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Abstract

Aims To investigate the outcomes and associated costs of haemodynamic-guided heart failure (HF) management with a pul-
monary artery pressure (PAP) sensor in a multicentre European cohort.
Methods and results Data from all consecutive patients receiving a PAP sensor in Ziekenhuis Oost-Limburg, University Hos-
pital Zurich and Sheffield Teaching Hospitals NHS Foundation Trust before January 2021 were collected. Medication changes,
total number of HF hospitalizations and HF related health care costs (composed of HF hospitalizations, outpatient cardiology
visits and monitoring costs) were compared between the pre-implantation and post-implantation period at 3, 6, and
12 months. PAP evolution post-implantation were grouped according to baseline mPAP ≥25 mmHg versus <25 mmHg and
changes from baseline were analyzed via an area under the curve (AUC) analysis. A total of 48 patients received a PAP sensor
(29 CardioMEMS and 19 Cordella devices) with a median follow-up of 19 (13–30) months. Mean age was 71 ± 10 years, 25.0%
were female, 68.8% had a left ventricular ejection fraction < 50%, median NT-proBNP was 1801 (827–4503) pg/mL, and 89.6%
were in NYHA class III. The number of diuretic therapy changes were non-significantly increased after 3 months (49 vs. 82;
P = 0.284) and 6 months (82 vs. 127; P = 0.093) with a significant increase noted after 12 months (118 vs. 195; P = 0.005).
The mPAP AUC decreased by �1418 mmHg-days for patients with a baseline mean PAP ≥ 25 mmHg. The number of HF hos-
pitalizations was reduced for all patients after 6 (34 vs. 17; P = 0.014) and 12 months (48 vs. 29; P = 0.032). HF related health
care costs were reduced from € 6286 to € 3761 at 6 months (P = 0.012) and from € 8960 to € 6167 at 12 months (P = 0.032).
Conclusion Haemodynamic-guided HF management reduces HF hospitalizations and HF related health care costs in selected
HF patients amongst different European health care systems.
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Introduction

Despite major advances in heart failure (HF) treatment in re-
cent decades, a high number of patients continue to be ad-
mitted to hospital with decompensated HF. HF hospitaliza-
tions are associated with a 5% in-hospital mortality and
25% mortality within 1 year of discharge.1 The typical clinical

signs of congestion in decompensated HF are often preceded
by an increase in cardiac filling pressures in the weeks before
symptoms develop.2 Therefore, remote monitoring of cardiac
filling pressures may allow physicians to detect decompen-
sated HF in an earlier stage to intervene faster, potentially re-
ducing the need for hospitalization. In the CHAMPION
(CardioMEMS Heart Sensor Allows Monitoring of Pressure
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to Improve Outcomes in New York Heart Association Class III
Heart Failure Patients) trial, remote monitoring of pulmonary
artery pressures (PAP), using a CardioMEMS sensor (Abbott),
reduced the total number of HF hospitalizations in NYHA III
class HF patients already after 6 months.3 Based upon these
results, the Food and Drug Administration (FDA) approved
its use in the USA since 2014. Since then, other observational
studies have replicated the results of the trial4–7 and the Eu-
ropean Society of Cardiology guidelines continue to recom-
mend a class IIb indication for its use in HF with reduced ejec-
tion fraction.8 However, European experience with remote
PAP monitoring devices is limited and only one prospective
multicentre European study has been published so far, show-
ing a 62% reduction in the number of HF events after 1 year.9

It remains largely unknown whether the beneficial effects of
remote PAP monitoring hold true outside clinical trial settings
in Europe. The objective of this study was to assess the out-
comes and associated costs of remote PAP monitoring in a
multicentre ‘real world’ European cohort.

