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ABSTRACT
Background: Therapy guided by pulmonary artery (PA) pressure monitoring reduces PA pressures and heart failure hospitalizations (HFH) during the ﬁrst year, but the durability of efﬁcacy and safety through 2 years is not known.
Methods and Results: The CardioMEMS Post-Approval Study investigated whether beneﬁt
and safety were generalized and sustained. Enrollment at 104 centers in the United States
included 1200 patients with NYHA Class III symptoms on recommended HF therapies with
prior HFH. Therapy was adjusted toward PA diastolic pressure 8 20 mmHg. Intervention frequency and PA pressure reduction were most intense during ﬁrst 90 days, with sustained
reduction of PA diastolic pressure from baseline 24.7 mmHg to 21.0 at 1 year and 20.8 at
2 years for all patients. Patients completing two year follow-up (n = 710) showed similar 2year reduction (23.9 to 20.8 mmHg), with reduction in PA mean pressure (33.7 to 29.4 mmHg)
in patients with reduced left ventricular ejection. The HFH rate was 1.25 events/patient/year
prior to sensor implant, 0.54 at 1 year, and 0.37 at 2 years, with 59% of patients free of HFH
during follow-up.
Conclusions: Reduction in PA pressures and hospitalizations were early and sustained during
2 years of PA pressure-guided management, with no signal of safety concerns regarding the
implanted sensor. (J Cardiac Fail 2022;00:1 11)
Keywords: Congestive heart failure, pulmonary artery pressure-guided therapy,
hemodynamics.
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The outlook for patients with heart failure (HF)
has improved remarkably with the progressive addition of new effective therapies. Patients younger
than 70 years of age without major comorbidities
now have a 5-year survival rate of 86% if taking
angiotensin-converting enzyme inhibitors and
angiotensin II receptor blockers (ACE-Is/ARBs) and
beta-blockers at 4 months after initial diagnosis.1 In
the more typical HF with reduced ejection fraction
(HFrEF), including older patients, 85% of patients
taking sacubitril/valsartan in the PARADIGM-HF
(Prospective Comparison of ARNI with ACEI to
Determine Impact on Global Mortality and Morbidity in Heart Failure) trial were free of hospitalization
for an average follow-up of 3 years.2 However, total
HF hospitalizations (HFH) continue to increase as the
population ages, and the national readmission rate
remains > 0.20 in 30 days.3 For both HFrEF and HF
with preserved ejection fraction (HFpEF), admissions
have been closely linked to gradual elevations in
1
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ambulatory cardiac ﬁlling pressures, which surrogates of weights/symptoms and impedance signals
have been inadequate to detect and resolve.4,5
Management guided by ambulatory cardiac ﬁlling pressures has been associated with decreased
HF hospitalizations, whether measuring right ventricular pressures from which pulmonary artery
(PA) diastolic pressures were estimated, PA
obtained from a pulmonary arteriole, or left atrial
pressures.6 8 For HFrEF, ambulatory PA pressure
monitoring was most effective in decreasing hospitalizations of patients on chronic ACE-I/ARB and
beta-blocker therapy, in whom post hoc analysis
showed signiﬁcantly decreased mortality rates
with the addition of PA pressure-guided
management.9
After approval of the implantable PA pressure
monitor in 2014, the CardioMEMS (Abbott Industries, Abbott Park, IL) Post-Approval Study (PAS)
was mandated by the Food and Drug Administration. The goals were to generalize the experience
with the ambulatory PA pressure monitor and the
guided-management strategy in order to assess
the durability of efﬁcacy and safety and to
expand experience for speciﬁc subgroups of
women, minorities, patients with preserved ejection fraction, and patients with indwelling rhythm
devices. From baseline to the end of the ﬁrst
year, ambulatory PA diastolic pressures were lowered from 24.7 § 8.5 to 21.0 § 7.5 mmHg, and
the annualized HFH rate decreased from 1.25
events per patient year (EPPY) to 0.54 EPPY.10
The purpose of this analysis was to determine the
time course and sustainability of reduced PA pressures, long-term sensor safety, and the impact of
decreased numbers of hospitalizations during
2 years after sensor implantation.

