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1
General Introduction

Heart Failure – Definitions, Aetiology and Epidemiology
Heart failure (HF) is a clinical syndrome that gives rise to classic symptoms such as 
shortness of breath, swollen ankles and fatigue. (1) Although HF is sometimes difficult 
to diagnose without additional diagnostic tools, physical examination may indicate 
pulmonary crackles, elevated jugular venous pressure and peripheral edema, especially 
in a hypervolemic state. In HF, organ and tissue perfusion may be compromised due 
to inadequate cardiac output that does not match the body’s need. While the aetiol-
ogy is very comprehensive, HF is caused by structural and/or functional abnormalities. 
Myocardial dysfunction, either systolic, diastolic, or both, is the most common cause 
and is often the result of coronary artery disease and hypertension, but valvular disease, 
rhythm, conduction and genetic disorders are also well-known causes. (1)

In daily clinical practice, HF is roughly divided into three phenotypes based upon the 
left ventricular ejection fraction (LVEF), mostly assessed by echocardiography in daily 
practice. This classification stems from the pivotal HF trials and is clinically important 
because guideline recommendations may specifically address patients with a particular 
LVEF phenotype. According to the latest HF Guidelines from the European Society of 
Cardiology (ESC), a reduced LVEF is defined as ≤40% and is referred to as Heart Failure 
with a Reduced Ejection Fraction (HFrEF). Patients with an LVEF between 41% and 49% 
are considered to have a mildly reduced ejection fraction (HFmrEF), and patients with 
an LVEF ≥50% compose the heart failure with preserved ejection fraction (HFpEF) phe-
notype. The New York Heart Association (NYHA) classification is used to describe the 
symptomatic severity. (1)

Heart failure is considered a major global health problem with an estimated prevalence 
of at least 1-2% of all adults. (2-5) While several reports suggest that the age-adjusted 
incidence of HF may be decreasing in well-developed countries, the overall prevalence 
is increasing, especially due to ageing of the population and improved treatment of car-
diovascular diseases. (6) Importantly, men and women appear to have a similar lifetime 
risk of developing HF and it is believed that HFrEF comprises 50-60% of those with HF. 
(1, 7) Despite considerable improvements in HF therapy, the prognosis of HF patients 
remains poor with reported mortality rates up to 67% five years after initial diagnosis. (1, 
8, 9) Furthermore, the quality of life of patients with HF is notably impaired. (10) 

Heart Failure Therapy
HF therapy has evolved greatly over the past decades, not only with the introduction of 
new drugs, but also with a new treatment algorithm for patients with HFrEF. (1) Pharma-
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cotherapy is the most important component of HF treatment and should be optimized 
before implementing other therapies such as device therapy (internal cardiac defibrilla-
tors and cardiac resynchronization therapy) and valvular interventions. For a long period, 
medical therapy for HFrEF consisted of a beta-blocker, either an angiotensin-converting 
enzyme (ACE) inhibitor or angiotensin receptor blocker (ARB), and mineralocorticoid 
receptor antagonist (MRA), all with a Class 1 Level A recommendation. (11) Furthermore, 
diuretics are recommended (Class I Level C in the 2021 guidelines) to achieve and main-
tain euvolaemia, which is an important aim of HF therapy. This regimen was extended 
in the 2016 guidelines with the possibility to replace the classic ACE inhibitor and ARB 
with an angiotensin-neprilysin inhibitor (ARNi), which was proven superior to the ACE 
inhibitor enalapril in the successful PARADIGM-HF trial. (12, 13) In the following years, 
the sodium-glucose transporter-2 (SGLT2) inhibitors dapagliflozin and empagliflozin 
emerged as the fourth proven efficacious drug for the treatment of HFrEF patients. (14, 
15) Importantly, these SGLT2 inhibitors were also shown to be beneficial for patients 
with HFmrEF and HFpEF. (16, 17) 

Already before the introduction of ARNi and SGLT2 inhibitors, the CHAMP-HF and 
CHECK-HF registries from the United States and Europe, respectively, showed that 
implementation of guideline-recommended drug therapy is far from optimal.  (18, 19) 
Not all patients receive the foundational drugs, and importantly, when prescribed, only 
a small proportion of patients receive the guideline-recommended daily target dose. 
It is not only important to study barriers to guideline implementation in daily clinical 
practice, like hyperkalemia for MRAs, but also to capture drug treatment in real-world 
setting in important subgroups such as patients with heart failure and concomitant 
diabetes mellitus or obesity. These comorbidities, among others, are very prevalent and 
may impact drug treatment and may require a specific approach. In 2021, the Heart 
Failure Association (HFA) of the European Society of Cardiology published a consen-
sus document in which they proposed to base pharmacological treatment on patient 
phenotype in an attempt to pursue tailored therapy and improved implementation 
of guideline-recommended drug treatment. (20) This approach seemed promising 
because these phenotypes were based upon readily available clinical parameters and 
should therefore be easy to use. However, in order to assess the potential impact of the 
HFA’s initiative, the prevalence and distribution of these profiles should be studied. 

Remote Monitoring of Heart Failure Patients 
An important clinical feature of chronic HF is the high hospital admission rate, mainly 
for acute decompensated heart failure. (5, 21, 22) Recurrent HF hospitalizations have 
been associated with a decline in myocardial function and worse prognosis. (23-26) HF-
related hospitalizations account for a large proportion of the total number of hospital 
admissions, even despite proven effective HF therapy. (22) This also puts enormous 
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pressure on hospital resources and healthcare expenditure, and thus places a large bur-
den on society. If anything, the COVID-19 pandemic taught us that healthcare resources 
are scarce and should be preserved mainly for those in need of urgent care. A mismatch 
between demand and availability in healthcare systems may have disruptive effects on 
population health, even in well-developed countries. Therefore, effective methods to 
monitor patients remotely are highly needed.  While remote monitoring of HF patients 
was traditionally based upon non-invasive monitoring (such as structured telephone 
support), there has been a transition towards monitoring with implantable cardiac 
devices (such as implantable cardiac defibrillators (ICDs)) and hemodynamic monitor-
ing with specially developed invasive sensors or devices. (27, 28) Emphasis has lately 
been on the latter as clinical evidence for the use of monitoring through non-invasive 
methods and ICDs has been rather conflicting. (27, 28) Hemodynamic monitoring relies 
on measurement of (surrogates of ) intracardiac filling pressures, which are the central 
target of HF pharmacotherapy. An increase in filling pressures is considered the first sign 
of deteriorating heart failure, even preceding signs and symptoms by several weeks, 
and thus offers possibilities for timely intervention to avert cardiac decompensation 
and hospitalization. (29, 30) The CardioMEMS Heart Failure system (Abbott, IL, USA) is 
a small sensor that is implanted in the pulmonary artery (PA) and enables patients to 
perform daily measurements of the PA pressures. These pressures are comparable to 
the left ventricular filling pressure and are sent to the clinicians for interpretation. (31) 
Trends in PA pressures may then be used to optimize HF treatment. Results from clinical 
trials assessing the efficacy of the CardioMEMS HF system have been confined to stud-
ies performed in the U.S. and Canada. The pivotal CHAMPION trial showed that remote 
haemodynamic monitoring of PA pressures was associated with a significant reduction 
in HF hospitalizations. (32, 33) It is important to study the CardioMEMS system specifi-
cally in European setting as well because of structural differences in the organization 
and quality of HF care between the U.S. and Europe. Thus far, evidence for CardioMEMS 
in Europe has been limited to observational studies, and although evidence with regard 
to efficacy from these studies seems promising, these studies were prone to various 
forms of bias. (34, 35) Therefore, data from randomized clinical trials on the efficacy of 
the CardioMEMS HF system in European setting are highly needed. 

Advanced Heart Failure 
Chronic heart failure is a progressive disease and its clinical course is accompanied by 
a decline in cardiac function and worsening symptoms. It is believed that up to 10% of 
all HF patients suffer from advanced HF, with a more recent population-based study 
reporting an even higher prevalence of 13.7% among patients with chronic HF. (36, 37) 
Advanced HF is an important entity and is characterized by severe and persistent symp-
toms (NYHA class III-IV) despite optimal therapy. Consistent with the growing number 
of patients with HF, improved treatment and ageing of the population, the prevalence 
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of advanced HF is also increasing. (1) Prognosis is very poor with high mortality and hos-
pitalization rates. (1, 37) For a long time, heart transplantation was the only treatment 
option for patients with advanced HF, but in the last decade, long term mechanical 
support with a left ventricular assist device (LVAD) has emerged as a potential modality 
for patients with HFrEF. Although transplantation remains the golden standard for treat-
ment of advanced HF, patients may receive an LVAD for long-term support to bridge the 
time until availability of a donor heart (bridge to transplant), as a bridge to candidacy 
for transplantation, or as destination therapy (DT), for example in patients deemed 
ineligible for transplant. (36) 

In the REMATCH trial, LVAD therapy was compared to optimal medical therapy (OMT) 
in patients with advanced HF who were ineligible for transplantation. (38) This trial 
showed for the first time that patients experienced lower 1-year all-cause mortality 
with LVAD therapy as compared to OMT. However, LVAD therapy was associated with a 
higher risk of adverse events such as bleeding, neurologic dysfunction and infections, 
with a 35% probability of device failure at 24 months, and need for device replacement 
in 10 patients. (38) Significant improvements in LVAD technology have been made and 
as a result, prognosis of patients on long-term LVAD therapy has improved, and the 
incidence of these adverse events has decreased markedly. (39, 40) With a growing mis-
match between donor heart demand and availability and expanded indications for DT 
in Europe, it is expected that LVAD recipient age will gradually increase. (41-44) In earlier 
reports, increasing age has been associated with worse outcomes post-LVAD implanta-
tion. (45-48) Furthermore, several studies have suggested worse outcomes and possible 
underutilization of LVAD therapy in female patients. (49-53) However, these findings 
were mainly based on U.S. data and included patients supported with older and inferior 
devices. Therefore, it is important to study age- and sex-related effects on outcomes 
after LVAD implantation in a contemporary European setting with the latest generation 
assist devices to further improve the management of this high-risk population.  

Aims and outline of this Thesis

Heart failure is a complex clinical syndrome and its management may comprise several 
different treatment modalities. Pharmacotherapy is the cornerstone of HF treatment 
and precedes all other therapies. Next, remote monitoring of HF patients may result in 
improved outcomes and prognosis, especially with devices capable of measuring filling 
pressures. The majority of interventions that follow remote monitoring are drug-based, 
and remote monitoring can also be used to optimize and tailor drug treatment, which 
indicates the direct relationship with pharmacotherapy. Lastly, left ventricular assist 
device therapy may be considered for a subset of patients who develop advanced heart 



General introduction

15

1
failure despite optimal (drug) therapy. The general aim of this thesis was to study heart 
failure treatment and advances in HF therapy in an attempt to further optimize the 
management of HF patients. 

Part A describes the pharmacological treatment of heart failure patients in the Nether-
lands in a real-world setting. Chapters 2 and 3 studied the treatment of HFrEF patients 
with diabetes and obesity, which are prevalent and relevant subgroups in chronic HF. 
Chapter 4 studied the association between obesity and atrial fibrillation in patients 
with HFpEF, which may have implications for patient management. Chapter 5 describes 
the association between serum potassium and prescribed doses of mineralocorticoid 
receptor antagonists, which is important in light of newly introduced potassium bind-
ing drugs aiming to improve guideline adherence, specifically for MRAs. In Chapter 6, 
a newly proposed initiative from the European Heart Failure Association was applied to 
our real-world HF population to assess its potential implications for HF care. This initia-
tive was centered around patient profiling and phenotype-specific recommendations 
to improve implementation of guideline recommended drugs. 

In Part B, remote monitoring in chronic HF is extensively discussed. Chapter 7 provides 
an overview of the invasive devices and sensors that have been assessed for remote 
haemodynamic monitoring over the last years. In Chapter 8, the role and future per-
spectives of the CardioMEMS HF System in European setting are discussed. Chapter 9 
provides the design of our national multicenter randomized clinical MONITOR-HF trial, 
which aimed to study the efficacy of hemodynamic pulmonary artery pressure monitor-
ing with the CardioMEMS system compared to usual HF care alone. In Chapter 10, the 
results of the MONITOR-HF trial are presented. Chapter 11 contains our meta-analysis 
of all randomized controlled trials on PA pressure monitoring.

Part C focusses on optimizing the implementation of left ventricular assist device 
therapy. This technique is intended for patients with advanced HF who have become 
refractory to optimal HF care. Chapter 12 studied the effects of age on outcomes after 
LVAD implantation, which is a relevant topic as average LVAD recipient age may be in-
creasing. In Chapter 13, sex-related differences in LVAD utilization and outcomes were 
explored. 

Finally, in Chapter 14, the findings of this Thesis are summarized and placed in perspec-
tive of important international literature in the General Discussion. Methodological 
limitations of every part of the thesis are discussed as well. The implications of the work 
performed in this Thesis and suggestions for forthcoming research are discussed in the 
Future Perspectives. 
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Abstract

Aims: Although diabetes mellitus (DM) is a common co-morbidity in chronic 
heart failure (HF) patients, European data on concurrent HF and DM treatment 
are lacking. Therefore, we have studied the HF treatment of patients with and 
without DM. Additionally, with the recent breakthrough of sodium–glucose 
cotransporter 2 (SGLT2) inhibitors in the field of HF, we studied the potential 
impact of this new drug in a large cohort of HF patients.

Methods and results: A total of 7488 patients with chronic HF with a left ven-
tricular ejection fraction <50% from 34 Dutch outpatient HF clinics between 
2013 and 2016 were analysed on diabetic status and background HF therapy. 
Average age of the total population was 72.8 years (±11.7 years), and 64% of 
the patients were male. Diabetes was present in 29% of the patients (N = 2174). 
Diabetics had a worse renal function (mean estimated glomerular filtration rate 
56 vs. 61 mL/min/1.73 m2, P < 0.001). Renin–angiotensin system inhibitors were 
less often prescribed in diabetics compared with non-diabetics (79% vs. 82%, P = 
0.001), while no significant differences regarding other guideline-recommended 
HF drugs were found. Target doses of beta-blockers (23% vs. 16%, P < 0.001), 
renin–angiotensin system inhibitors (47% vs. 43%, P = 0.009), and mineralocor-
ticoid receptor antagonists (57% vs. 51%, P = 0.005) were more often prescribed 
in diabetics than non-diabetics. Based on the latest trials on SGLT2 inhibitors, 
31–64% of all HF patients would fulfil the eligibility or enrichment criteria (with 
vs. without N-terminal prohormone BNP criterion).