Methods

Data collection

Data from all consecutive HF patients with a successful re-
mote PAP sensor implantation before January 2021 was ret-
rospectively collected from three advanced HF tertiary care
centres experienced (Ziekenhuis Oost-Limburg, Genk, Bel-
gium; University Hospital Zurich, Zurich, Switzerland; Shef-
field Teaching Hospitals NHS Foundation Trust, Sheffield,
United Kingdom). During this period both CardioMEMS de-
vices (Abbott, Sylmar, CA, USA) and Cordella devices
(Endotronix Inc., Lisle, IL, USA)10 were implanted. The indi-
cation for implantation was symptomatic HF with a previ-
ous HF decompensation warranting intensification of di-
uretic therapy. Every patient was discussed in a
multidisciplinary HF team to evaluate the indication before
implantation. Follow-up before and after the implantation
was done by the same HF team. Baseline data at the time
of PAP sensor implantation consisting of demographics, co-
morbidities, physical exam, left ventricular ejection fraction,
right heart catheterization measures, and laboratory mea-
surements were retrieved from patient records. Baseline
risk was assessed using the MAGGIC (Meta-Analysis Global
Group in Chronic Heart Failure) risk score estimating 1
and 3 year mortality.11 The full medication list at baseline
and at last follow-up were collected. In addition, all diuretic
changes from 1 year before up to 1 year after the PAP sen-
sor implantation were acquired. The study was approved by
the Institutional Review Board (19/0058R and IRAS 269248/
STH20422).

Pulmonary artery pressure measurements and
follow-up

Before discharge, patients were trained in performing
self-measurements of PAP at home. They were instructed to
perform daily PAP measurements that were sent to a secure
database (Merlin.net™ for the CardioMEMS device and
myCordella™ Patient Management Portal for the Cordella de-
vice). The PAP recordings of every patient were evaluated
each working day by an allied healthcare provider trained in
HF. Following a change in PAP, the patient was contacted
by telephone to evaluate signs and symptoms of congestion.
Treatment interventions based on changes in PAP pressures
and decisions regarding an earlier ambulatory visit were
non-protocolized and left at the treating team’s discretion.
Treatment changes were mainly communicated to the pa-
tients over the telephone.

Endpoints

The number of diuretic changes were assessed at 3, 6, and
12 months prior to the PAP sensor implantation (antecedent
hospitalizations) and at 3, 6, and 12 months after the PAP
sensor implantation (incident hospitalizations). Other medi-
cations were assessed at the time of implantation and last
follow-up. In addition, the number of antecedent and inci-
dent HF hospitalizations, all-cause hospitalizations, cardiology
outpatient visits and all outpatient visits to the hospital (all
specialties) were assessed at the same time intervals. HF hos-
pitalization was defined as an event in which the patient was
admitted to the hospital with a primary diagnosis of HF, the
length of stay was at least 24 h (or extending over a calendar
date), the patient exhibited new or worsening symptoms of
HF on presentation, had objective evidence of new or wors-
ening HF, and received initiation or intensification of treat-
ment specifically for HF.12 The occurrence of device-related
or system-related complications was used as a safety end-
point and defined as any adverse event definitely or possibly
related to the device or the implantation procedure requiring
specific treatment and/or hospitalization. Both daily compli-
ance with transmissions and weekly compliance were calcu-
lated for the first month and the first year.

Cost analysis

Health care related costs were calculated as the sum of the
costs of HF hospitalizations, outpatient cardiology visits and
device monitoring for antecedent and incident costs at 6
and 12 months. The cost of a HF hospitalization was esti-
mated at an average of € 7608 for the participating countries
(Belgium: € 7630; UK: € 2668; Switzerland € 12 528). The cost
of a cardiology outpatient visit was similarly estimated at
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€ 324 per visit (Belgium: € 208; UK: € 252; Switzerland:
€ 518). Monitoring cost was estimated at € 25 per patient
per month, based upon staffing costs for daily monitoring
(1 min/patient/day) and contacting patients (2 min/patient/
week) at a rate of € 50/h. The time management estimates
were based upon 3 months of daily time registration by mon-
itoring nurses at Ziekenhuis Oost-Limburg.