Methods
Trial Design

The study design has been reported previously.10
In brief, the PAS was a prospective, multicenter,
open-label trial in 104 centers, examining the utility
of longitudinal pulmonary artery pressure (PAP)
monitoring for patients with New York Heart Association (NYHA) class III HF and with at least 1 HFH in
the year prior to implant after commercial approval.
The study was approved by local institutional review
boards, and patients gave informed consent for the
implant and the collection of their data. Patients
returned at 6, 12, 18, and 24 months for protocolrelated study visits. Between these visits, PAP was
monitored, and medications were adjusted according to the strategy of achieving and maintaining
optimal PA diastolic pressure.

Participants and Eligibility Criteria

Patients were eligible for the trial if they met initial clinical indications for the CardioMEMS HF System, HFH within the prior 12 months and current
NYHA class III symptoms. Patients with HFrEF were
required to take a beta-blocker for 3 months and a
renin-angiotensin system (RAS) inhibitor for at least
1 month unless they were intolerant of these therapies. General inclusion and exclusion criteria have
been described previously.10 Exclusion criteria
included estimated glomerular ﬁltration rate < 25
mL/min/1.73m2, nonresponsiveness to diuretic therapy or need for chronic dialysis, anticipated need for
heart transplantation or a ventricular assist device
within the next 6 months, known coagulation disorders, and hypersensitivity or allergy to aspirin and/or
clopidogrel.
Study Population

Study enrollment began in September 2014 and
ended in October 2017; subjects were followed for
2 years. Implants were performed at 104 medical
centers in the United States, of which 35% had academic afﬁliations. Of the 1214 patients who consented, 1200 were successfully implanted and
entered the study. Of the 1200 enrolled patients,
710 completed the full 2-year study follow-up. The
ﬁnal study visit was completed in October of 2019.
Protocol

Right heart catheterization, assessment of hemodynamics and pressure-sensor implantation were
done at the baseline study visit. Patients were
instructed to transmit PAP daily. Clinicians reviewed
PAP at least weekly and used PA pressure goals to
guide therapy, even in the absence of change in
weight or symptoms. Per protocol, physicians
adjusted medical therapy to maintain PA pressures
within the ranges considered euvolemic: usually, PA
systolic 15 35 mmHg, PA diastolic 8 20 mmHg and
PA mean 10 25 mmHg. Changes in guidelinedirected medical therapy were documented during
all study visits.
Outcomes

The primary effectiveness endpoint was the annualized HFH rate at 1 year compared with the HFH
rate in the year prior to study enrollment. Annualized HFH rates were also calculated for the second
year. The primary safety endpoints were (1) freedom
from device- or system-related complications
(DSRCs) at 2 years and (2) freedom from pressuresensor failure at 2 years. DSRCs were deﬁned based
on the criteria of the CHAMPION (CardioMEMS
Heart Sensor Allows Monitoring of Pressure to
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Improve Outcomes in NYHA Class III Heart Failure
Patients) study.7 Additional prespeciﬁed analyses
included all-cause hospitalizations (ACHs), mortality
at 2 years, patient compliance with at-home pressure transmission, and PAP change over time,
expressed as absolute changes and also by the area
under the curve (AUC) methodology.
Sample Size and Statistical Methods

Data were summarized using univariate statistics
(n, mean, standard deviation) or frequency (n, %) as
appropriate. All statistical tests were 2-sided and
had a signiﬁcance level of 0.05. Safety analysis was
performed by a test of binomial proportions against
pre-established performance criteria. The primary
safety endpoints included in this study were freedom from DSRCs exceeding 80% and freedom from
sensor failure exceeding 90% at 2 years. Effectiveness endpoints were analyzed using the AndersenGill method. Additional details regarding the statistical methods have been reported previously.10
Results
Baseline Characteristics