Conclusions: In this large real-world HF registry, a high prevalence of DM was ob-
served and diabetics more often received guideline-recommended target doses. 
Based on current evidence, the majority of patients would fulfil the enrichment 
criteria of SGLT2 trials in HF and the impact of this new drug class will be large.
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Introduction

Diabetes mellitus (DM) is a common co-morbidity in patients suffering from heart failure 
(HF) and is associated with increased hospitalization and mortality rates in chronic HF.1,2 
Despite DM being a well-established risk factor for worse outcome in HF, guideline-
directed medical therapy does not specifically target the subgroup of patients who 
also suffer from DM. This might be because the effects of DM therapy on cardiovascular 
events are not fully clear yet.3 Recently, the American CHAMP-HF investigators aimed to 
characterize treatment patterns and outcomes of patients with HF with reduced ejec-
tion fraction (HFrEF) and co-morbid DM in a real-world outpatient setting. Besides slight 
differences in prescription rates and doses, higher HF hospitalization and mortality rates 
among patients with DM were found.4 Unfortunately, there is paucity of data when it 
comes to DM and concurrent HF treatment for the Western European setting. The Dutch 
CHECK-HF registry studied in detail prescription rates and dosages of HF medication 
among subgroups of HF patients in an outpatient setting.5,6

This CHECK-HF subanalysis aimed to study differences in HF treatment between diabet-
ics and non-diabetics in a Western European country and compares these findings to 
the recent analysis in the USA (CHAMP-HF). Furthermore, the percentage of patients 
that would be eligible for treatment with sodium–glucose cotransporter 2 (SGLT2) 
inhibitors was investigated based on trial criteria from the recently completed DAPA-
HF and EMPEROR-Reduced clinical trials, which could have major impact in upcoming 
years.2,7

Methods

The design and methods of the CHECK-HF registry have been published in detail 
elsewhere.8 Briefly, a total of 10 910 chronic HF patients from 34 participating Dutch 
centres between 2013 and 2016 were included in this cross-sectional observational 
cohort. All included patients were diagnosed with HF and treated according to the 
2012 European Society of Cardiology (ESC) HF guidelines, and almost all were seen at 
a dedicated outpatient HF clinic (96%).9 Detailed information on patient characteristics, 
echocardiographic values, and guideline-recommended HF drug prescription and dos-
ages was recorded. The study was conducted according to the Declaration of Helsinki. 
Ethical approval was provided for anonymously analysing existing patient data by the 
Ethical Committee of the Maastricht University Medical Center, the Netherlands.

Patients were divided based on left ventricular (LV) ejection fraction (LVEF) or visual 
assessment of the left ventricle into HF with an LVEF <50% (N = 8360) or HF with an LVEF 
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≥50% (N = 2267) and treated according to the 2012 ESC HF guidelines. In 283 patients, 
recording of the LV function in the database was insufficient to classify patients into 
HF type or standard baseline demographic data were missing, and they were excluded 
from this analysis as well as patients with an LVEF ≥50%. Additionally, patients with 
missing information on diabetes (N = 872) were excluded from this analysis, and a total 
of 7488 patients were included in this analysis. All patients were divided into those 
with and without diabetes, based on patient records and medical history. Distinction 
between type 1 and 2 diabetes was made, but the CRF contained no information on 
antidiabetic therapy.

In a subanalysis, we investigated the treatment differences according to renal function. 
Additionally, we compared the treatment differences between the Western European 
and the American CHAMP-HF population.4

In order to provide a detailed insight in the reduced LVEF population according to 
the 2016 ESC HF guidelines, an additional subanalysis was performed.3 Patients with 
a reduced LVEF (LVEF <50%) and known diabetic status were categorized into HF with 
mid-range ejection fraction (HFmrEF) {LVEF 40–49% [n = 1417 (18.9%)]} and HFrEF 
{LVEF<40% [n = 5073 (67.7%)]}, only in those patients with an exactly specified LVEF. 
Patients without exact ejection fraction, though visually reduced LV function, were 
presented separately as semi-quantitative patient group [n = 998 (13.3%)].

Indication for sodium–glucose cotransporter-2 inhibitors
Based on the inclusion and exclusion criteria of the DAPA-HF and EMPEROR-Reduced 
trials, we investigated what percentage of patients would be eligible for an SGLT2 in-
hibitor. An overview of the used criteria is shown in Supporting Information, Table S1.2,10

Statistical analysis
Continuous data are expressed as mean value ± standard deviation or median and 
inter-quartile range, depending on the distribution of the data, and compared by the 
one-way analysis of variance or Mann–Whitney U test. Categorical data are expressed as 
counts and percentages, and compared by the Pearson χ2 test.

In order to investigate whether the observed differences between patients with and 
without diabetes were independent of potential clinical predictors, univariable and 
multivariable logistic regression analyses were used. The results of these regression 
analyses are expressed as odds ratios (ORs) with 95% confidence intervals (CIs). In Model 
1, we adjusted for age and sex only. In Model 2, we further adjusted for New York Heart 
Association (NYHA) classification and LVEF. At last, in Model 3, we further adjusted for 
age, gender, NYHA classification, LVEF, hypertension, chronic obstructive pulmonary 
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disease, obstructive sleep apnoea syndrome, thyroid disease, renal insufficiency [de-
fined as estimated glomerular filtration rate (eGFR) <60 mL/min or a history of renal 
insufficiency], and atrial fibrillation. Missing data occurred in the variables included in 
the multivariable analysis, which were imputed using multiple imputation as has been 
described previously.11 All analyses were performed with SPSS Statistical Package Ver-
sion 25.0 (SPSS Inc., Chicago, IL). A two-sided P-value of <0.05 was considered statisti-
cally significant.

Results

In total, 2174 (29%) diabetic and 5314 (71%) non-diabetic patients were included in this 
analysis, and their baseline characteristics are shown in Table 1. In brief, diabetics were 
significantly more often severely symptomatic in NYHA Class III–IV, more often had an 
ischaemic aetiology, and suffered from higher rates of co-morbidities such as hyperten-
sion, obstructive sleep apnoea syndrome, and renal insufficiency.

Table 1. Baseline characteristics of HF patients with an LVEF <50%

Total population
(N=7488)

Diabetes
(N=2174)

No diabetes
(N=5314)

p-value

Age (years) (N=7480) 72.8±11.7 72.9±10.3 72.2±12.2 0.022

Men (N=7459) 4756 (63.8) 1380 (63.6) 3376 (63.8) 0.874

BMI, kg/m2 (N=6980) 27.3±5.2 29.0±5.6 26.5±4.8 <0.001

NYHA (N=7416)

I 1200 (16.2) 255 (11.9) 945 (17.9)

<0.001
II 4181 (56.4) 1154 (53.7) 3027 (57.5)

III 1893 (25.5) 681 (31.7) 1212 (23.0)

IV 142 (1.9) 60 (2.8) 82 (1.6)

LVEF, % (N=5468) 32.7±10.4 33.3±10.6 32.4±10.4 0.004

Cause of HF (N=7360)

Ischemic 3842 (52.2) 1264 (59.1) 2578 (49.4)
<0.001

Non-ischemic 3518 (47.8) 874 (40.9) 2644 (50.6)

Systolic BP, mmHg (N=7413) 126.0±20.8 126.4±20.5 125.9±21.0 0.363

Diastolic BP, mmHg (N=7419) 71.3±11.4 70.5±11.4 71.6±11.4 <0.001

Heart rate, bpm (N=7392) 72.0 ±13.9 73.0±13.6 71.6±14.0 <0.001

Atrial fibrillation (N=7399) 1902 (25.7) 589 (27.4) 1313 (25.0) 0.031

LBBB (N=7488) 1283 (17.1) 350 (16.1) 933 (17.6) 0.129

QRS≥130 ms (N=6337) 2534 (40.0) 738 (40.8) 1796 (39.7) 0.419

NT-proBNP, pg/ml (N=2873) 978.0
[311.0-2850.0]

954.0
[323.0-2622.0]

990.7
[304.1-2901.1]

0.943
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Pharmacological treatment
The pharmacological HF treatment of patients according to diabetic status is shown in 
Figure 1. As shown, diabetic HF patients less often received renin–angiotensin system 
(RAS) inhibitors, but more often received the guideline-recommended target dose of 
beta-blockers, RAS inhibitors, and mineralocorticoid receptor antagonists (MRAs) and 
had triple therapy more often prescribed at ≥50% of the guideline-recommended 
target dose, while no significant difference was observed in the prescription rate of 
triple therapy. Of all diabetic patients who had a RAS inhibitor prescribed, 64.2% and 
35.8% received an angiotensin-converting enzyme inhibitor and angiotensin receptor 
blocker, respectively, compared with 68.9% and 31.1% for the non-diabetic patients, re-
spectively. After multivariable adjustments, diabetic HF patients had a lower likelihood 
to receive a RAS inhibitor (OR 0.853, 95% CI [0.747–0.975]), but a higher likelihood to 
receive diuretics compared with non-diabetic patients (OR 1.284, 95% CI [1.103–1.495]), 
as shown in Table 2. 

Diabetes and renal function
As shown in Table 3, diabetic HF patients had a worse renal function compared with 
non-diabetic patients (mean eGFR 55.8 ± 22.6 vs. 60.8 ± 23.8 mL/min/1.73 m2, P<0.001). 
A detailed overview of HF therapy stratified by renal function in diabetic HF patients is 
shown in Supporting Information, Figure S1. Most importantly, among all diabetics, pa-
tients with an eGFR <30 mL/min less often received RAS inhibitors and, when prescribed, 
less often received the recommended target dose. Furthermore, those patients with an 
eGFR <30 mL/min less often received triple therapy. The patients on triple therapy with 
an eGFR <30 mL/min less often received the recommended target dose.

Table 1. Baseline characteristics of HF patients with an LVEF <50% (continued)

Total population
(N=7488)

Diabetes
(N=2174)

No diabetes
(N=5314)

p-value

Comorbidities (N=7488)

Hypertension 2978 (39.8) 1067 (49.1) 1911 (36.0) <0.001

COPD 1381 (18.4) 401 (18.4) 980 (18.4) 0.997

OSAS 495 (6.6) 198 (9.1) 297 (5.6) <0.001

Thyroid disease 557 (7.4) 180 (8.3) 377 (7.1) 0.076

Kidney insufficiency a 3583 (57.2) 1247 (64.9) 2336 (53.8) <0.001

BMI, body mass index; BP, blood pressure; COPD, chronic obstructive pulmonary disease; HF, heart failure; LBBB, 
left bundle branch block; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro hormone BNP; NYHA, 
New York heart association classification; OSAS, obstructive sleeping apnea syndrome
a defined as an estimated glomerular filtration rate <60 or a documented history of kidney insufficiency
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Figure 1. Guideline-recommended heart failure therapy use according to diabetes in heart 
failure patients with a left ventricular ejection fraction<50%, shown as (A) prescription rates, 
(B) percentage of the recommended target dose prescribed, (C) prescription of triple therapy, 
and (D) prescription of triple therapy at ≥50% of guideline-recommended target dose. MRAs, 
mineralocorticoid receptor antagonists; RAS, renin–angiotensin system.
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CHAMP-HF (American) vs. CHECK-HF (Western European)
Heart failure therapy in the American CHAMP-HF registry and the CHECK-HF registry 
according to diabetic status is shown in Figure 2. In general, both diabetic and non-
diabetic patients in the CHECK-HF registry more often received RAS inhibitors and 
MRAs, and more often received RAS inhibitors at the recommended target dose.

Table 2. Uni- and multivariable analysis: the likelihood (displayed as odds ratio [95% confi-
dence interval]) of receiving guideline-recommended therapy for diabetics compared to non-
diabetics.

Univariable Multivariable

Model 1 Model 2 Model 3

Beta-blocker
1.060 
[0.932-1.205]

1.065 
[0.998-1.138]

1.082 
[0.950-1.231]

1.042 
[0.914-1.188]

RAS-
inhibitor

0.804 
[0.708-0.912]

0.803 
[0.752-0.857]

0.848 
[0.744-0.966]

0.853 
[0.747-0.975]

MRA
1.007 
[0.910-1.114]

1.011 
[0.960-1.065]

0.965 
[0.871-1.070]

0.952 
[0.857-1.058]

Diuretics
1.564 
[1.355-1.806]

1.526 
[1.417-1.643]

1.393 
[1.202-1.616]

1.284 
[1.103-1.495]

COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; LVEF, left ventricular 
ejection fraction; MRA, mineralocorticoid receptor antagonist; NYHA, New York Heart Association; OSAS, ob-
structive sleep apnoea syndrome; RAS, renin–angiotensin system.
Model 1 included age and gender. Model 2 included age, gender, NYHA classification, and LVEF. Model 3 in-
cluded age, gender, NYHA classification, LVEF, hypertension, COPD, OSAS, thyroid disease, renal insufficiency 
(defined as eGFR < 60 mL/min or a history of renal insufficiency), and atrial fibrillation.

Table 3. Renal function of HF patients with an LVEF <50%

Total 
population
(N=7488)

Diabetes
(N=2174)

No diabetes
(N=5314)

p-value

eGFR, ml/min/1.73m2 (N=5169) 59.3 ± 24.8 55.8 ± 26.6 60.8 ± 23.8 <0.001
eGFR (N=5169)

<30 ml/min/1.73m2 613 (11.9) 286 (17.6) 327 (9.2)

<0.001
30-44 ml/min/1.73m2 1065 (20.6) 381 (23.4) 684 (19.3)
45-59 ml/min/1.73m2 1087 (21.0) 302 (18.6) 785 (22.2)
≥60 ml/min/1.73m2 2404 (46.5) 658 (40.4) 1746 (49.3)

eGFR, estimated glomerular filtration rate; HF, heart failure; LVEF, left ventricular ejection fraction
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Figure 2. Guideline-recommended heart failure therapy use:  (A) beta-blockers, (B) renin–an-
giotensin system inhibitors, and (C) mineralocorticoid receptor antagonists, in the CHAMP-HF 
and CHECK-HF registries according to diabetes in patients with a reduced left ventricular ejec-
tion fraction. Data from the CHAMP-HF registry were used with permission.
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Medical therapy in heart failure with reduced ejection fraction and heart 
failure with mid-range ejection fraction patients according to the 2016 
European Society of Cardiology guidelines
The baseline characteristics of HFrEF, HFmrEF, and the subgroup of semi-quantitative LV 
function patients are shown in Supporting Information, Table S2. The prescription rates 
of HF medication in these subgroups are shown in Supporting Information, Figure S2. As 
shown, diabetic HFrEF patients less often received RAS inhibitors, and diabetic patients 
with HFrEF, HFmrEF, and semi-quantitative LV function more often received diuretics.

Potential impact of sodium–glucose cotransporter-2 inhibitors in a real-
world heart failure population
The patients with complete data on age, NYHA class, LVEF, serum N-terminal prohor-
mone BNP (NT-proBNP) levels, systolic blood pressure, and eGFR (31.7% of the total 
population) were analysed based on inclusion and exclusion criteria of several large 
trials (Supporting Information,Table S1) to assess the percentage of patients potentially 
eligible for treatment with SGLT2 inhibitors. As shown in Table 4, up to 31% of the pa-
tients with an LVEF ≤40% would fulfil trial criteria for treatment with an SGLT2 inhibitor. 
The proportion of eligible patients was similar for diabetics and non-diabetics. Detailed 
reasons for being ineligible are shown in Supporting Information, Figure S3, and as seen, 
ineligibility was largely caused by violation of the NT-proBNP criterion. Analyses were 
therefore repeated without applying NT-proBNP serum levels as enrichment criteria, 
and as such, up to 64% of the CHECK-HF population with complete available data would 
fulfil trial criteria (Supporting Information, Figure S3).

Table 4. Indication for SGLT2 inhibitors according to the eligibility criteria of the two major HF 
SGLT2 inhibitor trials

Total CHECK-HF 
population

Diabetics Non-diabetics

DAPA-HF trial*

Eligible 742 (31.3) 184 (25.4) 558 (33.8)

Not eligible 1632 (68.7) 539 (74.6) 1093 (66.2)

EMPEROR-Reduced trial*

Eligible 571 (24.1) 175 (24.2) 396 (24.0)

Not eligible 1801 (75.9) 547 (75.8) 1254 (76.0)
HF, heart failure; SGLT-2, sodium-glucose co-transporter-2
*Eligibility criteria are shown in Supplementary Table 2
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Discussion

In this large cross-sectional Dutch registry of chronic HF patients, diabetes was prevalent 
in ~30% of patients. Renal function is very relevant in this patient category. The number 
of patients with eGFR <45 mL/min/1.73 m2 was 41% in diabetic and 29% in non-diabetic 
HF patients. Regarding HF treatment, only slight differences in prescription rates and 
doses were found between diabetics and non-diabetics. Especially diuretics were more 
often prescribed in diabetics compared with non-diabetics. This could be relevant for 
the mechanisms of action of SGLT2 inhibitors (natriuresis). Diabetic HF patients more 
often received the guideline-recommended target dose of beta-blockers, RAS inhibi-
tors, and MRAs as compared with non-diabetic patients. Based on current evidence, up 
to 64% of all HF patients with an LVEF ≤40% would fulfil the eligibility or enrichment 
criteria of the recent SGLT2 inhibitor trials.