Statistical analysis

Continuous variables are displayed as mean ± standard devi-
ation if normally distributed or otherwise as median (25th–
75th percentile). Normality was checked by integrating visual
inspection of the histogram, skewness, kurtosis, PP-plots,
QQ-plots and Shapiro–Wilk testing. Categorical data are
expressed as number (percentage). The incident and ante-
cedent number of patients with a first HF hospitalization
were compared using the McNemar’s test at the predefined
3, 6, and 12 month time intervals. The number of diuretic
changes and the number of HF hospitalizations were
expressed as total number and compared using a Wilcoxon
signed rank test. Patients who died or received a left ventric-
ular assist device (LVAD) or transplant before this time inter-
val were censored for both antecedent and incident analysis
to allow for paired comparisons with patients serving as their
own control. Cumulative changes in mean PAP (mPAP) were
evaluated using an area under the curve (AUC) analysis,
which quantifies frequency and duration of mPAP values be-
low baseline (first week of home readings) using numeric in-
tegration. AUCs were analysed for all patients and for sub-
groups according to baseline mPAP (<25 and ≥25 mmHg).
Changes in AUC and PAP were analysed using a paired t-test,
as were HF related health care costs.

Results

Study population

In 48 consecutive HF patients, 29 CardioMEMS and 19
Cordella devices were successfully implanted between April
2015 and January 2021 with a median follow-up of 19 (13–
30) months. Their baseline characteristics are displayed in
Table 1. Of note, patients were mostly male with a high
comorbidity burden, a long-standing diagnosis of HF and a
high estimated 1 year mortality risk. The vast majority
received loop diuretics and there was a high use of guideline
directed medical and device therapy.

Table 1 Baseline characteristics

Baseline characteristics N = 48

Age (years) 71 ± 10
Female sex 12 (25.0%)
Co-morbidities

Arterial hypertension 30 (62.5%)
Diabetes 21 (43.8%)
Dyslipidaemia 21 (43.8%)
Coronary artery disease 29 (60.4%)
Atrial fibrillation 36 (75.0%)
Stroke or TIA 7 (14.6%)
Peripheral artery disease 8 (16.7%)
COPD 11 (22.9%)

Ischaemic aetiology of heart failure 28 (58.3%)
Duration of heart failure (years) 5.8 (3.4–9.6)
LVEF categories

LVEF <50% 33 (68.8%)
LVEF ≥50% 15 (31.2%)

NYHA class
II 3 (6.3%)
III 43 (89.6%)
IV 2 (4.2%)

Physical exam
Systolic blood pressure (mmHg) 117 ± 25
Diastolic blood pressure (mmHg) 67 ± 11
Heart rate (b.p.m.) 72 ± 12
Body mass index (kg/m2) 28.2 (24.5–32.2)

Laboratory analysis
Creatinine (mg/dL) 1.50 (1.12–1.81)
Urea (mg/dL) 71 (52–106)
eGFR (mL/min/1.73 m2) 44 (34–64)

eGFR > 60 14 (29.2%)
eGFR 30–59 29 (60.4%)
eGFR < 30 5 (10.4%)

NT-proBNP (pg/mL) 1801 (827–4503)
Haemodynamics on right heart catheterization

Systolic pulmonary artery pressure (mmHg) 42 ± 15
Diastolic pulmonary artery pressure (mmHg) 16 ± 6
Mean pulmonary artery pressure (mmHg) 26 ± 9
Pulmonary capillary wedge pressure (mmHg) 16 ± 6
Right atrial pressure (mmHg) 7 ± 5
Cardiac index (L/min/m2) 2.4 ± 0.6
Pulmonary vascular resistance (Wood Units) 2.4 ± 1.4

Pulmonary artery pressure sensor type
CardioMEMS 29 (60.4%)
Cordella 19 (39.6%)

Therapy
ACEi/ARB/ARNI 41 (85.4%)
Beta-blocker 43 (89.6%)
MRA 39 (81.3%)
SGLT2 inhibitor 1 (2.1%)
Digoxin 8 (16.7%)
Ivabradine 2 (4.2%)
Loop diuretic 47 (97.9%)
Thiazide 9 (18.8%)
Antiplatelet 13 (27.1%)
Anticoagulation 35 (72.9%)
Statin 30 (64.6%)
CRT 17 (35.4%)
ICD 25 (52.1%)

Risk assessment
MAGGIC score 29 (23–33)
Estimated 1 year mortality (%) 22.7 (13.4–31.6)

ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin
receptor blocker; ARNI, angiotensin receptor-neprylisin inhibitor;
COPD, chronic obstructive pulmonary disease; CRT, cardiac
resynchronization therapy; eGFR, estimated glomerular filtration
rate; ICD, implantable cardioverter-defibrillator; LVEF, left ventricu-
lar ejection fraction; MRA, mineralocorticoid receptor antagonist;
NT-proBNP, N-terminal pro-brain natriuretic peptide; NYHA, New
York Heart Association; SGLT2, sodium glucose cotransporter 2;
TIA, transient ischaemic attack.
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Medication changes

The number of diuretic changes pre-implantation and
post-implantation are illustrated in Figure 1. Although there
were more diuretic changes both at 3 months (49 vs. 82;
P = 0.284) and 6 months (82 vs. 127; P = 0.093) post-implan-
tation, statistical significance was only reached after
12 months (118 vs. 195; P = 0.005). A total of 43 (89.6%) pa-
tients had at least one diuretic change within the first
12 months after implantation after a median of 3 (1–6)
months (Figure 2A).

Of note, there were few changes in other HF drugs (Table
2) from the time of implantation to last follow-up. In addition
to an increase in the loop diuretic dose, a reduction in the
number of patients taking an angiotensin converting enzyme
inhibitor (ACEi), angiotensin receptor blocker (ARB) or angio-
tensin receptor-neprilysin inhibitor (ARNI) was noted (41 to
33, P = 0.021). However, the dose in patients on ACEi, ARB
or ARNI did not change. Reasons for stopping the ACEi, ARB
or ARNI was renal failure in three (6.3%) patients and pro-
gressive HF with hypotension in six (12.5%) patients. Further-
more, there was an increase in the number of patients taking
sodium glucose cotransporter 2 (SGLT2) inhibitors.

Pulmonary artery pressures

Baseline devicemeasured pressureswere dPAP 18 ± 11mmHg,
mPAP 27 ± 14 mmHg and sPAP 41 ± 20 mmHg. Twenty-eight
(58.3%) patients had a baseline mPAP <25 mmHg and 20
(41.7%) had a baseline mPAP ≥25 mmHg. The changes in
AUC according to baseline mPAP are shown in Figure 3. For
patients with a baseline mPAP <25 mmHg the AUC was pos-
itive (1370 ± 2248 mmHg-days) and mPAP was similar be-
tween baseline 16 ± 6 mmHg and after 1 year 19 ± 13 mmHg
(P = 0.127). For patients with a baseline mPAP ≥25 mmHg the
AUC was negative (�1418 ± 2541 mmHg-days) and mPAP de-
creased non-significantly from 40 ± 9 mmHg baseline to

34 ± 11 (P = 0.085) after 1 year. Compliance with daily trans-
missions was 87 ± 20% within the first month and 66 ± 32%
within the first year. Weekly compliance was 99 ± 6% within
the first month and 94 ± 11% within the first year.

Heart failure hospitalization and mortality

Within the first 3 months post-implantation, there was no
statistically significant difference in the number of patients
with a first HF hospitalization compared with the 3 months
pre-implantation (17 [35.4%] vs. 9 [18.8%]; P = 0.115). The
number of first HF hospitalizations was reduced after
6 months (13 [27.1%] vs. 21 [51.2%]; P = 0.017) and
12 months (33 [68.8%] vs. 19 [39.8%]; P = 0.001). The me-
dian time to first HF hospitalization after implantation was
6 (1–8) months (Figure 2B). Consistent with this finding,
the total number of HF hospitalizations were a reduced at
6 months (34 vs. 17; P = 0.014) and 12 months (48 vs. 29;
P = 0.032) post-implant (Figure 4A). There was no statistical
significant difference in the number of all-cause hospitaliza-
tions, outpatient cardiology visits, and total outpatient visits
(Figure 4DB–4).

Within the first 12 months after implantation, three (6.3%)
patients received an LVAD or heart transplantation, and five
(10.4%) patients died: three died because of HF, one because
of endocarditis, and one because of thromboembolism.
Post-implantation 12 month survival is depicted in Figure 2C.

Device complications and system performance

There were no serious device-related or system-related com-
plications. There were two patients (one Cordella and one
CardioMEMS) that had temporary transmission problems
that were resolved.