The baseline characteristics of the 1200 implanted
patients have been published elsewhere.10 In brief,
the study population included 748 (62.3%) men and
452 women (37.7%). Ejection fraction (EF) was <
40% at entry in 637 (53%) subjects; 198 (17%) had
EF  40% and  50%, and 363 (30%) had EF > 50%.
Ethnicity, comorbidities and medical and device
therapies are listed in detail in Table 1 for all
patients and patients completing 2 years follow-up

and Table 2 for all patients and patients completing
2 years follow-up stratiﬁed by baseline EF. Of the
1200 study patients, a total of 710 patients completed 24 months follow-up (Fig. 1). Baseline characteristics were similar for patients who completed 24
months of follow-up compared to those who did
not (Table 1). Patients completing 24 months of follow-up had a mean age of 67.8 years and a mean
left ventricular EF (LVEF) of 39.9 § 17.8 % compared
to a mean age of 69.4 years and a mean LVEF of
38.8 § 17.4% for all enrolled patients. Slight differences in those who completed 24 months were seen
in the percent of women and of baseline medication
use.
Interventions to Change PA Pressures

PA pressures declined early during management
guided by PAP monitoring, and reductions were sustained in survivors of the 2-year period after enrollment ((Figure 2, PA diastolic (PAD) and Figure 3, PA
mean (PAM)). Ambulatory PA mean pressure during
the ﬁrst week of follow-up for the full cohort was
34.3 § 10.2 mmHg; it decreased at 1 year to 30.3 §
9.1 and to 29.7 § 9.3 mmHg at 2 years (P < 0.0001).
Ambulatory PA diastolic pressures were lowered
from 24.7 § 8.5 mmHg to 21.0 § 7.5 mmHg at 1
year, and to 20.8 § 7.9 mmHg (P < 0.0001) at 2 years.
The change in mean PA pressure was -2.4 mmHg
at 1 year and -2.6 mmHg at 2 years compared to
baseline. Please note: this change in pressure is the
average change from baseline over the speciﬁed follow-up period. This is interpreted to mean that the
subject population was 2.4 mmHg under baseline
for the 1-year period, on average. The same pattern

Table 1. Baseline Characteristics for All Patients and Patients Completing 2 Years of Follow-Up

Age, mean § SD
Men
Women
Race/ethnicity
White
Black or African American
Asian
Other
Body mass index (kg/m2), mean § SD
GFR (mL/min/1.73m2), mean § SD
Ischemic cardiomyopathy
Ejection fraction (%), mean § SD
CRT or CRT-D device
ICD device
Comorbidities
Hypertension
Coronary artery disease
Diabetes mellitus
Chronic obstructive pulmonary disease

All Patients
(n = 1200)

Patients Completing 2 Years
of Follow-up (n = 710)

69.4 § 11.7
62.3% (748)
37.7% (452)

67.8 § 11.4
57.3% (407)
42.7% (303)

82.8% (993)
14.3% (172)
1.0% (12)
1.9% (23)
31.6 § 7.9
53.2 § 21.1
41.3% (496)
38.8 § 17.4
19.9% (239)
32.3% (387)

79.7% (566)
17.3% (123)
1.0% (7)
2.0% (14)
32.7 § 8.0
55.4 § 21.2
37.5% (266)
39.9 § 17.8
17.0% (121)
31.3% (222)

87.4% (1049)
66.0% (792)
54.6% (655)
35.2% (422)

88.7% (630)
62.3% (442)
53.8% (382)
34.4% (244)

Many of the baseline characteristics were relatively unchanged in patients who completed 2 years follow-up, but there were some characteristics that did differ between groups. Slight differences in sex and percent of subjects with ischemic cardiomyopathy were observed.
CRT, cardiac resynchronization therapy; GFR, glomerular ﬁltration rate; ICD, implantable cardioverter-deﬁbrillator.
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Fig. 1. Study ﬂow and follow-up. In this study, 1214 patients consented and 1200 of these patients were successfully
implanted and, thus, enrolled in the study. A total of 710 patients were ongoing after 2 years of follow-up.

