 17.6 months) [40].

A retrospective cohort study using Medicare claims data
was performed on 1114 patients who underwent

CardioMEMSs implantation [43]. Following implantation in
this real-world cohort, there was a 34% reduction in HF hos-
pitalizations and 23% reduction in all-cause hospitalizations
sustained at 12 months.

Concern for the safety of the device was brought to light by
the MAUDE database [44]. Of the original 575 implant at-
tempts in the CHAMPION trial, it was reported there were 15
adjudicated serious adverse events (2.6%) with 1 case of PA
injury and 2 deaths. Of the first 5500 real-world implants after
FDA approval, there were 2.8% adverse events with 28 re-
ports of PA injury/hemoptysis resulting in 14 intensive care
unit stays, 7 intubations, and 6 deaths. There were 22 overall
deaths (0.4%). There were also 46 cases of sensor failure,
malfunction, or migration requiring 35 recalibrations, 13 re-
implantations, and 11 hospitalizations (for re-intervention, HF,
or over-diuresis), and 5 sensors could not be used despite
recalibration. There were 18 reports of technical challenges
with implantation with 14 implants aborted. There were 15
cases of access site-related bleeding or infection and 5 cases
of pulmonary embolism or device thrombosis reported. Many
of the adverse events including deaths and PA injury/
hemoptysis seemed to be clustered shortly after FDA approval
and appeared to level off after this, suggesting there may have
been an early learning curve.

To look at the continued benefit and safety of the device, the
CardioMEMS HF system post-approval study was started. It is a
prospective, open-label trial that enrolled 1200 patients with
CardioMEMS implants from 2014 to 2018 at 104 centers [45].
Compared with the CHAMPION cohort, patients enrolled in the
post-approval study were older (mean age 69 years compared
with 62), had more women (38% compared with 28%), and had
more patients with HFpEF (47% compared with 22%). After
implantation of the device, there was a 58% reduction in HF
hospitalizations per patient year (HR 0.42, 95% CI 0.38-0.47,
p<0.0001). There was a 44% reduction in the combined end-
point of HF hospitalization and death (HR 0.56, 95% CI 0.51—
0.62, p<0.0001). All-cause hospitalization was also reduced by
28% (HR 0.72, 95% CI 0.67-0.77, p<0.0001). Breaking pa-
tients up into three different stratum by ejection fraction showed
similar reductions in HF hospitalizations (EF <40% with 54%
relative risk reduction, EF 41-50% with 6 3% relative risk re-
duction, EF > 50% with 61% relative risk reduction). Subgroup
analyses demonstrated significant reduction in HF hospitaliza-
tions post-implant independent of gender, etiology of cardiomy-
opathy, device implantation (ICD or CRT-D), or race (White or
African American). Freedom from device- or system-related
complications at 1 year was 99.7%, and freedom from sensor
failure was 99.9%.

The CARDIOMEMS device has been shown to be safe
with low rates of complications and low rates of failure.
Management of patients guided by PA pressures on top of
standard treatment decreases PA pressures, HF hospitaliza-
tions, and all-cause hospitalizations.
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Device Monitoring

Some infrastructure is required to monitor and manage pa-
tients with CardioMEMS. A member from the HF team needs
to routinely check the website to review the data. It is helpful
to have a protocol for up-titration and down-titration of med-
ications. PA pressures are re-evaluated every few days and
adjustments made. Data from the post-approval study showed
that medication changes are front-loaded during the first
3 months after implant [46]. Initially averaging 2 medication
changes per month, this number decreases to < 1 per month
after 3 months from implant. PA pressures during the same
period decrease rapidly during the first 2 months and level off
and maintain. This suggests that after the first 3 months, many
patients stabilize and management becomes less intense while
still maintaining good results.

PA diastolic pressure goes along with pulmonary venous
congestion and HF symptoms. The goal PA diastolic pressure
is usually 820 mmHg. Patients can have low, normal, or high
PA pressures. Patients with low or normal PA pressures are
maintained on current therapy as long as there are no signs of
poor perfusion, hypotension, or renal insufficiency. Patients
with elevated PA pressures will have adjustments in diuretics
and vasodilators until PA pressures are in goal or the patient
develops an adverse reaction.