Figure 1 Total number of diuretic changes pre-implantation and post-implantation. *P < 0.05.
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Health care costs

The HF related health care costs per patient dropped from €
6286 ± 6357 to € 3761 ± 5185 at 6 months (P = 0.012) and from
€ 8960 ± 7892 to € 6167 ± 7404 at 12 months (P = 0.032) (Fig-
ure 5), mainly driven by the reduction in HF hospitalizations.

Discussion

In this multinational European observational study, 1 year of
ambulatory PAP-guided therapy in HF patients led to (i) an in-
crease in diuretic therapy changes; (ii) a decrease in mPAP in
patients with a baseline mPAP ≥25 mmHg; (iii) a decrease in

Figure 2 Post-implantation timing of first events. HF, heart failure.
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the number of HF hospitalizations; and (iv) decreased HF re-
lated health care costs.

This is the first study to report on outcomes in patients
with different PAP sensor systems including the Cordella
and the CardioMEMS device. Adherence to guideline directed
medical therapy was high and, consistent with prior studies,
the number of therapeutic changes made following PAP mon-
itoring was increased.9,13,14 The majority of treatment
changes were to diuretic dose and class, which are the pre-
ferred means to alleviate congestion and decrease filling
pressures.8 There were few changes in other HF drugs be-

tween the time of implantation and last follow-up. Of note,
there were fewer patients receiving ACEi, ARB, or ARNI at last
follow-up due to progression to either end-stage renal failure
or end-stage HF. This is in concordance with the high risk sta-
tus of this population with an estimated median 1 year mor-
tality of 22.7% at the time of implantation.

The therapeutic interventions translated in a trend to
6 mmHg decrease in mPAP in patients with baseline mPAP
≥25 mmHg after 12 months. Keeping PAP within a predefined
range is the main goal of haemodynamic monitoring and
even small changes over time can have a significant effect

Table 2 Dosing of HF drugs at time of implantation and last follow-up

Implant Last follow-up P-value

Beta-blocker
Yes 43 (89.6%) 40 (83.3%) 0.375
% of target dose 54 ± 30 55 ± 34 0.530

ACEi/ARB/ARNI
Yes 41 (85.4%) 33 (68.8%) 0.021
% of target dose 42 ± 14 38 ± 24 0.184

MRA
Yes 39 (81.3%) 38 (79.2%) 1.000
Spironolactone equivalent (mg) 24 ± 8 24 ± 12 0.812

Loop diuretic
Yes 47 (97.9%) 47 (97.9%) 1.000
Furosemide equivalent dose (mg) 97 ± 89 154 ± 195 0.005

Thiazide diuretic
Yes 9 (18.8%) 10 (20.8%) 1.000
HCT equivalent dose (mg) 29 ± 13 30 ± 11 1.000

SGLT2 inhibitor 1 (2.1%) 8 (16.7%) 0.016
Ivabradine 2 (4.2%) 2 (4.2%) 1.000
Digoxin 8 (16.7%) 8 (16.7%) 1.000

ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor-neprilysin inhibitor; HCT,
hydrochlorothiazide; MRA, mineralocorticoid receptor antagonist; SGLT2, sodium glucose cotransporter 2.
% of target dose ranges from 0 to 100 and indicates how much of the recommended target dose in heart failure is achieved. For furose-
mide equivalent dose: 40 mg furosemide = 1 mg bumetanide = 20 mg torsemide. For HCT equivalent dose: 25 mg
hydrochlorothiazide = 25 mg chlortalidone = 2.5 mg metolazone = 1.25 mg indapamide.
P-value in bold indicates P < 0.05.

Figure 3 Area under the curve changes in pulmonary artery pressures post-implantation. mPAP: mean pulmonary artery pressure.
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on outcome. Our results are in line with previous studies that
have reported an absolute decrease of 1–5 mmHg after
12 months.3,6,9,14,15

PAP-guided therapy resulted in a reduction in total HF hos-
pitalizations of 50% after 6 months and 40% after 12 months.
In the CHAMPION trial remote PAP monitoring reduced HF

Figure 4 Total number of events pre-implantation and post-implantation. *P < 0.05.