resulted when analysis was conﬁned only to those
who completed 2 years of follow-up (n = 710); there
was a front-loaded decrease in PA mean pressure of
1.4 mmHg by 3 months, 2.6 mmHg by 1 year, and 3.0
mmHg by 2 years. The decrease was largely in the
patients with initial PAM > 35 mmHg in whom most
of the reduction was during the ﬁrst 90 days, with a
small reduction in patients with initial PAM 25 34
mmHg, and no overall reduction in patients with initial PAM < 25 mmHg (Fig. 3). The early and sustained improvement during the 2-year study is

further demonstrated by the area under the curve
diagrams that were speciﬁed in the original postmarket study design with the Food and Drug Administration (Supplementary Fig. 1).
The frequency of interventions was “frontloaded” in parallel, such that the monthly rate
of interventions declined from approximately 3
medication changes per subject per month during the ﬁrst 3 months to 1.3 medication
changes per subject per month at 1 year and
through the second year (Fig. 2). Despite the
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Fig. 2. Time course of decreasing pulmonary artery (PA) diastolic pressure and frequency of interventions per patient per
month for the 710 patients completing 2-year follow-up. Intervention frequency and ambulatory PA pressure reduction
were most intense during the ﬁrst 90 days, with sustained reduction of ambulatory PA diastolic pressure from 24.7 § 8.5
mmHg at baseline to 21.0 § 7 .5 mmHg at 1 year and 20.8 § 7.9 mmHg at 2 years, including all enrolled patients. In the 710
patients completing 2-year follow-up, a similar reduction from 23.9 § 8.3 mmHg to 20.8 § 7.9 mmHg at 2 years was
observed (P < 0.0001).

decreasing frequency of interventions after sensor implant, the reduction in PA pressures was
sustained.
Patient Outcomes

Heart Failure and All-Cause Hospitalization. HFH
and ACH were collected for 1 year prior to implant
and for the duration of patient follow-up, and all
were adjudicated. For the entire group, there were
1.25 HFH EPPY in the year prior to implant. The rate
of HFH decreased from 1.25 EPPY to 0.54 EPPY (P <
0.0001) at 1 year and declined further during the
second year to 0.37 EPPY (P < 0.0001) (Fig. 4). In
order to account for patients who either died or left
the study prior to the end of year 2, these rates
were also calculated for only the 710 patients who
completed 2 years of follow-up. For these individuals, the HFH rate was 1.20 EPPY in the year prior to
implant, and it subsequently declined to 0.35 and
0.28 EPPY during years 1 and 2, respectively. In addition, 59.4% of all patients had no HFH during the 2year follow-up period. Of the 487 patients who
were hospitalized for HF during the 2-year study,
53.6% were hospitalized only once (Fig. 5).
For all patients in the year prior to implant, there
were 2.28 ACH EPPY, which decreased to 1.67 EPPY

in the ﬁrst year and to 1.42 EPPY in year 2 (Fig. 4).
For the 710 patients completing the 2-year followup, the rate of ACH for the year prior to implant was
2.20 EPPY, declining to 1.26 EPPY and 1.20 EPPY for
years 1 and 2, respectively.
Safety and Survival. The freedom from DSRCs at
2 years was 99.6%, exceeding the 80% predeﬁned
safety goal. Similarly, the predeﬁned performance
goal of 90% for freedom from sensor failure was
exceeded; the freedom from sensor failure was
99.9%. Survival postimplant was calculated using
the Kaplan-Meier method and was 84% at 1 year
and 71% at 2 years. No long-term complications
resulting from permanent PA sensor implant were
discovered in this study.
Discussion
Beneﬁts shown for HF management guided by
PAP monitoring could be generalized from the randomized controlled CHAMPION trial to clinical practice. These beneﬁts, previously reported at 1 year,
are now demonstrated in this study to be sustained
at 2 years, during which the majority of patients had
no HFHs.10 Tracking the interventions and pressures
for the ﬁrst 3 months shows a front-loaded decrease
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Fig. 3. Average pulmonary artery mean pressure over study duration stratiﬁed by baseline pressure. Decrease in pulmonary artery (PA) pressures from baseline to 2 years was observed for patients with elevated pressures surviving to 2 years.
Pulmonary artery pressures declined early during management guided by PAP monitoring, and reductions were sustained
in patients who completed the 2-year follow-up period. Ambulatory PA mean pressure during the ﬁrst week of follow-up
for the full cohort was 34.3 § 10.2 mmHg, which decreased at 1 year to 30.3 § 9.1 mmHg and to 29.7 § 9.3 mmHg at 24
months (P < 0.0001).