Heart failure treatment in diabetic patients
The effectivity of HF drugs in diabetics and non-diabetics has been investigated in 
several studies. The relative risk reduction for mortality by beta-blockers, RAS inhibitors, 
and MRAs was comparable between diabetic and non-diabetic HF patients.12–16 Diabetic 
HF patients have a higher mortality risk, and therefore, HF drugs have a greater absolute 
risk reduction in this patient group.12,13 Additionally, HF drugs might have favourable 
effects on the glycaemic control as well. It has been shown that beta-blockers with 
alphablockade properties (such as carvedilol) might improve insulin sensitivity and 
glycaemic control.17–19 RAS inhibitors might reduce the incidence of DM in HF patients, 
although data on the effect of RAS inhibitors on glycaemic control in HF patients with 
pre-existent DM are lacking.20,21 MRAs do not increase the risk of developing DM.22 It has 
been suggested that spironolactone increases haemoglobin A1(c) serum levels in DM 
patients, while eplerenone does not.23 The overall positive effects of HF drugs on diabetic 
treatment and the lack of negative effects of DM on the effectivity of HF drugs might 
have contributed to the higher prescription rates observed in our registry. Chronic HF 
and DM are independently associated with a worse renal function, and the presence of 
both conditions further increases the risk of worse renal function, as also shown by our 
results.24,25 Both antidiabetic and HF drugs are associated with a decline in renal func-
tion.26 This could prevent prescription and limit up-titration of the recommended drugs. 
Additionally, impaired renal function increases the risk of hyperkalaemia, especially if 
RAS inhibitors are combined with an MRA.27 This could lead to lower prescription rates 
of the combination of RAS inhibitors and MRAs in diabetic HF patients.

Diabetes and heart failure treatment in CHECK-HF compared with CHAMP-HF
The American CHAMP-HF study recently explored differences in treatment patterns and 
clinical outcomes between diabetic and non-diabetic HFrEF patients in a real-world 
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US outpatient setting.4 Remarkably, diabetes was more often present in the US HF 
population (42%) compared with Dutch HF patients (29%). This observation might be 
explained by the overall higher body mass index in the CHAMP-HF compared with the 
CHECK-HF registry (29.3 vs. 27.3 kg/m2, respectively). A clear association between an 
elevated body mass index and incidence of DM in chronic HF has been described.28 
Small differences in HF treatment between diabetics and non-diabetics were observed 
in both HF registries with only a minority of HF patients receiving the guidelinerecom-
mended target doses. However, slight differences between the CHECK-HF and CHAMP-
HF registries were observed. Dutch HF patients more often received RAS inhibitors and 
MRAs. Furthermore, RAS inhibitors were more often prescribed at the recommended 
target dose compared with the US HF patients. When comparing baseline patient char-
acteristics of both registries, several differences become apparent. Firstly, average renal 
function was worse in the CHECK-HF registry with a higher proportion of patients hav-
ing an eGFR <45. This might indicate that Dutch physicians are more likely to accept the 
decline in renal function introduced by RAS inhibitors and MRAs in order to optimize HF 
treatment.26 Furthermore, average age was slightly higher in the CHECK-HF population 
(mean age of 72.8 vs. 68 years in the CHAMP-HF registry). Other important baseline 
characteristics reflecting disease severity such as distribution of NYHA class and LVEF 
were comparable between both registries.

Potential range of sodium-glucose cotransporter-2 inhibitors in heart failure
Although SGLT2 inhibitors were initially developed as antidiabetic drugs, the second-
ary cardiovascular effects became especially clear as patients without DM surprisingly 
benefited from SGLT2 inhibitors as well.29 The efficacy of SGLT2 inhibitors on top of the 
guideline-recommended HF drugs in patients with an LVEF <40% has been evaluated 
by the DAPA-HF and EMPEROR-Reduced trials.2,7 However, the percentage of HF patients 
eligible for SGLT2 inhibitor therapy is still unknown. When applying the inclusion and 
exclusion criteria of the DAPA-HF and EMPEROR-Reduced trials, we calculated that up to 
31% of the Dutch HF patients with an LVEF ≤40% could be eligible for treatment with an 
SGLT2 inhibitor. Ineligibility was largely caused by violation of the NT-proBNP criterion 
(Supporting Information, Figure S3). However, serum NT-proBNP levels are unlikely to 
affect implementation in routine HF care, and low NT-proBNP levels may actually reflect 
adequate HF therapy rather than a factor advocating against use of SGLT2 inhibitors. Af-
ter performing the analyses without strict NT-proBNP criteria, the proportion of eligible 
patients increased up to 64% (Supporting Information, Figure S3). Similar analyses were 
performed after the early angiotensin receptor-neprilysin inhibitor studies in which 
(NT-pro)BNP criteria were used as well, while in clinical practice, angiotensin receptor 
neprilysin inhibitor therapy is nowadays initiated without fulfilling these criteria.30–32
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Recently, the 2021 ESC guidelines on HF have been published, and the SGLT2 inhibitors 
dapagliflozin and empagliflozin have received a Class IA indication for the treatment of 
patients with HF and an LVEF ≤40% to reduce the risk of HF hospitalization and death, 
regardless of the presence of concomitant DM.33 This current large HF registry contrib-
utes to recent developments in pharmacological HF therapy and may help to learn 
about the initiation of SGLT2 inhibitors in Western European countries. In light of the 
positive DAPA-HF and EMPEROR-Reduced trials, we have shown the potentially wide 
scope of SGLT2 inhibitors in our chronic HF population.2,7 According to the latest ESC 
guidelines on HF, type 1 diabetes is not an absolute contraindication for the initiation of 
SGLT2 inhibitors, which may imply that a larger proportion of our HF population would 
be eligible according to the enrolment criteria of the DAPA-HF trial (Supporting Infor-
mation, Figure S3). Unfortunately, information on concomitant use of other antidiabetic 
drugs was unavailable in our study. When interpreting our data, it is therefore essential 
to keep in mind the potential hazard of concurrent diabetic treatment before starting 
an SGLT2 inhibitor. Although diabetic ketoacidosis was rare in clinical trial setting with 
just three cases in the DAPA-HF trial and zero cases in the EMPEROR-Reduced trial, it is 
among the most serious complications, especially with concomitant use of insulin.2,7 The 
risk of developing ketoacidosis has to be taken into account, and it is recommended to 
eliminate factors that increase the risk of ketoacidosis. In the case of hypoglycaemia, 
modification of other diabetic drugs is indicated with consultation of nurses and doc-
tors specialized in diabetes care.33

Sodium–glucose cotransporter-2 inhibitors are also likely to play an important role in 
the treatment of HF patients with an LVEF >40% after the positive results of the recently 
published EMPEROR-Preserved trial in which empagliflozin has been shown to signifi-
cantly reduce the risk of cardiovascular death or HF hospitalization as compared with 
placebo, again regardless of diabetic status.34 Additional analyses of the trial showed 
that SGLT2 inhibition by empagliflozin also reduced the risk of severe hospitalizations 
(such as admissions requiring intravenous positive inotropic or vasopressor drugs and/
or intensive care) and outpatient worsening HF events (including emergency or urgent 
care visits and intensification of diuretic therapy).35 Currently, SGLT2 inhibitors are not 
yet incorporated in the ESC guidelines for the treatment of HF with preserved ejection 
fraction, but recommendations will most likely be updated as new evidence is emerg-
ing.34,35

Strengths and limitations

The CHECK-HF registry encompasses a large number of HF patients in a real-world 
Western European outpatient setting and thus provides valuable insights into the char-
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acteristics and treatment patterns in this population. However, this registry has some 
limitations. First of all, because of the cross-sectional design, data on clinical outcomes 
and prognosis are unavailable. Furthermore, no data on insulin use or oral antidiabetic 
use were available as this subanalysis was not planned when designing the study.

Conclusions

In this large registry of HF patients with an LVEF <50% and concurrent DM, patients 
with diabetes were generally well treated and more often received the guideline-
recommended target doses as compared with patients without diabetes. Based on 
current evidence, we have shown that a considerable proportion, up to 64%, of our HF 
population fulfils clinical trial criteria for treatment with an SGLT2 inhibitor, and adding 
this new drug class will have a major impact on contemporary HF treatment.
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Supporting Information

Supplementary Table 1. Eligibility criteria for the different SGLT-2 inhibitor HF trials

Inclusion criteria DAPA-HF trial EMPEROR-Reduced trial

Sex Male or female patients Male or female patients

Age ≥18 years ≥18 years

NYHA-classification II-IV II-IV

Duration of HF ≥2 months ≥3 months

LVEF ≤40% ≤40%

NT-proBNP serum levels
≥600pg/ml
(or ≥900pg/ml in 
patients with afib)

If LVEF ≤30%: ≥600 pg/ml
(or ≥1200 pg/ml in patients with afib)
If LVEF 31-35%: ≥1000 pg/ml
(or ≥2000 pg/ml in patients with afib)
If LVEF 36-40%: ≥2500 pg/ml
(or ≥5000 pg/ml in patients with afib)

≥400pg/ml in patients 
who were hospitalized 
during the last 12 
months

≥600pg/ml in patients who were 
hospitalized during the last 12 months
(or ≥1200pg/ml in patients with afib)

Exclusion criteria

Diabetes Mellitus type 1 Excluded -

eGFR serum level <30 <20

Lower limit of SBP <95 <100

Upper limit of SBP -

≥180 mmHg
(or 151-179 mmHg if patient was 
treated with ≥3 blood pressure lowering 
medication)

Maximum heart rate in 
case of afib/atrial flutter

- >110/min

Afib, atrial fibrillation; eGFR, estimated glomerular filtration rate; HF, heart failure; NT-proBNP, NT-pro B-type 
Natriuretic Peptide; NYHA, New-York heart association; SBP, systolic blood pressure, SGLT2, sodium-glucose 
transporter-2
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Supplementary Figure 1. Guideline-recommended heart failure therapy use in diabetic HF 
patients with an LVEF <50%, shown as (A) prescription rates, (B) percentage of the recom-
mended target dose prescribed, (C) prescription of triple therapy and, (D) prescription of 
triple therapy at ≥50% of guideline recommended target dose, stratified according to renal 
function.
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Supplementary Figure 2. Guideline-recommended heart failure therapy use according to the 
2016 ESC HF Guidelines as stratified by diabetic status, (A) in patients with a reduced ejec-
tion fraction, (B) in patients with midrange ejection fraction, and (C) in patients with a semi 
quantitative analysis.
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Abstract

Background: The aim of this study was to assess heart failure (HF) treatment in 
patients with and without obesity in a large contemporary real-world Western 
European cohort. 

Methods: Patients with a left ventricular ejection fraction (LVEF) <50% and 
available information on body mass index (BMI) were selected from the CHECK-
HF registry. The CHECK-HF registry included chronic HF patients in the period 
between 2013 and 2016 in 34 Dutch outpatient clinics. Differences in HF medical 
treatment were analysed and multivariable logistic regression analysis (dichoto-
mized as BMI < 30 kg/m2 and ≥ 30 kg/m2) was performed.

Results: Seven thousand six hundred seventy-one patients were included, 1284 
(16.7%) had a BMI ≥30kg/m2 , and 618 (8.1%) had a BMI ≥35kg/m2. Median BMI 
was 26.4 kg/m2. Patients with obesity were younger and had a higher rate of 
comorbidities such as diabetes mellitus, hypertension and obstructive sleep 
apnoea (OSAS). Prescription rates of guideline-directed medical therapy (GDMT) 
increased significantly with BMI. The differences were most pronounced for min-
eralocorticoid receptor antagonists (MRAs) and diuretics. Patients with obesity 
more often received the guideline-recommended target dose. In multivariable 
logistic regression, obesity was significantly associated with a higher likelihood 
of receiving ≥100% of the guideline-recommended target dose of beta-blockers 
(OR 1.34, 95% CI 1.10-1.62), renin-angiotensine-system (RAS)-inhibitors (OR 1.34, 
95% CI 1.15-1.57) and MRAs (OR 1.40, 95% CI 1.04-1.87).

Conclusions: Guideline recommended HF drugs are more frequently prescribed 
and at higher dose in patients with obesity as compared to HF patients without 
obesity.
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1. Introduction

The rising number of people with obesity worldwide is considered to be an important 
contributor to the increasing incidence of heart failure (HF) (1, 2). Individuals with 
obesity have a double life-time risk of heart failure, and the risk increases with every 
unit increase in body mass index (BMI) (3). Furthermore, obesity is associated with 
comorbidities such as hypertension, atrial fibrillation, and diabetes mellitus (4). As a 
result, individuals with obesity are rarely naïve to cardioprotective medication at their 
time of HF diagnosis, which may lead to differences in HF drug treatment and dosage 
in patients with and without obesity. The difference in HF treatment in patients with 
obesity has been postulated as a reason for the obesity paradox, the phenomenon that 
refers to lower mortality in HF patients with mild overweight and obesity compared to 
their leaner counterparts (5-7) .

Unfortunately, there is a considerable gap of knowledge with regard to HF treatment 
in patients with obesity and a left ventricular ejection fraction (LVEF) <50%. As obesity 
and HF often co-exist, a better understanding of HF drug treatment, including doses, 
in obesity is important to further improve the pharmacological HF management of this 
high-risk population. Therefore, the aim of this study was to investigate whether differ-
ences in HF treatment exist between patients with and without obesity with an LVEF 
<50% in a large real-world Western European setting.

2. Methods

For this study, data was used from the CHECK-HF (Chronisch Hartfalen ESC – richtlijn 
Cardiologische praktijk Kwaliteitsproject HartFalen) registry. The design and methods of 
the CHECK-HF registry have been published in detail before (8). Briefly, a total of 10,910 
patients with chronic HF from 34 participating Dutch centres between 2013 and 2016 
were included in this cross-sectional observational cohort. All included patients were di-
agnosed with HF according to the 2012 European Society of Cardiology (ESC) HF guide-
lines, and almost all were seen at a dedicated outpatient HF clinic (96%) (9). Detailed 
information on patient characteristics, comorbidities, and guideline-recommended HF 
drug prescription and dosages was recorded. An overview of guideline-recommended 
prescription rates and dosages is provided in Table S1.  Comorbidities were noted as 
recorded in medical history (diabetes mellitus, hypertension, hypercholesterolaemia, 
renal insufficiency (estimated glomerular filtration rate <60 ml/min/1.73m2), anaemia 
(haemogloblin below age-dependent threshold), chronic obstructive pulmonary 
disease (COPD), or obstructive sleep apnoea (OSAS)) (8). The study was conducted ac-
cording to the Declaration of Helsinki. Ethical approval was provided for anonymously 
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analysing existing patient data by the Ethical Committee of the Maastricht University 
Medical Center, the Netherlands, approval number MUMC-METC-18-4-282.