Figure 5 Heart failure related health care costs per patient pre-implantation and post-implantation. *P < 0.05.
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hospitalizations by 33% after a mean follow-up of 18 months
in NYHA class III patients with a previous HF hospitalization 16

and these results were reproduced in several post-approval
observational studies.4–6,9,14 In contrast, the very recent
GUIDE-HF (Haemodynamic-Guided Management of Heart
Failure) trial in NYHA class II–IV patients with a previous HF
hospitalization or elevated N-terminal pro-BNP failed to show
a benefit of remote PAP monitoring on all-cause mortality
and total HF events.17 However, a prespecified COVID-19 sen-
sitivity analysis suggested a significant impact of COVID-19 on
the results. In the pre-COVID-19, remote PAP monitoring re-
sulted in a 19% reduction in the primary endpoint. Of note,
both randomized trials were exclusively conducted in North-
America and only with the CardioMEMS device. To date, only
two European observational studies have been published. In
the MEMS-HF (CardioMEMS European Monitoring Study for
Heart Failure) study, remote PAP monitoring with
CardioMEMS in 234 NYHA class III patients from Germany,
the Netherlands and Ireland, with a previous HF hospitaliza-
tion, led to a 62% reduction in HF hospitalizations after
1 year.9 In addition, the COAST (CardioMEMS HF System
Post-Market Study) study showed an 82% reduction after
1 year in 100 NYHA Class III patients from the UK with a pre-
vious HF hospitalization. Importantly, our study corroborates
that remote PAP monitoring is safe and reduces HF hospital-
ization in diverse European health care systems as well as in
routine care outside of the strict conduct of a trial. Despite
the relative small sample size, statistical significance was al-
ready met by 6 months. Indeed, in the CHAMPION trial, the
number needed to treat for 6 months to prevent one HF hos-
pitalization was only 8.3 Currently, two randomized trials are
investigating remote PAP monitoring with the CardioMEMS
device in NYHA class III patients with a previous HF hospital-
ization in Europe. The primary endpoint of PASSPORT-HF
(Pulmonary artery sensor system pressure monitoring to im-
prove heart failure outcomes) study is the composite of the
number of unplanned HF-related rehospitalizations or
all-cause mortality after 12 months,18 while the primary end-
point of MONITOR-HF (a randomized comparison of the ef-
fect of haemodynamic monitoring with CardioMEMS in addi-
tion to standard care on quality of life and hospitalizations in
patients with chronic heart failure) study is quality of life.19

These studies will provide more data on the effect of remote
PAP monitoring in Europe.

This study demonstrated that PAP monitoring reduced HF
related health care costs by ~40% after 6 and 12 months,
which was mainly driven by a reduction in HF hospitalization
cost. Of note, the estimated costs did not take the cost of the
device and implantation into account. A recent
cost-effectiveness analysis including the device cost, using
the event rates of the CHAMPION trial and cost estimates
from different European countries, estimated that
PAP-guided HF management increased costs by € 14 030 over
10 years with an incremental cost-effectiveness ratio (ICER)

of € 24 772 per quality-adjusted life year (QALY) gained.20 Be-
sides the cost of the device, cost-effectiveness is influenced
by the rate reduction in HF hospitalization and mortality
and the cost of a HF hospitalization. More data on
cost-effectiveness in a European setting will be provided by
the aforementioned MONITOR-HF study.19

Limitations

This study is subject to certain limitations. Firstly, the sample
size was small, representing the limited experience with
PAP-guided HF management in Europe. Small sample sizes
could be less representative for the entire population and
hamper generalizability of the results. This was partially over-
come by the multicentre nature of the study, including three
different countries and the consecutive inclusion of patients.
In addition, the small sample size could lead to type II error.
Therefore, non-significant results should be interpreted with
caution Secondly, this was a retrospective study, which makes
it vulnerable to selection bias and confounders. Thirdly, the
progressive nature of HF might also influence the event rate
during follow-up. Fourthly, due to the unblinded nature of
the study, there is a potential performance bias as the
treating physicians might have acted differently after the
PAP sensor was implanted. Finally, costs were estimated
based upon generalized assumptions. In addition, quality of
life was not collected so that no formal cost-effectiveness
could be calculated.

Conclusion

Remote PAP monitoring is safe and led to a reduction in HF
hospitalizations already after 6 months in a multicentre,
high-risk European HF population and was associated with a
reduction in HF related health care costs.
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