in PA pressures and hospitalizations early after the
implantation of the PA pressure sensor. The early
decline in PA pressures occurs during a period of
high intensity for interventions; while interventions
decrease during later follow-up, reduction in PA
pressures is sustained to 2 years. Importantly, the
study found no long-term safety concerns arising
from the implantation of a permanent endovascular
sensor in the PA.
The 363 study patients with reduced LVEF (0.25 §
0.07) represent a high-risk population for mortality
due to HF. The PAS patients with reduced EF presented a baseline hemodynamic proﬁle very similar
to that of ambulatory patients just prior to LVAD
placement; the baseline EF for the patients in the
HFrEF PAS study was 0.25 § 0.07 compared to EF
0.21 § 0.7 pre-LVAD, cardiac index 2.1 § 0.7, compared to 2.3 § 1.0 pre-LVAD, and PA systolic pressure 48 § 15 mmHg in both this PAS and the
INTERMACS ambulatory populations.11 The 29%
mortality rate at 2 years in this study is consistent
with the advanced disease in these patients.
Major Beneﬁts of PA Pressure-Guided Management

It is unlikely that the beneﬁts observed in decreased
pressure and number of hospitalizations after sensor
implantation resulted primarily from the establishment of better guideline-directed therapies other
than diuretics, because these patients were already

receiving ongoing HF management for advanced disease at the time of enrollment. There were only 356
changes in RAS inhibitors and beta-blockers in all
enrolled patients during the 2 years. The major interventions in the patients with HFrEF and almost the
only interventions in the population with HFpEF were
adjustments of loop diuretics (82.8% of patients had
loop diuretic changes) and intermittent addition of
thiazide diuretics (37.8% of patients had thiazide
diuretic changes). This treatment is the strategy we
would anticipate during management that is guided
to reduce elevated PA pressures, for which the primary inpatient intervention to relieve symptomatic
congestion is typically diuretics, and maintenance diuretics are usually needed to prevent rehospitalization.12 Management based on tracking ambulatory
PA pressures has been substantially superior to similarly time-intensive programs that track ambulatory
weights and symptoms.5,13 15 This was shown also in
the registry data from the ﬁrst 2000 commercial
implants.16 More recently, a European registry, similar
in design to the study presented in this article,
reported a 62% lower HFH rate in the year after
implant of the PA sensor.17
A vital question for optimization of recommended
medical therapy is the extent to which these pressures could be better managed by uptitration of our
guideline-recommended medications. Sacubitril/valsartan has been shown, in the ﬁrst month after initiation, to decrease PA pressures with mean PAP > 30
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Fig. 4. Heart failure and all-cause hospitalization. Heart failure hospitalizations (HFH) and all-cause hospitalizations (ACH)
were collected for 1 year prior to implant and for the duration of patient follow-up. Hospitalization rates depicted in this
ﬁgure are annualized rates estimated using the Andersen-Gill model. Signiﬁcant lowering in HFH (blue) risk was observed
at year 1 in comparison to the year prior to implant (P < 0.0001). A further signiﬁcant reduction in HFH was also observed
in year 2 of follow-up (P < 0.0001). All-cause hospitalization rates (red) were signiﬁcantly reduced at 1 year and 2 years
compared to the year before implant (P < 0.0001 for both). A signiﬁcant reduction in the ACH rate in year 2 compared to
the ACH rate in year 1 was observed (P = 0.0014).
<
Indicates year 2 of follow-up compared to year prior to implant.
1
Hospitalization rate is an annualized rate estimated from the Andersen-Gill model.
2
Hazard ratio, 95% conﬁdence interval, and P value estimated from the Andersen-Gill model with robust sandwich
estimates.