In the CHECK- HF registry, patients were classified based on LVEF or visual assessment 
of the left ventricle (LV) into HF with an LVEF <50% (n=8,360) or HF with an LVEF ≥50% 
(n=2,267)  and were treated according to the 2012 ESC HF guidelines (9). For the current 
analysis, patients with an LVEF ≥50% were excluded as the focus of this study was on 
guideline-recommended therapy in patients with systolic dysfunction. Furthermore, in 
283 patients, recording of LV function was insufficient to classify these patients into HF 
type and they were excluded from this analysis as well. Additionally, patients with miss-
ing data on BMI (N=689) were excluded, leaving a total of 7671 patients to be included 
in this analysis. For a subanalysis according to the later 2016 ESC HF guidelines, patients 
with an LVEF <50% were categorized into HF with reduced ejection fraction (HFrEF, LVEF 
<40%, n=5276) and HF with mid-range ejection fraction (HFmrEF, LVEF 40-49%, n=1462). 
Patients without an exactly specified ejection fraction, but in whom reduced LV function 
was visually assessed, were presented separately as a semi-quantitative group (n=933).

For the current analysis, patients were divided into five BMI (body mass index) catego-
ries according to the World Health Organization classification: underweight (BMI <18.5 
kg/m2), normal weight (BMI 18.5 to 24.99 kg/m2), overweight (BMI 25 to 29.99 kg/m2), 
obesity class I (BMI 30 to 34.99 kg/m2), and obesity class II (BMI 35 to 39.99 kg/m2) (10). 
Prescription rates and prescribed doses of guideline- recommended HF therapy were 
compared between the BMI groups. Reporting of the study conforms to broad EQUA-
TOR guidelines (11).

2.1 Statistical analysis
Continuous data are expressed as mean or median with standard deviation or inter-
quartile range, depending on the distribution of the data. Comparisons were performed 
using the Student’s t-test or Kruskal-Wallis test. Categorical data are expressed as counts 
and percentages, and were compared with Pearson’s chi-squared test, or the Fisher’s 
exact test as appropriate. A two-sided p-value ≤ 0.05 was considered statistically signifi-
cant. In order to investigate whether treatment differences between patients with and 
without obesity were independent of potential confounders, we dichotomized patients 
into those with a BMI <30 kg/m2 and BMI ≥30 kg/m2 and univariable and multivari-
able logistic regression analyses were used. The results of these regression analyses are 
expressed as odds ratios (OR) with corresponding 95% confidence intervals (CIs). In the 
multivariable model, we adjusted for age, gender, New York Heart Association (NYHA) 
classification, OSAS, atrial fibrillation, diabetes mellitus, renal insufficiency (defined 
as estimated glomerular filtration rate <60/ml/min/1.73m2 or a history of renal insuf-
ficiency), COPD and QRS duration, as we hypothesized that these variables and comor-
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bidities would be clinically relevant for the association between obesity and treatment, 
which was also based upon early research. (12-18) Analyses were performed using SPSS 
Statistical Package version 25.0.

3. Results 

Of the 7671 patients included, 1284 (16.7%) had a BMI ≥30 kg/m2, and 618 (8.1%) had a 
BMI ≥35 kg/m2. The baseline characteristics of the study population overall and in the 
five groups based on BMI are shown in Table 1. Median age of the study population was 
74 years, 35.9% were female, and median LVEF was 30%. Median BMI was 26.4 kg/m2 
and most patients were in NYHA class II (57.5%). Hypertension was diagnosed in 40.3% 
of the patients and as many as 28.8% patients suffered from diabetes mellitus. Almost 
half of the patients had renal insufficiency (47.5%). 

Several baseline characteristics differed significantly between the BMI groups. Patients 
in obesity class I and II were younger and more often severely symptomatic (NYHA class 
III) compared to patients in lower BMI groups. As for comorbidities, patients in obesity 
class I and II had higher rates of hypertension, diabetes mellitus, and OSAS. Patients in 
the underweight group were most often female, had lower diastolic and systolic blood 
pressure and were most often in NYHA class I-II. 

3.1 Pharmacological treatment
The pharmacological HF treatment of patients according to the BMI groups is shown 
in Figure 1. In short, patients in obesity class I and II significantly more often received 
renin–angiotensin system (RAS)-inhibitors, mineralocorticoid receptor antagonists 
(MRAs) and diuretics. Overall, the proportion of patients who were prescribed guide-
line-recommended drugs appeared to increase with BMI with the exception of beta-
blockers. In multivariable logistic regression, obesity (BMI ≥30kg/m2) was associated 
with higher prescription rates of RAS-inhibitors (OR 1.31, 95% CI 1.08-1.59), MRAs (OR 
1.16, 95% CI 1.00-1.33), diuretics (OR 1.70, 95% CI 1.36-2.12) and beta-blockers (OR 1.20, 
95% CI 1.00-1.44). 

Patients with obesity class I and II significantly more frequently received triple 
therapy (Figure 2). Furthermore, the proportion of patients who received ≥100% of the 
guideline-recommended target dose for beta-blockers, RAS-inhibitors and MRAs was 
significantly higher in patients with a BMI ≥35 kg/m2. In general, patients with a BMI ≥30 
kg/m2 more often received the guideline-recommended target dose compared to those 
without obesity (Figure 3). Interestingly, patients in the normal BMI group (18.5 kg/
m2 ≤ BMI <25 kg/m2) less frequently received the guideline-recommended dose than 
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the average patient. In multivariable logistic regression, obesity (BMI ≥30 kg/m2) was 
significantly associated with a higher likelihood of receiving ≥100% of the guideline-
recommended target dose of beta-blockers (OR 1.34, 95% CI 1.10-1.62), RAS-inhibitors 
(OR 1.34, 95% CI 1.15-1.57) and MRAs (OR 1.40, 95% CI 1.04-1.87) (Table 2). 
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Figure 1. Prescription rates of guideline-recommended heart failure drugs according to BMI 
group. BMI, body mass index; RAS-inhibitor, renin-angiotensin-system; MRA, mineralocorti-
coid receptor antagonist. Prescription rates were compared with the Pearson’s chi-squared 
test or the Fisher’s exact test as appropriate
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Figure 2. Proportion of patients receiving triple therapy across different BMI groups. 
BMI, body mass index. Prescription rates were compared with the Pearson’s chi-squared test 
or the Fisher’s exact test as appropriate.
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Figure 3. Percentage of the guideline-recommended target dose prescribed according to BMI 
group. BMI, body mass index; RAS-inhibitor, renin-angiotensin-system; MRA, mineralocorti-
coid receptor antagonist. Prescription rates were compared with the Pearson’s chi-squared 
test or the Fisher’s exact test as appropriate. 

Table 2. Multivariable analysis: the likelihood (displayed as odds ratio) of receiving guideline-
recommended therapy for patients with obesity compared to patients without obesity. 

Univariable model Multivariable model

Prescription of drug OR p- Value OR p- Value

Beta- blocker 1.26 0.001 1.20 0.05

RAS- inhibitor 1.33 <0.001 1.31 0.006

MRA 1.24 <0.001 1.16 0.047

Diuretics 1.61 <0.001 1.70 <0.001

Prescription of guideline- 
recommended target dose

OR p- value OR p- Value

Beta- blocker 1.57 <0.001 1.34 0.003

RAS- inhibitor 1.53 <0.001 1.34 <0.001

MRA 1.65 <0.001 1.40 0.026

Note: The multivariable model included: age, gender, NYHA classification, hypertension, diabetes mellitus, ob-
structive sleep apnea syndrome, atrial fibrillation, renal insufficiency (defined as estimated glomerular filtration 
rate <60/ml/min/1.73m2 or a history of renal insufficiency), chronic obstructive pulmonary disease and QRS du-
ration. 
Abbreviations: MRA, mineralocorticoid receptor antagonist; OR, odds ratio; RAS, renin–angiotensin system
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3.2 Medical therapy in patients with HFrEF and HFmrEF according to the 
2016 European Society of Cardiology HF guidelines 
Prescription rates of GDMT according to BMI group in patients with HFrEF, HFmrEF and 
those with a semiquantitative recording of LV function are shown in Figure S1. In the 
HFrEF group, inferences were similar to the main analysis. In the HFmrEF group, patients 
with a BMI <18.5 kg/m2 had higher and patients with BMI ≥18.5 kg/m2 had lower 
prescription rates of RAS- inhibitors and MRAs as compared to the main analysis, and 
differences between BMI groups were therefore less pronounced. In the semiquantita-
tive group, patients with a BMI <18.5 kg/m2 had strikingly low rates of RAS-inhibitor and 
MRA use, and differences between groups in beta-b locker and diuretic use were less 
pronounced and nonsignificant.

4. Discussion

In this large registry of chronic HF patients, guideline-recommended HF drugs were 
more frequently prescribed in patients with obesity class I and class II as compared to 
patients without obesity, and patients with obesity more often received triple therapy. 
Additionally, patients with obesity more often received the guideline-recommended 
dose of HF drugs. Overall, HF patients with obesity had a higher level of GDMT than HF 
patients without obesity.

Pharmacological HF treatment in patients with obesity
The global prevalence of obesity and HF is increasing which places a large burden on 
healthcare resources (19, 20). In our cohort, obesity was present in 16.7% of the HFrEF 
population, highlighting the fact that obesity constitutes an important proportion of 
the HFrEF population. For this reason, it is important to study the treatment of patients 
with obesity and HF. Only a few studies have reported prescription rates of HF drugs 
specifically in patients with obesity, but this was not the primary aim of these studies. 
In a recent analysis from Marcks et. al in which the investigators aimed to address the 
obesity paradox in HF, prescription rates of BB and RAS-inhibitors appeared to increase 
with BMI, but this was not the case for MRAs (13). Interestingly, the prescription rates 
were different from our study (21). Beta- blockers and MRAs were prescribed in 46.5% 
and 16.4% of the total study population, which is markedly lower than in our study. 
Prescription rates of ACE-inhibitors/ ARB, on the contrary, were comparable to our 
study. Several characteristics of the study by Marcks et al. need to be discussed in this 
context. First, the included studies in their meta-analysis were randomized clinical trials 
and were therefore comprised of selected populations, whereas our study is a reflec-
tion of real- world practice. Furthermore, not all studies reported on drug use, and this 
may have resulted in lower prescription rates. Lastly, there were some differences with 
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regard to patient characteristics: Patients in our study were on average older (74 vs. 
64.9 years) and suffered from atrial fibrillation more often (25.2% vs. 15.4%), whereas 
patients in the study by Marcks et al. were more often in NYHA class III/IV (39.2% vs. 
26.7%, respectively). Limited data exist on the prescription of target doses in patients 
with obesity. In the U.S. CHAMP-HF registry, patients who were prescribed target dos-
ages of ACE-inhibitor/ARB/ARNI, BB, and MRA were more likely to have a BMI ≥30kg/m2 
(22). In addition, HF patients with obesity were more likely to receive the target dose 
of beta-blocker in multivariable regression analysis, and obesity was associated with a 
higher likelihood of receiving treatment with MRA (23). These findings are in line with 
our results, but the strength of our study is that our analysis specifically focused on 
treatment differences between BMI groups in a real-world chronic HF population, both 
with regard to prescription rates and daily dose. We found that patients with obesity 
significantly more often received ≥100% of the guideline-recommended dose of beta-
blockers, RAS-inhibitors, and MRAs. In our subanalysis, where HFrEF was defined accord-
ing to the 2016 ESC guidelines, the inferences of prescription rates were similar to the 
main analysis; further strengthening our finding that HFrEF patients with obesity more 
often receive GDMT (24). Our findings are important, as target doses of ACE-inhibitors, 
ARBs, and beta-blockers have been associated with a significant reduction in all-cause 
mortality (22). In addition, we demonstrated that BMI ≥30kg/m2 was associated with a 
higher likelihood to receive target doses, even after adjusting for potential confounders. 
This is important as accompanying comorbidities such as hypertension and diabetes 
were more prevalent among those with obesity. The multivariable regression analyses 
suggest that obesity is independently associated with the prescription of guideline-
recommended doses. 

Many factors may play a role in the prescription of higher doses of HF drugs in patients 
with obesity. Due to their higher body weight, patients with obesity often develop 
hypertension and symptoms such as dyspnoea and oedema at a younger age and are 
therefore rarely naïve to HF treatment. In our cohort, 16.7% of the patients were in the 
obesity group, they were on average younger, more often in NYHA class III, and more 
often suffered from comorbidities such as hypertension, diabetes, and OSAS. The higher 
doses of GDMT in patients with obesity may partially be attributed to a higher preva-
lence of hypertension and the higher average blood pressure. Low blood pressure and 
orthostatic hypotension are common reasons for suboptimal doses of RAS-inhibitors in 
clinical practice, especially in older patients (12, 16). Obesity can lead to drug resistant 
hypertension, and can cause alterations of the RAAS system, which may explain why HF 
patients with obesity require higher doses of antihypertensive drugs (25). The higher 
proportion of patients in NYHA class III-IV among those with obesity may partially ex-
plain the higher prescription rates of diuretics. 
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Our findings are important as they indicate that patients with HF and obesity are better 
treated in comparison to those without obesity, but that there is still ample room for 
improvement of medical therapy, also in HF patients without obesity. Data on the role 
of lifestyle interventions in established HF are scarce (26). A few studies have shown 
that bariatric surgery leads to an improvement in LVEF in patients with HF (27). A recent 
meta-analysis demonstrated that intentional weight loss leads to favourable cardiac 
remodelling in patients with obesity, but it remains unclear whether intentional weight 
loss results in improved clinical outcomes in HF patients with obesity (28). Drug optimi-
zation according to guideline recommendations is therefore as important in HF patients 
with obesity as in HF patients without obesity.

Numerous studies have demonstrated that obesity is associated with a reduced mortal-
ity risk in established HF, a phenomenon known as the obesity paradox (7). Remarkably, 
the paradox mainly exists in patients who are mildly overweight or in class I obesity, 
whereas underweight patients have worse prognosis (7). Interestingly, the obesity para-
dox is less pronounced in severe obesity (BMI ≥35kg/m2) (28). There has been debate on 
whether this paradox is valid or mainly the result of methodological shortcomings (29). 
Several mechanisms of action have been postulated to explain the obesity paradox in 
HF, such as greater metabolic reserve, attenuation of harmful inflammatory processes, 
and the use of more cardioprotective medications at higher doses (5, 30). In the 2014 
meta-analysis from the MAGGIC (Meta-analysis Global Group in Chronic Heart Failure) 
investigators, mortality in HFrEF patients was U-shaped with a nadir at BMI levels 30.0 
– 34.9 kg/m2 , confirming the obesity paradox (29). Similar findings were found in a 
recent meta-analysis in which overweight and class I obesity were associated with lower 
all-cause mortality, and underweight with higher mortality all-cause mortality (28). 
However, the multivariable models in these studies were not adjusted for medication 
use, leaving it unclear whether potential differences in medical treatment may have 
mediated  the observed mortality differences between those with and without obesity. 
Yet, a recent study by Gelini et. al. included medication use in the multivariable model, 
and confirmed the presence of the obesity paradox by demonstrating lower mortality 
in the overweight and class I obesity groups (31). 

In our cohort, we observed that the presence of obesity was associated with a higher 
likelihood to receive GDMT. As target doses of the guideline-recommended HF drugs 
have been proven superior to lower doses in terms of survival (22, 32), the obesity 
paradox may be explained at least in part by the treatment differences that we found to 
favor those with a BMI 30.0 – 34.99 kg/m2. However, it should be noted that guideline 
implementation was also better in the more severe obesity group, while the favourable 
outcomes in mortality are less pronounced in this BMI group. The titration process of 
HF drugs may also deviate from HF patients without obesity and may require a different 
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approach due to differences in tolerability and side effects. Our results show that there 
is an important difference in HF treatment between patients with and without obesity. 
Given the expanding population incidence of obesity and HF, future studies that focus 
specifically on medication use and outcomes in patients with obesity are required to 
further optimize treatment in this high-risk population.  