Cost/Value Analysis

An analysis of the potential cost/value of the device will give
us insight into what patients may benefit from this technology.
The cost of the sensor is priced at approximately $17,750.
Utilizing clinical trial data on survival and hospitalizations,
various models have looked at cost/value analyses comparing
over 5 projected years with the device versus without. The
lowest cost per quality-adjusted-life-year (QALY) was calcu-
lated from the CHAMPION group at $13,979 and the highest
around $71,462 [39, 47, 48]. The model by the Institute for
Clinical and Economic Review found a cost in the middle
around $57,933 per QALY gained [47]. All of these models
are highly dependent on the continued long-term benefits of
the device lasting > 4.6 years. If there is not a sustained ben-
efit, the cost to value would be considered high, in excess of
$100,000 per QALY gained. The American College of
Cardiology/American Heart Association Statement on
Cost/Value Methodology assigns a cost of <$50,000 per
QALY a high value, $50-150,000 is assigned intermediate
value, and > $150,000 is assigned low value [49]. Thus, the
cost/value of the CardioMEMS device is in the intermediate to
possibly high value if its benefit sustains for 5 years.

Patients from CHAMPION trial were those with NYHA
class III HF symptoms and a hospitalization in the past year
for decompensation. With these same criteria, around 286,000
patients per year would be the candidate pool for potential
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device implantation. Assuming intermediate uptake of the de-
vice of 25% by year 5, the global cost has been estimated at 1
billion dollars per year [47]. If every potential candidate had
the device implanted, the global cost would be enormous.

Patient Selection

Given that the CardioMEMS implantation is costly, it should
be reserved for appropriately selected patients. GDMT in pa-
tients with chronic HFrEF has improved survival and reduced
hospitalizations [13, 50, 51]. Despite the proven benefit of
GDMT, it is clear that many patients admitted with HF are
not on optimal GDMT. Even amongst patients followed in a
real-world registry of patients with HFrEF, there remain sig-
nificant gaps in the use of optimal GDMT [52]. In this registry,
triple therapy with renin-angiotensin system blocker, beta-
blockers, and aldosterone antagonist was used in clinical prac-
tice in < 10% of patients. The optimization of doses of these 3
classes of drugs occurred in < 5% of the patients. Given that
most patients are not on GDMT, this is a huge target as an area
for improvement in care for HF. There are guidelines on how
to initiate and optimize medications and doses in HFrEF [53].
Patients with HFpEF continue to be a very difficult population
to treat as few treatments have demonstrated improvement in
clinical outcomes. However, recently pooled analyses from
registries have demonstrated that patients with mid-range left
ventricular systolic function (EF 40—49%) on beta-blocker
and renin-angiotensin system blocker have demonstrated a
reduction in all-cause mortality [54].

An independent panel of 10 experts, the California
Technology Assessment Forum, highlighted the specific pop-
ulation that this technology may best be targeted for: high-risk
patients with recurrent congestion despite optimal medical
therapy, able to be compliant with device monitoring and
medication adjustments, in centers of excellence with ade-
quate resources to support the device [47]. In 2016, the
European Society of Cardiology guidelines gave the
CardioMEMS device a class IIb recommendation for directed
therapy management and monitoring tool in HF patients [55¢].

There are some patients who are not good candidates.
The device may not benefit those patients at end-stage HF
headed to transplant, ventricular assist device, or palliative
care. The device is unlikely to help patients with chronic
kidney disease stage IV or V as they are resistant to di-
uretics. Patients with recurrent pulmonary emboli or deep
vein thrombosis may not be good candidates for implant.
Patients with body mass index >35 kg/m” and chest cir-
cumference > 52 in. may not be good implant candidates as
the device may have difficulty being sensed. Patients must
also have a target implant PA diameter of at least 7 mm and
must also tolerate anticoagulant or dual antiplatelet therapy
for at least 1 month after implantation.
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Conclusions and Further Research

The CardioMEMS device has demonstrated impressive re-
sults in the reduction in HF hospitalizations and improving
quality of life above standard of care in patients with HFrEF
and HFpEF. Despite the impressive results from a single
industry-sponsored trial and real-world data across multiple
subgroups, there remains a fairly low adoption rate of the
device. Because of the current cost/value of the device, it
appears to be best suited for patients with continued HF symp-
toms despite optimal GDMT. To address continuing concerns
over the original study design and see if the results can be
replicated, the MEMS-HF trial in Europe and GUIDE-HF trial
in the US are ongoing [56, 57].
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