mmHg without reducing pressures from lower baselines.18 Empagliﬂozin also has been shown to
decrease PA pressures.19 In addition to facilitating
personalization of these pillars of HF therapy,
another potential advantage of ambulatory PA pressure monitoring to guide chronic HF management is
the increased conﬁdence of patients and providers
in attempting decreases in diuretic dosing when PA
pressures are stable within the target range.
Timing and Work-Flow of Interventions

In the present study, the interventions were frontloaded early after sensor implantation. The

CardioMEMS-HF System provides daily measurements of PAP with the primary goal to approach
normal pressures, with the usual upper target for PA
diastolic pressure of 16 20 mmHg. An important
advance of the strategies developed with this
implanted sensor is the goal of establishing a low
pressure “plateau,” even in patients without symptomatic congestion, because the height of the plateau inﬂuences the likelihood of subsequent
decompensation.20 PA pressures declined signiﬁcantly during the ﬁrst 90 days of monitoring as medical therapy was adjusted toward the 8 20 mmHg
target of PA diastolic pressure. The sustained reduction in pressures and hospitalizations, even with
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Fig. 5. Number of patients hospitalized for heart failure during the study’s duration. The majority of patients (713; 59.4%)
were not hospitalized for heart failure during the 2-year follow-up period. Of the patients who were hospitalized for heart
failure during the study’s follow-up period (487), most (53.6%) were hospitalized only 1 time.

reduced frequency of intervention, may relate to
behavioral remodeling of patients after correlating
their PA pressure changes with lapses in medication
and diet adherence, which is often observed clinically. It may also reﬂect a gradual hemodynamic and

hormonal remodeling around a new congestionfree equilibrium.
The front-loaded intervention work-ﬂow is crucial
to recognize for practical implementation of CardioMEMS monitoring in a busy HF program. It should

Table 2. Baseline Characteristics and Medications for All Patients and Patients Completing 2 Years of Follow-up, Stratiﬁed
by Ejection Fraction

Age, mean § SD
Women
Cardiac index (Lit/min/
m2), mean § SD (n)
Ejection fraction (%),
mean § SD
Ambulatory PA diastolic
pressure at baseline
(mmHg), mean § SD (n)
Ambulatory PA diastolic
pressure at 2 years
(mmHg), mean § SD (n)
Ambulatory PA mean
pressure at baseline
(mmHg), mean § SD (n)
Ambulatory PA mean
pressure at 2 years
(mmHg), mean § SD (n)
Medical therapy
Beta-blocker
ACE-I/ARB/ARNi
Beta-blocker + ACE-I/ARB/
ARNi
Aldosterone antagonist
Loop diuretic

All Patients,
EF < 40%
(n = 637)

All Patients,
EF  40%
(n = 561)

Patients Completing 2
Years of Follow-up, EF
< 40% (n = 363)

Patients Completing 2
Years of Follow-up, EF
 40% (n = 345)

67.4 § 12.6
28.7% (183)
2.13 § 0.65 (636)

71.8 § 10.1
48.0% (269)
2.35 § 0.76 (558)

64.9 § 12.2
33.3% (121)
2.13 § 0.61 (362)

70.9 § 9.6
52.8% (182)
2.37 § 0.78 (344)

24.5 § 7.2

55.2 § 9.3

24.8 § 7.3

55.8 § 9.9

25.6 § 8.5 (634)

23.8 § 8.4 (560)

25.0 § 8.9 (363)

22.8 § 7.4 (345)

21.1 § 9.3 (268)

20.4 § 7.0 (252)

21.2 § 9.3 (263)

20.3 § 6.9 (248)

34.8 § 10.2 (634)

33.8 § 10.2 (560)

33.7 § 10.6 (363)

32.3 § 9.4 (345)

29.3 § 10.7 (268)