4.1 Strengths and limitations
The CHECK-HF registry is a large-scale real world registry consisting of chronic heart 
failure patients in a Western European setting with detailed information on patient 
characteristics and medication use. It is therefore well suited to study guideline 
implementation in patients with HF and obesity compared to those without obesity. 
Unfortunately, due to the cross-sectional design of the study, there are no data on 
longitudinal patients outcomes.  Furthermore, data on sodium glucose transporter 2 
(SGLT2) inhibitors and angiotensin-receptor neprilysin inhibitors were unavailable, as 
they were not yet recommended by the guidelines at the time of this study (33). Finally, 
BMI does not take into account body composition, whereas relative fat mass and waist 
circumference are less influenced by muscle mass and may have a stronger association 
with outcomes. However, the WHO still recommends the use of BMI to categorize the 
severity of obesity, and BMI is still frequently used in daily clinical practice. 

5. Conclusion

In this large real-world registry of chronic HF patients with an LVEF <50%, guideline-
recommended drugs were more frequently prescribed and at higher dose in patients 
with obesity as compared to HF patients without obesity. Better pharmacological 
treatment of patients with obesity may contribute to the obesity paradox. Additional 
research is required to further identify therapy trends in HF patients with obesity and to 
assess reasons for treatment differences between HF patients with and without obesity.
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Supplementary material

Supplementary Table 1. Target dosages for heart failure treatment according to the ESC 
guidelines 2012. ACE, angiotensine converting enzyme; ARB, angiotensine receptor blocker; MRA, min-

eralocorticoid receptor antagonist

Starting dose (mg) Target dose (mg)

ACE-inhibitor

Captopril 6.25 t.i.d. 50 t.i.d.

Enalapril 2.5 b.i.d. 10-20 b.i.d.

Lisinopril 2.5 – 5.0 o.d. 20 – 35 o.d.

Ramipril 2.5 o.d. 5 b.i.d. 

Trandalopril 0.5. o.d. 4 o.d.

Beta-blocker

Bisoprolol 1.25 o.d. 10 o.d.

Carvedilol 3.125 b.i.d. 25-50 b.i.d.

Metoprolol succinate 12.5/25 o.d. 200 o.d.

Nebivolol 1.25 o.d. 10 o.d.

ARB

Candesartan 4 or 8 o.d. 32 o.d.

Valsartan 40 b.i.d. 160 b.i.d.

Losartan 50 o.d. 150 o.d.

MRA

Eplenerone 25 o.d. 50 o.d.

Spironolactone 25 o.d. 25 – 50 o.d.



65

Heart failure treatment in patients with and without obesity with an ejection fraction below 50%

3
85

.7
%

79
.2

%

48
.1

%

79
.2

%

79
.6

%

79
.9

%

55
.6

%

80
.1

%

81
.2

%

85
%

54
%

83
.1

%

83
% 86

.8
%

60
.1

%

86
.2

%

84
.9

%

87
.1

%

62
.3

%

91
.7

%

0
10
20
30
40
50
60
70
80
90
100

Beta-blocker RAS-inhibitor MRA Diuretics

BMI <18.5 BMI ≥ 18.5 & < 25 BMI ≥ 25 & < 30 BMI ≥ 30 & < 35 BMI ≥ 35

p=0.0047 p<0.001 p=0.001 p<0.001

78
.3

%

78
.3

%

47
.8

%

60
.9

%

76
.7

%

72
.9

%

41
.2

%

75
%77

.7
%

80
.4

%

45
.3

%

78
.8

%

81
.7

%

80
.2

%

49
.4

%

85
.9

%

83
.1

%

73
.1

%

50
.0

%

90
.8

%

0

10

20

30

40

50

60

70

80

90

100

Beta-blocker RAS-inhibitor MRA Diuretics

BMI <18.5 BMI ≥ 18.5 & < 25 BMI ≥ 25 & < 30 BMI ≥ 30 & < 35 BMI ≥ 35

p=0.37 p=0.028 p=0.19 p<0.001

73
.7

%

52
.6

%

31
.6

%

78
.9

%

79
.4

%

77
.7

%

45
.2

%

87
%

76
.8

%

76
.5

%

47
.9

%

84
%

80
.5

%

85
%

41
.4

%

82
%

83
.1

%

83
.1

%

55
.4

%

87
.7

%

0

10

20

30

40

50

60

70

80

90

100

Beta-blocker RAS-inhibitor MRA Diuretics

BMI <18.5 BMI ≥ 18.5 & < 25 BMI ≥ 25 & < 30 BMI ≥ 30 & < 35 BMI ≥ 35

p=0.71 p=0.019 p=0.23 p=0.47

A

B

C

%
%

%

Supplementary Figure 1. Prescription rates of HF drugs according to BMI group in A) HFrEF 
patients (LVEF <40%) (n=5276), B) HFmrEF patients (LVEF 40-49%) (n=1462), and C) semi 
quantitative patients (n=1075) according to the 2016 HF guidelines 





CHAPTER 4

The role of obesity in atrial fibrillation 
in patients with heart failure with 

preserved ejection fraction. 

Yaar S. Aga, Sumant P. Radhoe, Gerard C.M. Linssen, Hans-Peter 
Brunner-la Rocca, Marcel J.W. Grosfeld, Eric P. Viergever, Leo H. Takens, 
Ron Pisters, Martin Hemels, Felix Zijlstra, Bas M. van Dalen*, and 
Jasper J. Brugts*

* Equal author contributions

Submitted



A
BS

TR
A
C
T

Abstract

Introduction: Obesity is an important risk factor for atrial fibrillation (AF) and 
heart failure with preserved  ejection fraction (HFpEF). The purpose of this study 
was to investigate the association between obesity and AF in a large real-world 
contemporary cohort of HFpEF patients.  

Methods: Patients with chronic HFpEF were selected from the CHECK-HF regis-
try. Patients were divided into those with BMI ≥30 kg/m2 and those with BMI <30 
kg/m2. A multivariable regression analysis was performed to investigate differ-
ences in the AF prevalence between BMI groups in relation to clinical risk factors.

Results: A total of 2094 HFpEF patients were included, of whom 691 (33%) 
were obese. Obese patients were younger (72.7 ± 10.8 vs. 74.7 ± 12.9 years, 
p<0.001),more often female (58.6% vs. 51.6%, p=0.02) and more often suffered 
from comorbidities. Obese HFpEF patients had a significantly higher prevalence 
of AF compared to non-obese HFpEF patients (39.7% vs. 34.4%, p=0.018). 
Furthermore, in the multivariable regression analysis obesity was significantly 
associated with AF (OR 1.45, CI 1.16 – 1.81).

Conclusion: In this large cohort of HFpEF patients, the prevalence of AF was 
higher among patients with obesity. In addition, obesity was significantly associ-
ated with AF even after adjusting for multiple confounders. This result suggests 
that obesity and development of AF in HFpEF patients are closely associated.
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Introduction

Obesity is a global epidemic affecting around 650 million persons worldwide (1). The 
prevalence of obesity has doubled in more than 70 countries since 1980 and it is ex-
pected that the prevalence of obesity will continue to rise without any signs of waning 
(1, 2). Obesity is an important contributor in the development of atrial fibrillation (AF) 
and heart failure with preserved ejection fraction (HFpEF) (3, 4). The obesity-related 
HFpEF phenotype is prevalent, especially in individuals with metabolic disorders (5). 
In the general population, individuals with obesity have a 50% increased risk for AF 
compared to individuals without obesity (6).  Identifying AF in HFpEF is important, as 
AF is associated with worse clinical outcomes (7-9) .  Obesity has an important role in 
both the onset of HFpEF and AF, as it leads to systemic inflammation, expansion of epi-
cardial adipose tissue (EAT), and chronic volume overload that can influence the onset 
of AF and HFpEF (10-12). In addition, obesity is associated with comorbidities, such as 
hypertension and insulin resistance, that are associated with an increased risk for both 
conditions (11). The role of obesity in the onset of HFpEF and AF, in combination with 
the increasing prevalence of obesity, requires an in-depth exploration of AF in patients 
with HFpEF and obesity from a clinical perspective. A detailed analysis on the associa-
tion between obesity and AF in a large HFpEF cohort is currently lacking. Therefore, the 
purpose of this study was to investigate the association between obesity and AF in a 
large real-world contemporary cohort of HFpEF patients.  

Methods

For this study, data was used from the CHECK – HF (Chronisch Hartfalen ESC – richtlijn 
Cardiologische praktijk Kwaliteitsproject HartFalen) registry. The design and methods 
of the CHECK-HF registry have been published in detail before (13). Briefly, the CHECK-
HF registry consists of 10,910 patients with chronic HF from a total of 34 participating 
Dutch centers, contributing in the inclusion for this cross-sectional observational cohort. 
Between 2013 and 2016, all centers included patients diagnosed with HF according to 
2012 ESC guidelines on HF, based on symptoms and echo parameters, who were seen at 
the outpatient HF clinic (96%) or general cardiology outpatient clinic (4%) if no specific 
HF clinic was present. HFpEF was classified as left ventricular function (LVEF) ≥50% with 
no previously known reduced LVEF. AF was defined as a documented history of AF, 
which included permanent, persistent, paroxysmal AF, and AF of unknown type, or AF 
diagnosed by 12-lead electrocardiogram, performed during the most recent outpatient 
clinic visit. Detailed information on patient characteristics, demographics, comorbidities 
and guideline-recommended HF drug prescription and dosages was recorded. Patients 
were divided based on their BMI into those with BMI ≥30 kg/m2and those with BMI <30 
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kg/m2 (14). Patients with no information on their BMI were excluded. In the CHECK-HF 
registry 2153 patients had HFpEF. BMI was available in 2094 HFpEF patients. The study 
was conducted according to the Declaration of Helsinki. Ethical approval was provided 
for anonymously analyzing existing patient data by the Ethical Committee of the Maas-
tricht University Medical Center, The Netherlands. 

Statistical analysis
Continuous data are presented as mean value ± SD or median and interquartile range, 
depending on the distribution of the data. Comparisons were performed using the 
independent T-test or Mann-Whitney U test. Categorical data are expressed as counts 
and percentages and compared with the Chi-square test. A 2-sided P of 0.05 was con-
sidered statistically significant. In order to investigate whether the observed differences 
in AF between BMI groups were independent of potential confounders, multivariable 
logistic regression was used. The results of these regression analyses are expressed as 
odds ratios (OR) and 95% confidence intervals (CI). In model 1, we adjusted for age, 
gender, and BMI group. In model 2, we further adjusted for New York Heart Association 
(NYHA) classification. In model 3, we further included hypertension, diabetes mellitus, 
and OSAS, as these comorbidities were clinically related to the outcome variable. In a 
separate analysis, BMI was added to the models as a continuous variable. All variables 
were included at a statistical level p-value <0.05 in the logistic regression model. Analy-
ses were performed using SPSS Statistical Package version 25.0

Results

A total of 2094 HFpEF patients were included, of whom 691 (33%) had a BMI ≥ 30 kg/m2. 
The baseline characteristics are shown in Table 1. Mean age of the study population was 
74.1 ± 12.3 years and 53.8% were female. Mean BMI was 28.3 ± 5.9 kg/m2. A diagnosis of 
AF was present in 36.1% of the study population, out of which 11.2% was paroxysmal 
AF, 17.6% persistent AF, 44.7% permanent AF, and in 26.1% AF was of unknown type. 
Median LVEF was 58% and most patients were in NYHA class II (48.3%). Hypertension was 
diagnosed in over half of the patients (53.1%) and as many as 28.0% patients suffered 
from diabetes mellitus type 2 (DM2). As for medication use, diuretics and beta-blocker 
were most commonly used, respectively in 74.5% and 73.5% of the patients.

Comparison of HFpEF patients with obesity and HFpEF patients without 
obesity
As presented in Table 1, HFpEF patients with obesity had a number of differences 
compared to HFpEF patients without obesity. Patients with a BMI ≥ 30 kg/m2 were 
significantly younger (72.7 ± 10.8 vs. 74.7 ± 12.9 years, p<0.001) and were more often 
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female (58.6% vs. 51.6%, p=0.02). HF symptoms were more severe in patients with obe-
sity, indicated by worse NYHA class. Furthermore,  patients with obesity more often had 
hypertension (63.7% vs. 47.9%, p<0.001), DM2 (41.3% vs. 21.4%, p<0.001), and obstruc-
tive sleep apnea syndrome (OSAS) (17.3% vs. 3.0%, p<0.001). Patients with obesity were 
significantly more often treated with diuretics, RAS-inhibitors, beta-blockers and MRAs 
(Table 1). 

Prevalence of AF in HFpEF in relation with obesity
As shown in Figure 1, a significantly higher proportion of HFpEF patients with obesity 
had AF compared to  patients without obesity (39.6% vs. 34.4%, p=0.019). A one unit in-
crease in BMI was significantly associated with a higher likelihood of AF (OR 1.02, CI 1.01 
– 1.04)  (Table 2). In the binary logistic regression analysis, after adjusting for multiple 
potential confounders, obesity was significantly associated with a higher probability of 
AF (OR 1.45, CI 1.16 – 1.81) (Table 3). 

BMI <30 kg/m2 BMI ≥ 30 kg/m2 
0

20

40

60

80

Pe
rc

en
ta

ge
 %

AF

No AF

34.4%

65.6%

39.6%

60.4%

p=0.019

Figure 1. AF prevalence in obese and non-obese HFpEF patients
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Discussion

In this large real-world cohort of HFpEF patients, we demonstrated that AF was more 
prevalent in patients with obesity compared to patients without obesity. Furthermore, 
in multivariable logistic regression obesity was independently associated with AF in 
HFpEF patients, even after adjusting for confounders and common comorbidities that 
are associated with an increased risk for AF. Our results provide evidence that in a large 
HFpEF cohort, AF is more prevalent in patients with obesity and that BMI is strongly 
related with AF, despite other common risk-factors for AF.

To the best of our knowledge, our study is the largest cohort of  HFpEF patients with 
obesity with an extensive and detailed analysis of the association between obesity 
and AF. In contrast to our results, previous studies documented a higher percentage of 
AF in HFpEF patients without obesity (3, 15, 16). In these studies, the sample size was 
smaller (n=195, n=151, and n=89). In addition, in two studies patients with obesity class 
1 (BMI 30-35 kg/m2) were excluded from the analysis (3, 15). In HFpEF, obesity class 1 
is prevalent, and it is therefore of value and clinical importance to include this group in 
the analysis (17). Our results extend prior work as our cohort consisted of 2094 HFpEF 
patients and we included all patients with obesity starting from a of BMI 30kg/m2. In 
addition, we demonstrated that obesity was significantly associated with AF even after 
adjusting for other common risk factors, such as age, gender, hypertension, diabetes 
mellitus, and OSAS, which reflects an important role of obesity in patients with HFpEF.