29.8 § 8.8 (252)

29.4 § 10.7 (263)

29.6 § 8.5 (248)

94.8% (604/637)
68.0% (433/637)
66.4% (423/637)

80.4% (451/561)
44.4% (249/561)
37.8% (212/561)

96.1% (349/363)
73.6% (267/363)
72.7% (264/363)

80.9% (279/345)
50.1% (173/345)
42.6% (147/345)

54.6% (348/637)
95.0% (605/637)

32.1% (180/561)
96.4% (541/561)

58.1% (211/363)
93.9% (341/363)

32.8% (113/345)
96.5% (333/345)

In both all patients and patients who completed 2 years in follow-up groups, patients with preserved ejection fraction were, on average, older than those with reduced ejection fraction.
PA, pulmonary artery.
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be anticipated that staff engagement will have to
be high early after implantation, beyond which time
most patients may “graduate” to a status where surveillance and intervention require less personnel
time, which is reduced by fewer calls to and from
patients, calls that are triggered by uncertainty
about volume status and the interpretation of
vague symptoms.
The HFH rate was 57% lower during the ﬁrst year
of post-implant monitoring, and there was an additional 31% reduction from year 1 to year 2 for
patients who completed follow-up despite the
marked compromise of baseline hemodynamics.
During year 2 the HFH rate was only 0.37 EPPY for
the entire cohort and 0.28 EPPY for patients who
completed the entire 2 years of follow-up. In the
HFrEF population particularly, this ﬁnding suggests
that clinical deterioration may not be inexorable.
The window into the ambulatory physiology clears
some of the mystery from decompensation events
that can, instead, often have simple explanations
and simple corrections. Although all patients
enrolled in the PAS had an HFH in the previous year
and NYHA class III symptoms on recommended therapies, the majority of the group (59%) had no HFH
for the entire 2 years after sensor implant. Moreover, the decrease in HFH was not counterbalanced
by an increase in other hospitalizations; all-cause
hospitalizations decreased by 27% over the ﬁrst
year and by an additional 15% over the second year
in patients completing follow-up. These ﬁndings
encourage optimism regarding the potential for a
durable plateau in patients who are taking the recommended therapies for HF and engaging in monitoring and intervention, as long as diuretic
responsiveness is sustained. This altered view not
only brightens the outlook for patients and families
but may eventually reﬂect a decrease in the heavy
societal burden of HFH costs.
Although the primary endpoint of PAP-guided therapy has been deﬁned by HFH, with the secondary endpoints of reduced HF symptom burden, reduction of
elevated PAP may, itself, represent a core value by
which to assess therapy and modify disease trajectory.
In the CHAMPION trial, analysis of patients with HFrEF
who were on recommended neurohormonal therapies showed signiﬁcant improvement in survival for
those whose therapy was guided by PAP monitoring.7
Elevated PAPs are associated with increased mortality
rates, which have been shown separately for HFrEF
and, more recently, for HFpEF.21
PAP elevation increases right ventricular afterload
which, in turn, increases the risk of right HF in both
HFrEF and HFpEF.22,23 Meta-analysis of previous
investigational PAP monitoring in 760 patients demonstrated that risk of early mortality was inversely
correlated with changes in PA mean pressures