In the recent years, attention on obesity as a risk factor for both AF and HFpEF has been 
increasing (3, 4, 6). Obesity is the second highest population attributable risk factor for 
AF (18). In the Framingham Heart study, every one unit increase in BMI, was associated 
with  a 4% increase in risk of AF (19). In HFpEF, more than 80% of patients are either 
overweight or obese (20). Several studies have described the obesity-related HFpEF 
phenotype and it is considered a clinically relevant phenotype that may require a spe-
cific treatment (3, 5). Apart from obesity, AF in itself is associated with incident HFpEF 
and HFpEF is associated with incident AF (21, 22). Some studies have shown a higher 
prevalence of AF in HFpEF than in HFrEF (22-24). In addition, the presence of AF in HFpEF 
is associated with worse clinical outcomes (8, 9). The interactions between AF, HFpEF, 
and obesity suggest a shared pathophysiological mechanism wherein obesity has an 
important role. There are several possible explanations regarding how obesity can lead 
to both HFpEF and AF. First of all, obesity is associated with several comorbidities, such 
as hypertension and DM, that are also known risk factors for both HFpEF and AF (25). 
Besides that, obesity causes hemodynamic changes that can alter cardiac structure and 
function potentially leading to HFpEF and AF (26, 27). Obesity causes activation of the 
sympathetic nervous system as well as the renin-angiotensin-aldosteron-system (RAAS) 
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which alters autonomic tone and increases the risk for abnormal conduction (28). In 
addition, obesity is related to systemic inflammation and expansion of EAT (11, 12). Both 
have gained more attention in the recent years and are important contributors in the 
pathophysiology of both HFpEF and AF. Expansion of EAT promotes inflammation and 
stimulates the release of inflammatory cytokines and pro-fibrotic markers which affect 
the myocardium and cause atrial fibrosis and ventricular stiffening and can lead to AF 
and HFpEF (29). In our cohort, we did not have data on inflammation, but the notion 
that obesity promotes systemic inflammation has been established before. A study by 
Sabbah et al. distinguished three different obesity-inflammation cluster in HFpEF and 
demonstrated that obese HFpEF patients that exhibited the highest circulating levels 
of inflammatory mediators and fibrosis (pan-inflammatory phenotype), had the highest 
prevalence of AF (30). This highlights the significant role of inflammation in obesity, AF, 
and HFpEF. 

The results of our study are relevant, as they heighten the awareness that patients with 
obesity and HFpEF are at increased risk for AF. We found a relatively high prevalence of 
AF (39.6%) in patients with HFpEF and obesity. Currently, recognizing and diagnosing 
AF in patients with HFpEF and obesity in clinical practice is challenging. Signs and symp-
toms of AF are easily missed and frequently attributed to other comorbidities that are 
common in patients with obesity. In addition, AF is difficult to capture due to the often 
silent and paroxysmal nature of the arrhythmia. Besides the challenge in diagnosing AF, 
HFpEF patients with obesity and AF might require a different treatment approach that 
focuses on ameliorating systemic inflammation and expansion of EAT (29). However, 
most importantly to consider in treatment is that obesity is not only a major risk factor, 
but also a modifiable risk factor, as shown by numerous studies that have found that 
weight loss reduces the burden of AF, restores sinus rhythm, improves cardiac function, 
and improves symptoms of HFpEF (31-33). This suggests that the effects of obesity on 
cardiac structures are reversible and underlines the importance of heightening the 
awareness of the relation between obesity, AF and HFpEF. 

Study limitations 

The study has some limitations that should be noted.  First of all, due to the cross-
sectional design of the study, is was not possible to draw causal inference or to study 
longitudinal patient outcomes. Secondly, in some cases BMI was based on estimated 
height and weight provided by patients, which could have led to slightly less accurate 
BMI values. Thirdly, additional echocardiographic data was not available, therefore we 
could not investigate whether echocardiographic features might mediate the relation-
ship between obesity and AF. Lastly, AF was defined as a documented history of AF or AF 
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diagnosed by 12-lead electrocardiogram, performed during the most recent outpatient 
clinic visit. History of AF was based on hospital record and tests, but paroxysmal AF 
patients could have been missed as in comparable studies. Nevertheless, the CHECK-
HF registry is the first large-scale-real-world registry incorporating a great number of 
HFpEF patients with detailed information on clinical characteristics and drug treatment, 
and therefore provides a unique view on the interplay between obesity and AF in HFpEF. 

Conclusion

In this contemporary registry including a large number of HFpEF patients, we demon-
strated that AF is more prevalent in patients with obesity than in HFpEF patients without 
obesity. This suggests that obesity is associated with AF in HFpEF patients, even after 
adjusting for potential confounders. Future research is needed to further clarify the 
underlying pathophysiological pathways in order to recommended a specific treatment 
for AF in HFpEF patients with obesity. 
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Abstract

Aims: Hyperkalaemia is observed frequently in heart failure (HF) patients and 
is associated with an impaired prognosis and underuse of mineralocorticoid 
receptor antagonists (MRAs). However, the effects of serum potassium on pre-
scription of the full guideline recommended daily dose of 50mg in real-world 
daily practice are unknown. Therefore, we investigated serum potassium and 
its association with the prescribed MRA dose in a large cohort of chronic HF 
patients.

Methods: A total of 5,346 patients with chronic HF with a left ventricular ejec-
tion fraction ≤40% from 34 Dutch outpatient HF clinics between 2013 and 2016 
were analysed on serum potassium and MRA (spironolactone and eplenerone) 
dose. Data were stratified by potassium as a serum potassium level <4.0, 4.0 to 
5.0 or >5.0 mmol/L. Multivariable logistic regression models were used to as-
sess the association between serum potassium and MRA dose and to adjust for 
potential confounders. 

Results: Mean serum potassium was 4.4±0.5 mmol/L and hyperkalaemia (serum 
potassium >5.0 mmol/L) was present in 399 patients (7.5%). MRA was used 
in 3,091 patients (58.1%). Patients with hyperkalaemia significantly less often 
received ≥100% of the target dose (50 mg) compared to patients with a serum 
potassium between 4.0-5.0 mmol/L and <4.0 mmol/L (7.7% vs 9.5% vs 13.6% 
respectively, p=0.0078). In the multivariable regression analyses, patients with 
hyperkalaemia were significantly less likely to receive ≥100% of the target dose 
compared to patients with serum potassium 4.0-5.0 mmol/L (OR 0.38, 95% CI 
0.15-0.97, p=0.044). Additionally, a one unit increase in serum potassium was 
significantly associated with a lower odds of receiving ≥100% of the target dose 
(OR 0.69, 95% CI 0.49-0.98, p=0.036). 

Conclusions: In this large registry of real-world chronic HF patients, both an 
increase in serum potassium and hyperkalaemia were associated with a lower 
odds of receiving the guideline-recommended MRA dose. 
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Background

Hyperkalaemia, generally defined as a serum potassium level >5.0 mmol/L, (1) is 
frequently observed in heart failure (HF) patients, with reported incidences between 
3.1-16.6%. (2-7) Hyperkalaemia is potentially a life-threatening condition and is as-
sociated with impaired prognosis, especially in HF patients. (4, 6, 8-10) Although 
Renin-angiotensin-aldosterone system inhibitors (RAASi) are among the cornerstone 
therapies for HF patients with a reduced ejection fraction (HFrEF), (11) their use is also 
an independent risk factor for hyperkalaemia. (12-16) The implementation of guideline-
directed medical therapy (GDMT) in HF patients is suboptimal and seems especially 
challenging for mineralocorticoid receptor antagonists (MRAs), (10, 17-20)  which might 
be due to the increased risk of hyperkalaemia. (21) Hyperkalaemia has been associated 
with MRA discontinuation and dose reduction, (22, 23) and in addition, was found to be 
a predictor of receiving <50% of the target dose. (7) Because achieving the full target 
dose is the aim in clinical practice, it is interesting to know the association between 
serum potassium and prescription of MRA at the guideline recommended daily target 
dose, especially considering the level 1A recommendation of MRAs and the introduction 
of potassium binding drugs.  However, real-world data on the extent of hyperkalaemia 
in clinical practice and in relation to MRA use and dose is lacking, but important to 
improve guideline implementation and very relevant for the perspective and future of 
potassium binding drugs.

Aims

This study aimed to investigate the distribution of serum potassium in a large cohort of 
chronic HF patients and the association between serum potassium, including hyperka-
laemia, and the prescribed MRA (spironolactone and eplerenone) dose relative to the 
guideline recommended daily target dose of 50mg.

Methods

For this study, data from the CHECK-HF registry were used. The design and methods 
of the CHECK-HF registry have been described in detail elsewhere. (27) In short, this 
cross-sectional registry consisted of 10,910 chronic HF patients from 34 Dutch partici-
pating centres with data collected between 2013 and 2016. All patients were diagnosed 
with HF and were treated according to the 2012 ESC guideline for the diagnosis and 
treatment of acute and chronic HF. (28) Detailed information was collected on patient 
characteristics and HF drug prescriptions. The study was conducted in accordance with 
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the declaration of Helsinki and ethical approval was provided for anonymously analys-
ing existing patient data by the  medical ethical committee of the Maastricht University 
Medical Center. For this analysis, patients with a left ventricular ejection fraction (LVEF) 
≤40% were selected (N=6,256) (HFrEF). (11) Moreover, patients with missing information 
on serum potassium were excluded (N=910) and a total of 5,346 patients with an LVEF 
≤40% were analysed in this study. Data were stratified by serum potassium categories 
<4.0, 4.0-5.0, >5.0 mmol/L. For the MRA analyses, only spironolactone and eplerenone 
were included. A daily MRA dose of 50 mg in real-world was considered 100% of the 
guideline-recommended dose for both spironolactone and eplerenone, which is in 
line with the current ESC HF guideline. (11) The proportion of patients treated with 
an MRA was compared between the different potassium categories. Furthermore, the 
prescribed dose in categories of <50% (equal to <25 mg), 50-99% (equal to 25-49 mg), 
and ≥100% (equal to ≥50 mg) of the guideline recommended target dose (≥50 mg) 
was compared by potassium category. Multivariable logistic regression analyses with 
the MRA dose categories as outcome were performed to further assess the association 
between serum potassium and MRA dose as odds ratios (ORs) with corresponding 
95% confidence intervals (CIs). Serum potassium was included in the models either as 
continuous or categorical variable (<4.0, 4.0-5.0, and >5.0 mmol/L). For the latter, the 
4.0-5.0 mmol/L serum potassium category was considered the reference group. In the 
multivariable models, the association between serum potassium and MRA dose was 
adjusted for age, sex, Body Mass Index (BMI), systolic blood pressure (SBP), New York 
Heart Association (NYHA) class, QRS time, estimated Glomerular Filtration Rate (eGFR), 
diabetes mellitus type 2 (DM2), Chronic Obstructive Pulmonary Disease (COPD), diuret-
ics use, angiotensin-converting enzyme inhibitor (ACEi) use, and angiotensin receptor 
blocker (ARB) use.

Results

Of all 5,346 patients,  941 patients (17.6%) had a serum potassium <4.0 mmol/L, 4,006 
patients (74.9%) had a serum potassium 4.0-5.0 mmol/L, and 399 patients (7.5%) had 
a serum potassium >5.0 mmol/L. Mean serum potassium in the overall cohort was 
4.36±0.49 mmol/L (Figure 1). The baseline characteristics by serum potassium category 
are presented in Table 1. Patients with a serum potassium >5.0 mmol/L were older, more 
often male, had worse renal function, were less often treated with diuretics, and more 
often treated with ACEi. A total of 3,091 patients (58.1%) were treated with an MRA, of 
whom 3,075 (99.5%) had complete data on the prescribed dose. Serum potassium in 
patients with <50%, 50-99%, and ≥100% of MRA target dose was 4.41±0.47, 4.35±0.49, 
4.26±0.51 (p<0.001), respectively (Figure 2). The MRA dose overall and by serum potas-
sium category is presented in Table 2. There were no significant differences in MRA use 
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between patients with hyperkalaemia as compared to patients with serum potassium 
between 4.0-5.0 mmol/L and <4.0 mmol/L (55.8% vs 58.2% vs 58.6%, respectively). 
However, patients with hyperkalaemia significantly less often received ≥100% of the 
target dose compared to patients with a serum potassium between 4.0-5.0 mmol/L and 
<4.0 mmol/L (7.7% vs 9.5% vs  13.6% respectively, p=0.0078). 
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Figure 1. Serum potassium distribution in the overall cohort.

Table 1. Baseline characteristics by serum potassium category.

Missing 
(N, %)

Total
(N = 5346)

Serum 
potassium 
<4.0 mmol/L
(N = 941) 

Serum 
potassium 
4.0-5.0 
mmol/L
(N = 4006)

Serum 
potassium 
>5.0 mmol/L
(N = 399)

P-value for 
difference

Age 7 (0.1) 72.2±11.6 70.8±12.2 72.4±11.5 73.26±10.76 <0.001

Sex (Female) 23 (0.4) 1862 (35.0) 372 (39.7) 1358 (34.1) 132 (33.1) 0.0039

BMI 356 (6.7) 27.3±5.1 27.4±5.3 27.3±5.0 27.1±5.1 0.59

SBP 47 (0.9) 123.6±19.7 123.2±20.2 123.7±19.5 123.0±19.6 0.63

DBP 41 (0.8) 70.6±11.0 71.4±11.5 70.6±10.8 69.1±11.6 0.0022

HR 57 (1.1) 71.6±13.7 73.0±13.8 71.2±13.7 72.0±13.4 0.0014

LVEF 928 (17.4) 30.3±9.5 29.6±9.3 30.3±9.5 31.5±9.9 0.012
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Table 1. Baseline characteristics by serum potassium category. (continued)

Missing 
(N, %)

Total
(N = 5346)

Serum 
potassium 
<4.0 mmol/L
(N = 941) 

Serum 
potassium 
4.0-5.0 
mmol/L
(N = 4006)

Serum 
potassium 
>5.0 mmol/L
(N = 399)

P-value for 
difference

NYHA <0.001

-Class I

63 (1.2)

612 (11.6) 106 (11.3) 460 (11.6) 46 (11.7)

-Class II 3162 (59.9) 520 (55.6) 2416 (61.1) 226 (57.5)

-Class III 1397 (26.4) 288 (30.8) 1008 (25.5) 101 (25.7)

-Class IV 112 (2.1) 21 (2.2) 71 (1.8) 20 (5.1)

Atrial 
fibrillation

61 (1.1)
1279 (24.2) 225 (24.2) 958 (24.2) 96 (24.3) 1.00

LBBB 0 (0.0) 949 (17.8) 172 (18.3) 705 (17.6) 72 (18.0) 0.88

QRS 859 (16.1) 128.1±34.0 130.2±35.2 127.8±33.71 126.3±34.5 0.12

Primary 
aetiology

0.19

  -Ischemic
0 (0.0)

2616 (48.9) 436 (46.3) 1978 (49.4) 202 (50.6)

  -Non-ischemic 2730 (51.1) 505 (53.7) 2028 (50.62) 197 (49.4)

Hypertension 611 (11.4) 1879 (39.7) 327 (39.4) 1404 (39.6) 148 (40.9) 0.88

Diabetes type 2 611 (11.4) 1234 (26.1) 191 (23.0) 920 (26.0) 123 (34.0) <0.001

COPD 611 (11.4) 886 (18.7) 152 (18.3) 668 (18.9) 66 (18.2) 0.90

OSAS 611 (11.4) 295 (6.2) 62 (7.5) 211 (6.0) 22 (6.1) 0.27

Thyroid disease 611 (11.4) 340 (7.2) 60 (7.2) 257 (7.3) 23 (6.4) 0.82

eGFR

771 (14.4)

61.0±24.8 65.1±24.3 61.1±24.4 51.0±27.2 <0.001

eGFR <0.001

-<30 476 (10.4) 68 (8.6) 323 (9.4) 85 (23.9)

-30-44 872 (19.1) 110 (13.9) 671 (19.6) 91 (25.6)

-45-60 972 (21.2) 157 (19.9) 749 (21.8) 66 (18.6)

-≥60 2255 (49.3) 455 (57.6) 1687 (49.2) 113 (31.8)

Diuretics 24 (0.4) 4554 (85.2) 839 (89.4) 3368 (84.5) 329 (83.1) <0.001

ACEi 24 (0.4) 3043 (57.2) 504 (53.7) 2299 (57.7) 240 (60.6) 0.030

ARB 24 (0.4) 1389 (26.1) 229 (24.4) 1055 (26.5) 105 (26.5) 0.42

Betablocker 24 (0.4) 4293 (80.7) 729 (77.6) 3238 (81.2) 326 (82.3) 0.030

BMI: Body Mass Index; SBP: Systolic Blood Pressure; DBP: Diastolic Blood Pressure; HR: Heartrate; LVEF: Left Ven-
tricular Ejection Fraction; NYHA: New York Heart Association; LBBB: Left Bundle Branch Block; COPD: Chronic Ob-
structive Pulmonary disease; OSAS: Obstructive Sleep Apnea Syndrome; eGFR: Estimated Glomerular Filtration 
Rate; ACEi: Angiotensine Converting Enzyme Inhibitor; ARB: Angiotensine Receptor Blocker
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The results of the logistic regression analyses are summarized in Table 3. In the multivari-
able models, a one unit increase in serum potassium was associated with both a lower 
odds of receiving ≥100% of the target dose (OR 0.69, 95% CI 0.49-0.98, p=0.036) and a 
higher odds of receiving <50% of the target dose (OR 1.47, 95% CI 1.18-1.83, p<0.001). 
Furthermore, patients with hyperkalaemia were significantly less likely to receive ≥100% 
of the target dose (OR 0.38, 95% CI 0.15-0.97, p=0.044)  and significantly more likely to 
receive <50% of the target dose (OR 1.55, 95% CI 1.07-2.26, p=0.021). 
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Figure 2. Serum potassium distribution by MRA dose

Table 2. MRA dose by serum potassium category.