during the ﬁrst 6 months.24 In this study, average PA
mean pressures were reduced from 33.7 to 29.4
mmHg during the 2 years, a major decrease that has
prognostic implications. Using ambulatory monitoring to guide our therapies to achieving optimal
reduction of both PAPs and chronic diuretic dosages
may help to preserve right ventricular and renal
function and, thus, support prolonged length and
quality of life with HF.
Recently, the results of the GUIDE HF (hemodynamic
GUIDed management of Heart Failure) trial have been
published.25 This trial enrolled NYHA class II IV
patients with either a prior HFH or an elevated BNP/
NT-proBNP level with a combined primary endpoint of
HFH, urgent HF visit or all-cause mortality. Although
this study was impacted by the onset of the COVID-19
pandemic, 74% of the endpoints were completed
prior to the COVID-19 shutdown. During this period,
there was a statistically signiﬁcant 19% reduction in
the primary endpoint (P = 0.049) and a 28% reduction
in HFHs, (P = 0.0072). On the strength of these results,
the CardioMEMS HF System is now approved for
implant in NYHA class II and class III patients with
either prior HFHs within the past year or elevated
BNP/NT-proBNP levels.
Limitations
The major limitation of this study is its single-arm
design, with patients serving as their own controls.
The magnitude of reduced HFH after PA sensor
implantation should be interpreted with caution
because no concomitant control group was available.
The impact of hemodynamic-guided care across study
designs suggests the generalizability of effectiveness
into real-world settings. The PAS protocol suggests
that PA pressure be reduced to a euvolemic range.
However, not all patients reached this goal because of
symptomatic hypotension or worsening renal dysfunction, and it is not clear when the goal should be more
modest or simply pursued over a longer time course
with more escalation of therapies other than diuretics.
Although ACE-I/ARB/ARNI (angiotensin receptorneprilysin inhibitor) use was not optimal at baseline,
this therapy may have been limited by concomitant
advanced chronic kidney disease or hypotension.2,26
Finally, hospitalization rates could have been affected
by patients’ deaths or study withdrawal, but analyses
using only patients competing 2-year follow-up were
very similar to those using the whole population.
The lack of blinding is often cited as a limitation in
strategy trials, which are challenging to perform but
essential in an era of therapeutic options. However,
in this case, the patients’ comprehension of and participation in their monitoring are often perceived by
nurses and physicians to enhance the progressive
beneﬁt of pressure-guided therapy. It is possible
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that patients’ and physicians’ unblinding to the pressures decreased hospitalizations because there were
fewer concerns that pulmonary pressures might be
high. This, however, is a beneﬁt that would also
extend to general clinical use, in which some
patients seek hospitalization for symptoms attributed to congestion but which are then found to
have other etiologies.
Conclusions
The PAS data reported here are the largest study
to date evaluating therapy guided by the PAP measured in ambulatory patients with the CardioMEMS
monitoring system, which is easily placed, has a very
low complication rate and involved no safety concerns during the 2-year follow-up. The system facilitates surveillance and intervention to address the
pivotal physiological target of PAPs, which were
lowered substantially and sustainably during the 2year follow-up duration. This result was also associated with early and sustained reduction in rates of
HFH and ACH for patients with both reduced EF and
preserved EF. However, the long-term potential
impact of PAP-targeted management using the
expanding regimen of recommended therapies may
extend beyond the arithmetic of hospitalizations to
establish a lower plateau of PAP from which HF disease trajectory may be even more favorably redirected.

symptoms of “congestion” include shortness of
breath with activity and sometimes while lying
down, often with leg swelling. CardioMEMS is a
small implanted device that measures lung pressures
at home; these pressures rise weeks before weight
or symptoms change. Now the largest and longest
trial ever done with CardioMEMS has shown that
this device’s information can guide heart failure
therapy to prevent more than half of hospitalizations. The beneﬁts of relieving high lung pressures
and decreasing hospitalizations for all patients with
heart failure were sustained through 2 years.
Visual Take Home Graphic
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Bullet Points
 Multiple studies measuring pulmonary artery
pressures at home have shown that rising pressures cause many of the symptoms and hospitalizations due to heart failure.
 Trials done before and after FDA approval of the
CardioMEMS device have shown that therapy
guided by home pulmonary pressure monitoring
decreases pulmonary pressures and hospitalizations during the ﬁrst year and can improve survival rates in combination with guidelinerecommended medical therapies.
 The current study of 1200 heart failure patients is
the largest and longest trial ever completed using
pulmonary pressure-guided therapy; it led to
reductions in pulmonary pressures and hospitalizations that were sustained over 2 years, with a
more than a 50% decrease in hospitalizations for
patients with all types of HF.

Lay Summary
Heart failure affects more than 2% of adults, causing over 1 million hospitalizations annually. Typical
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