Missing 
(N, %)

Total
(N = 5346)

Serum 
potassium 
<4.0 mmol/L
(N = 941) 

Serum 
potassium 4.0-
5.0 mmol/L
(N = 4006)

Serum 
potassium >5.0 
mmol/L
(N = 399)

P-value for 
difference

MRA use 24 (0.4) 3091 (58.1) 550 (58.6) 2320 (58.2) 221 (55.8) 0.62

MRA dose 16 (0.5)

<50% 
(<25mg)

1018 (33.1) 159 (28.9) 770 (33.4) 89 (40.3) 0.0082

50-99% 
(25-49 mg)

1745 (56.7) 316 (57.5) 1314 (57.0) 115 (52.0) 0.34

≥100% 
(≥50 mg)

312 (10.1) 75 (13.6) 220 (9.5) 17 (7.7) 0.0078

MRA: Mineralocorticoid receptor antagonist
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Discussion

In this large cohort of real-world chronic HF patients, hyperkalaemia was present in 
7.5% of the patients, which is similar to earlier studies. (3-6, 8) Interestingly, the use of 
MRA overall was not associated with serum potassium and hyperkalaemia, but both 
hyperkalaemia and a one unit increase in serum potassium were significantly associ-
ated with a lower odds of receiving ≥100% and a higher odds of receiving <50% of the 
guideline-recommended target dose.

Table 3. Logistic regression analysis results.

Serum 
potassium

Univariable model (N=3075) Multivariable model (N=1799)

MRA dose <50% (<25 mg)

OR 95% CI P-value OR 95% CI P-value

Continuous 1.35 1.15-1.57 <0.001 1.47 1.18-1.83 <0.001

Categorical

  <4.0 0.81 0.66-0.99 0.043 0.80 0.60-1.07 0.13

  4.0-5.0 Reference Reference Reference Reference Reference Reference

  >5.0 1.34 1.01-1.78 0.041 1.55 1.07-2.26 0.021

MRA dose 50-99% (25-49 mg)

OR 95% CI P-value OR 95% CI P-value

Continuous 0.90 0.78-1.04 0.17 0.82 0.67-1.01 0.064

Categorical

  <4.0 1.02 0.84-1.23 0.86 1.14 0.88-1.47 0.32

  4.0-5.0 Reference Reference Reference Reference Reference Reference

  >5.0 0.82 0.62-1.08 0.15 0.81 0.56-1.17 0.27

MRA dose ≥100% (≥50 mg)

OR 95% CI P-value OR 95% CI P-value

Continuous 0.62 0.48-0.80 <0.001 0.69 0.49-0.98 0.036

Categorical

  <4.0 1.50 1.13-1.98 0.0049 1.07 0.71-1.60 0.75

  4.0-5.0 Reference Reference Reference Reference Reference Reference

  >5.0 0.79 0.47-1.32 0.367 0.38 0.15-0.97 0.044

MRA: mineralocorticoid receptor antagonist; OR: odds  ratio; 95%CI: 95% confidence interval; Multivariable mod-
els were adjusted for age, sex, Body Mass Index (BMI), systolic blood pressure (SBP), New York Heart Association 
(NYHA) class, QRS time, estimated Glomerular Filtration Rate (eGFR), diabetes mellitus type 2 (DM2), Chronic 
Obstructive Pulmonary Disease (COPD), diuretics use, angiotensin-converting enzyme inhibitors (ACEi) use, and 
angiotensin receptor blocker (ARB) use.
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Earlier studies found hyperkalaemia to be associated with non-use and discontinua-
tion of MRAs, (10, 21) and a higher odds of receiving less than 50% of the guideline-
recommended MRA target dose (7). To the best of our knowledge, serum potassium has 
not been studied in relation to MRA treatment at the guideline-recommended dose. 
Compared to earlier research, our study contained more recent data, and also explored 
the association with ≥100% of the target dose and showed that hyperkalaemia was 
associated with a 62% lower odds of receiving the guideline-recommended dose. Fur-
thermore, our study showed that an increase in serum potassium itself was significantly 
associated with a lower odds of receiving ≥100% of the target dose, which is important 
information in light of the introduction of potassium binding drugs. The current study 
therefore adds significantly to current literature and indicates that there is room for 
further improvement of MRA treatment in this subgroup of HFrEF patients. 

Maintaining normal serum potassium levels is important, but can be especially chal-
lenging with MRA use. While the guideline-recommended target dose for MRAs is 50 
mg, a large proportion of patients in the two landmark trials, EMPHASIS-HF and RALES, 
did not achieve this dose but nevertheless, a clear benefit from MRAs was shown. (29, 
30) It therefore may deserve consideration to lower the dose rather than to discontinue 
the MRA completely, as benefit is still likely to be present even at a lower dose. Two 
potassium binding drugs, sodium zirconium cyclosilicate (ZS-9) and patiromer, have 
been shown effective in maintaining normal serum potassium levels and decreasing 
recurrent episodes of hyperkalemia. (25, 26) The recently completed DIAMOND trial 
reported that the use of patiromer was associated with significantly lower serum po-
tassium, fewer hyperkalaemia episodes, concurrent use of high doses of MRAs, and 
overall higher RAASi use in patients with HFrEF and RAASi-related hyperkalaemia. (33) 
Unfortunately, although initially planned to do so, the DIAMOND trial did not com-
pletely answer the question whether optimizing RAASi therapy in combination with 
patiromer improves outcomes. (34) Potassium binding drugs have been recommended 
to maintain normal serum potassium levels during RAASi therapy in two recent expert 
consensus documents, (31, 32) but are not included in the current guideline. (11) The 
future of potassium binding drugs in clinical practice is unclear, especially considering 
the limited observed recurrent hyperkalaemia and high number needed to treat. (32)

Study limitations

This study has a number of limitations to consider. Due to the cross-section nature of 
the data it was not possible to assess any clinical responses to lowering the dose or 
discontinuing the MRA in patient with hyperkalaemia. However, despite being a cross-
sectional study, our findings are relevant and important as they provide insight in the 
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association between serum potassium and MRA dose in a large real-world population. 
Moreover, the data collection was performed between 2013 and 2016 which was a 
different period in terms of GDMT with the later introduction of the angiotensin recep-
tor–neprilysin inhibitor (ARNI) and sodium–glucose co-transporter 2 inhibitor (SGLT2i).
(11) Nevertheless, we believe the results of this study are still relevant considering the 
MRA was the main focus of this study and the recommended target dose for the MRA 
has remained unchanged.

Conclusion

Our real-world data in a large cohort of HF patients with measured serum potassium 
are unique and show that both hyperkalaemia and an increase in serum potassium are 
associated with receiving a lower odds of receiving the full target MRA dose, which adds 
to the literature that higher serum potassium levels may also be an impediment for 
reaching the full MRA target dose.
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Abstract

Aims: Implementation of guideline-recommended pharmacological treatment 
in heart failure (HF) patients remains challenging. In 2021, the European Heart 
Failure Association (HFA) published a consensus document in which patient 
profiles were created based on readily available patient characteristics and sug-
gested that treatment adjusted to patient profile may result in better individual-
ized treatment and improved guideline adherence. This study aimed to assess 
the distribution of these patient profiles and their treatment in a large real-world 
chronic HF cohort.

Methods and results: The HFA combined categories of heart rate, blood pres-
sure, presence of atrial fibrillation, chronic kidney disease, and hyperkalemia into 
eleven phenotypic patient profiles. A total of 4,455 patients with chronic HF and 
a left ventricular ejection fraction ≤40% with complete information on all char-
acteristics were distributed over these profiles. In total, 1,640 patients (36.8%) 
could be classified into one of the HFA profiles. Three of these each comprised 
>5% of the population and consisted of patients with a heart rate >60 beats per 
minute with normal blood pressure (>90/60 mmHg) and no hyperkalemia.

Conclusion: Nearly forty percent of a real-world chronic HF population could be 
distributed over the eleven patient profiles as suggested by the HFA. Phenotype-
specific treatment recommendations are clinically relevant and important to 
further improve guideline implementation.
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Introduction

Heart failure (HF) is often characterized as a global pandemic, with recent reports 
estimating the number of HF patients at 64.3 million. (1-3) HF is among the leading 
causes of mortality and morbidity and causes high healthcare-related costs, especially 
due to the high (re)hospitalization rates. (1, 2, 4, 5) Despite improvements in survival 
of HF patients over the last decade, which can partly be attributed to advances made 
in HF drug therapy, mortality remains high with survival rates of 56.7% and 34.9% for 
five and ten years, respectively. (6) Left ventricular ejection fraction (LVEF) is used as 
a phenotypic marker to categorize HF into separate entities with different underlying 
pathophysiological mechanisms, namely HF with a reduced, mildly reduced, and pre-
served ejection fraction (HFrEF, HFmrEF, and HFpEF, respectively). (2, 7, 8) The current 
European Society of Cardiology (ESC) HF Guidelines contain four class I drug recommen-
dations for the treatment of HFrEF patients as a result of numerous RCTs that have been 
conducted over the past years. (9) These are angiotensin receptor-neprilysin inhibitor 
(ARNI)/angiotensin-converting enzyme inhibitor (ACEi)/angiotensin receptor blocker 
(ARB), betablocker, mineralocorticoid receptor antagonist (MRA), and sodium-glucose 
co-transporter 2 inhibitor (SGLT2i). While the ESC HF Guidelines make it very clear that 
all four drug classes should be used in HFrEF therapy, it is still challenging to implement 
this into daily clinical practice. (9, 10) Several HF registry studies have indeed shown 
room for improvement in guideline adherence. (11-16) Patients are frequently treated 
with regimens that do not include all cornerstone HF drugs, and with doses lower than 
those recommended in the guidelines. Lately, there has been attention for a rapid 
sequencing strategy for implementation of HF therapy as opposed to the conventional 
approach of up-titrating a drug class before adding a new one, and is supported by data 
from several studies. (11, 17, 18) Multiple viewpoints have been published to give shape 
to the rapid sequencing strategy and to provide guidance to clinicians. (19-22) One of 
these viewpoints entails selecting the initial therapy and sequencing strategy based 
on the clinical parameters of the patient, resulting in different patient “profiles”. (23, 24) 
Heart rate, low blood pressure, impaired renal function, and serum potassium are indeed 
commonly encountered factors that interfere with the initiation and up-titration of HF 
drugs, with the practical guidance supplement of the ESC HF Guidelines often advising 
to down-titrate or even discontinue certain drug classes based on these parameters. 
(9) In 2021, the Heart Failure Association (HFA) of the ESC published a position paper in 
an effort to offer all patients a regimen as close to guideline-directed medical therapy 
(GDMT) as possible by advocating for personalized drug treatment instead of a ‘one size 
fits all’ approach. (23) In order to do so, the HFA postulated several patient profiles based 
upon clinical patient characteristics that can be used for specific treatment recommen-
dations and may be relevant in the process of drug implementation and up titration. 
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(23) However, the prevalence of these profiles and associated patient characteristics 
and treatment variations in the HFrEF population in clinical practice are not yet known. 

Aims

This study aimed to assess the distribution and treatment characteristics of the patient 
profiles as previously proposed by the HFA in a large real-world chronic HF cohort.

Methods

Data from the CHECK-HF registry were used to identify the patient profiles. The design 
and methods of the registry have been published previously. (12, 25, 26) In short, the 
CHECK-HF registry enrolled patients with chronic heart failure in an outpatient setting. 
The study was conducted in accordance with the declaration of Helsinki and ethical 
approval was provided by the medical ethical committee of the Maastricht University 
Medical Center, the Netherlands. 

For this analysis, patients with a left ventricular ejection fraction (LVEF) ≤40% were 
selected, leaving a total of 6,256 patients. Next, only patients with available informa-
tion on heart rate, systolic and diastolic blood pressure, serum potassium, estimated 
glomerular filtration rate and atrial fibrillation were analyzed and distributed over the 
HFA profiles (N=4,455). 

In order to create the profiles, the HFA combined heart rate (HR<60, 60-70 or >70 beats 
per minute), blood pressure (BP, <90/60, >90/60 or >140/90 mmHg), atrial fibrillation 
(AF, yes/no), chronic kidney disease (CKD) and/or hyperkalemia (HK, serum potassium 
>5.0 mmol/L) which would add up to a total of 36 potential profiles when different cat-
egories of these parameters are combined. However, the HFA only based seven profiles 
on these categories, and added HR>60, potassium >5.5, estimated glomerular filtration 
rate (eGFR) >30 mL/min/1.73m2 or eGFR 30-60 mL/min/1.73m2 as new categories for 
their remaining four profiles, making a total of eleven patient profiles (Figure 1). This 
implies that 29 additional profiles based upon combinations of the fixed categories 
could be identified on top of the eleven HFA profiles for a total of 40 profiles. Therefore, 
we also analyzed these 29 additional profiles to explore the patients that could not be 
categorized into one of the HFA profiles.

The BP category <90/60 mmHg (hypotension) was defined as an SBP <90 mmHg and/or 
a DBP <60 mmHg while SBP had to be <140 mmHg. Hypertension was defined as an SBP 
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≥140 mmHg and/or DBP ≥90 mmHg. The BP category >90/60 mmHg (normotension) was 
defined as an SBP ≥90 mmHg but <140 mmHg and a DBP ≥60 mmHg but <90 mmHg. 
For heart rate, HR <60, HR 60-70, and HR >70 beats per minute were used as categories. 
CKD/HK was defined as an eGFR <60 30-60 mL/min/1.73m2 and/or a serum potassium 
>5.0, while no CKD/HK was defined as an eGFR ≥60 and a serum potassium ≤5.0. Atrial 
fibrillation comprised all forms of AF (paroxysmal, permanent, persistent, unknown type). 

Results

A total of 4,455 patients with an LVEF ≤40% were analyzed. The distribution of the pa-
tient characteristics is shown in Figure 2. Importantly, 20% of all patients with CKD had 
an eGFR <30 mL/min/1.73m2. 

The eleven profiles postulated by the HFA comprised a total of 1,640 patients (36.8% of 
total population). Of these profiles, three seemed to be most relevant with a combined 
prevalence of 24.8%, all with a heart rate >60 beats per minute (bpm), BP >90/60 mmHg 
and no hyperkalemia. Detailed information about the prevalence of each profile is pro-
vided in Figure 3. Additional information on patient characteristics for each HFA profile 
is presented in Table 1. The most pronounced differences in patient characteristics be-

Figure 1. Overview of the eleven patient profiles as proposed by the Heart Failure Association. 
Reprinted from European Journal of Heart Failure, Volume 23, Issue 6, Rosano et al., Patient 
profiling in heart failure for tailoring medical therapy. A consensus document of the Heart 
Failure Association of the European Society of Cardiology, Pages 872–881, Copyright 2021, 
with permission from Wiley. (23)
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tween the HFA profiles were observed with respect to age, New York Heart Association 
class distribution and the presence of intraventricular conduction delay. 

The remaining 2814 patients (63.2% of total population) could not be classified in the 
HFA profiles and were fitted into one of the 29 additional profiles. The prevalence of the 
additional profiles also varied strongly, but the largest four profiles together comprised 
nearly a third of the total population, and mostly consisted of patients with a BP >90/60 

24%

76%

Atrial Fibrilla�on

Yes No

53%

47%

Chronic kidney disease and/or hyperkalemia           

Yes No

13%

40%

47%

Heart rate

<60 60-70 >70

10%

67%
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<90/60 >90/60 >140/90

Blood pressure

Figure 2. Distribution of the patient characteristics in a real-world chronic heart failure cohort
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Figure 3. Prevalence of the patient profiles as proposed by the Heart Failure Association
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and CKD. Thirteen out of the 29 additional profiles had a prevalence lower than one 
percent of the population. Information about the additional profiles is presented in 
Supplementary Table 1. 

Detailed information on medical therapy, including prescription rates and prescribed 
doses, for each HFA profile is shown in Table 2. As shown, there were between-profile 
differences in medical therapy which are discussed elaborately in the discussion section 
with comparisons to the recommendations as given by the HFA. 

Discussion

According to the latest HF guidelines, clinicians have four cornerstone drugs with a Class 
1 recommendation for the treatment of patients with HFrEF. (9) The general consensus 
on the best strategy to initiate and up titrate the cornerstone drugs is currently being 
reconsidered as rapid drug sequencing seems more desirable than the conventional 
approach. (20) The current guidelines also emphasize initiation of all four HF drugs as 
early as possible. (9) A thorough analysis of several landmark HF trials by Kondo et al. 
has shown that a considerable proportion of the patients who were enrolled in the clini-
cal trials did not actually reach the target dose as recommended in the guidelines. (27) 
Nonetheless, the lower doses were also shown to be effective shortly after drug initia-
tion, which supports initiating all four drug classes as rapidly as possible at low dose 
rather than fully up-titrating a drug class before adding a new one. A recent analysis of 
the Swedish Heart Failure Registry showed that the use of two drug classes at 50-99% 
of the target dose was associated with lower risk of HF events than a single drug class 
at full target dose. (18) Furthermore, the four HF drugs combined have been proven 
superior over other combinations and single drug-use in an extensive network meta-
analysis by Tromp et al. (28)

While the increasing body of evidence suggests initiating all four drug classes as rapidly 
as possible, there are several possible strategies to achieve this. Beldhuis et al. suggest 
starting the drug classes in the order of SGLT2i, MRA, ARNI, and then betablocker as fast 
as possible. (22) Packer et al. instead advocate starting with a betablocker and SGLT2i, 
followed by ARNI and MRA in whatever order. (20) Greene et al. postulated that initiat-
ing all four drug classes simultaneously or rapidly sequential at low doses and titration 
to target dose afterwards would provide the best results. (21) In contrast to these view-
points, the HFA presented patient profiling as alternative “tailored medicine” strategy to 
achieve GDMT in a personalized way rather than by fixed sequencing approaches. (23) 
Considering the large heterogeneity in phenotypes, HF patients may require different 
strategies for optimal drug implementation. This warrants a personalized approach and 
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the profiles as postulated by the HFA may assist in this process by tailoring the sequence 
of titration of particular drugs to the patient’s phenotype to achieve the best treat-
ment for individual patients that may not tolerate all four drugs at the recommended 
doses. (23) This personalized approach allows clinicians to initiate a regimen as close 
as possible to GDMT in each patient, and may thereby improve prognosis. The HFA has 
provided recommendations for several different phenotypes that may be relevant for 
multiple patient profiles. 

The phenotype- specific recommendations and drug therapy in 
our chronic heart failure cohort 

1. Patients with low blood pressure and high heart rate: this hemodynamic phenotype 
includes HFA profile 6 (0.8% prevalence). The HFA recommends modification of GDMT 
in case of symptomatic hypotension, which is in line with the practical guidance of the 
latest guidelines. For this profile, the HFA recommends that, despite low systolic blood 
pressure, betablockers should be up-titrated to the target dose or maximum tolerated 
dose. Furthermore, they state that MRAs have a minimal effect on blood pressure, and 
rarely need to be discontinued. Our results show that there is still much room for imple-
mentation and up-titration of betablockers and, mainly, of MRAs (prescribed in 54.1% of 
the patients of whom only 20% received the guideline-recommended dose), especially 
considering the fact that the patients in this profile had a normal kidney function. 

2. Patients with low blood pressure and low heart rate: this phenotype corresponds with 
HFA profile 1 (0.4% prevalence), and according to the recommendations, withdrawal of 
MRAs is not necessary, while reduction of betablocker dose may be necessary in case 
of a heart rate <50 bpm or symptomatic bradycardia. Our analysis showed that 83.3% 
of the patients in this profile were treated with a betablocker, but only 57% received an 
MRA which indicates possibilities for further treatment optimization. 

3. Patients with normal blood pressure and low heart rate: this phenotype refers to HFA 
profile 2, which had a prevalence of 3.8% in our study. The HFA recommends betablock-
ers and/or ivabradine to be down-titrated in case of symptomatic bradycardia or heart 
rate <50 bpm. Eighty-two percent of the patients in this profile were treated with a beta-
blocker, of whom 13.9% received the guideline-recommended dose. As blood pressure 
and kidney function were normal in this profile, there is the possibility of up-titration of 
ACEi/ARB and MRA. 

4. Patients with normal blood pressure and high heart rate: this phenotype corresponds 
with HFA profile 7, which was one of the most relevant profiles with a prevalence of 
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nearly 11%. The HFA recommends treatment with target doses of betablockers, and up-
titration of ACEi/ARB or ARNI to target dose as well. Our results show that 79.4% of the 
patients in this profile were treated with a betablocker, of whom only 19.7% received 
the guideline-recommended dose. Considering the high heart rate (>70 bpm) and 
absence of atrial fibrillation, it is striking that such a small proportion of patients were 
treated with guideline-recommended betablocker therapy. Furthermore, whilst 87.2% 
were treated with ACEi/ARB, only 39.9% received the target dose, which indicates room 
for further improvement, especially in light of absence of chronic kidney disease. 

5. Patients with atrial fibrillation and normal blood pressure: this phenotype is captured 
in HFA profile 8 and was quite common with a prevalence of 5.8%. Atrial fibrillation is 
frequently seen in patients with chronic HF, which was also shown in our cohort with a 
prevalence of 24% (Figure 2). The HFA states that the ideal resting heart rate is not yet 
clear, but that it may be between 60-80 bpm. While clear evidence for beneficial effects 
of betablockers in HF patients with AF is lacking, it is believed that ventricular rates <70 
bpm are associated with worse outcome. Interestingly, 81% of the patients in this profile 
were treated with a betablocker, and the average heart rate was 80 bpm, so there is still 
room for optimization according to the HFA’s recommendations. 

6. Patients with atrial fibrillation and low blood pressure: this phenotype was described 
as HFA profile 4, which was very uncommon in our population (prevalence of 0.3%). The 
average heart rate was 66 bpm, whereas a heart rate >70 bpm should be aimed for ac-
cording to the recommendations. The HFA recommends betablockers to be reduced or 
discontinued if necessary. Our results indicated that 75% used a betablocker of whom 
11.1% at the full guideline-recommended dose, and with an average heart rate of 66 
bpm, it appears that down-titration of betablockers in this profile could be beneficial. 
The expected increase in blood pressure could enable initiation and up-titration of ACEi/
ARB as only 66.7% received these, of whom 62.5% at the recommended dose. Strikingly, 
75% used an MRA, but no patient received the recommended dose.    

7. Patients with chronic kidney disease (CKD): as shown in our cohort, CKD is frequently 
encountered in daily clinical practice, and it may inhibit GDMT implementation. HFA 
profiles 9 and 10 consisted of patients with CKD (including patients with an eGFR<30 
and eGFR 30-60), and together accounted for 9.8% of our cohort. The HFA stated that 
all foundational HF drugs can be given down to an eGFR of 30. However, our analysis 
showed that in HFA profile 10 (eGFR 30-60), only 81.1% used a betablocker, 63% an MRA 
and 85.9% an ACEi/ARB, and mainly at lower than recommended doses. Therefore, there 
appears to be ample room for drug optimization in this particular profile. Interestingly, 
diuretics were often prescribed in these profiles (95.% and 91.9% for HFA profiles 9 and 
10, respectively). 
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8. Pre-discharge patient: unfortunately, the current registry only included patients in 
outpatient setting, so information for this subgroup was unavailable. 

9. Patients with hypertension despite guideline-directed medical therapy: as shown in 
Figure 2, 23% of our cohort suffered from hypertension (defined as either systolic blood 
pressure >140, diastolic blood pressure >90, or both). The HFA recommends optimal 
doses of GDMT in this phenotype. Hypertension is captured in HFA profile 5. Strikingly, 
despite high blood pressure, normal heart rate and absence of AF, CKD and HK, only 
83.1% used a betablocker, of whom 21.4% at the optimal dose, 45.6% used an MRA, of 
whom 6.9% at full recommended dose, and 87.5% used an ACEi/ARB, but only 66.4% at 
the recommended dose. Therefore, there appears to be plenty room for further optimi-
zation of GDMT in this particular profile. 

As discussed above, the HFA provided treatment recommendations for several pheno-
types that may encompass multiple patient profiles. In this study, we showed that the 
HFA profiles comprise nearly forty percent of the population. The added value of patient 
profiling is to provide more specific recommendations on top of general guideline rec-
ommendations for patients that may require a more personalized approach. We have 
also identified additional profiles that together accounted for 63% of our HF population. 
In their position paper, the HFA clearly stated that patients may not always be fitted into 
one particular profile based upon these parameters, and that certain profiles may need 
to be combined and compared for personalized advice. (23) Considering that the HFA 
has provided recommendations for broader phenotypes rather than for each individual 
patient profile, we believe that the recommendations as provided by the HFA can to an 
extent be applied to the additional profiles as well. For example, the hypertension and 
CKD phenotypes are broadly defined and comprise multiple patient profiles, including a 
large proportion of the additional patient profiles. Moreover, a considerable proportion 
of the patients who were fitted into the additional profiles did not have characteristics 
that required deviation from the general recommendations in the ESC HF Guidelines 
(for example, Additional profile 1). (9)  Finally, it needs to be mentioned that enlarg-
ing the number of possible profiles may have the unwanted effect of complicating the 
application of this approach and may therefore reduce the usefulness of phenotypic 
profiling. 

Future perspectives 

In short, our analysis showed that application of patient profiling with corresponding 
phenotype-specific treatment recommendations may be beneficial for implementation 
of GDMT in real-world clinical practice. However, it is important to mention that, although 
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we were able to study treatment by profile, the data presented are cross-sectional, and 
it was unknown whether side effects or tolerability may have influenced prescription 
of HF drugs. Our study may serve as an important platform to expand our knowledge 
of patient profiling, and may contribute to its use in clinical practice. Future studies 
investigating the barriers to guideline implementation, and the optimal strategy for 
drug sequencing based on phenotypic profile are needed to improve our understand-
ing of the titration process in real-world setting and may improve implementation of 
guideline-recommended pharmacological HF therapy. 

Conclusion

Nearly forty percent of a real-world chronic HF population was classified in the eleven 
patient profiles as suggested by the HFA. Phenotype-specific treatment recommenda-
tions are clinically relevant and important to further improve guideline implementation.
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Supplementary Table 1. Prevalence of the additional patient profiles

Additional profile 1
HR 60-70
BP >90/60
No AF
No CKD/HK

N = 509 (11.4% of total)

Additional profile 2
HR >70
BP >90/60
No AF
CKD/HK 

N = 483 (10.8% of total)

Additional profile 3
HR >70
BP >90/60
AF
CKD/HK

N = 248 (5.6% of total)

Additional profile 7
HR <60
BP >90/60
No AF
CKD/HK 

N = 130 (2.9% of total)

Additional profile 8
HR 60-70
BP >90/60
AF
CKD/HK 

N = 108 (2.4% of total)

Additional profile 9
HR >70
BP <90/60
No AF
CKD/HK

N = 95 (2.1% of total)

Additional profile 13
HR <60
BP >140/90
No AF
No CKD/HK

N = 63 (1.4% of total)

Additional profile 14
HR 60-70
BP >90/60
No AF
CKD/HK

N = 55 (1.2% of total)

Additional profile 15
HR <60
BP >140/90
No AF
CKD/HK

N = 54 (1.2% of total)

Additional profile 19
HR 60-70
BP >140/90
AF
CKD/HK

N = 36 (0.8% of total)

Additional profile 20
HR <60
BP >90/60
AF
No CKD/HK

N = 33 (0.7% of total)

Additional profile 21
HR 60-70
BP>140/90
AF
No CKD/HK

N = 26 (0.6% of total)

Additional profile 25
HR <60
BP >140/90
AF
CKD/HK

N = 14 (0.3% of total)

Additional profile 26
HR >70
BP <90/60
AF
No CKD/HK

N = 14 (0.3% of total)

Additional profile 27
HR <60
BP <90/60
AF
CKD/HK

N = 12 (0.3% of total)
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Additional profile 4
HR 60-70
BP >140/90
No AF
CKD/HK

N = 181 (4.1% of total)

Additional profile 5
HR >70
BP >140/90
No AF
CKD/HK 

N = 169 (3.8% of total)

Additional profile 6
HR >70
BP >140/90
No AF
No CKD/HK 

N = 167 (3.7% of total)

Additional profile 10
HR 60-70
BP <90/60
No AF
CKD/HK

N = 94 (2.1% of total)

Additional profile 11
HR >70
BP >140/90
AF
CKD/HK

N = 81 (1.8% of total)

Additional profile 12
HR >70
BP>140/90
AF
No CKD/HK

N = 65 (1.5% of total)

Additional profile 16
HR <60
BP >90/60
AF
CKD/HK

N = 43 (1.0% of total)

Additional profile 17
HR <60
BP <90/60
No AF
CKD/HK

N = 37 (0.8% of total)

Additional profile 18
HR >70
BP <90/60
AF
CKD/HK

N = 38 (0.9% of total)

Additional profile 22
HR 60-70
BP <90/60
AF
CKD/HK

N = 21 (0.5% of total)

Additional profile 23
HR 60-70
BP >90/60
AF
No CKD/HK

N = 19 (0.4% of total)

Additional profile 24
HR <60
BP>140/90
AF
No CKD/HK

N = 15 (0.3% of total)

Additional profile 28
HR <60
BP <90/60
AF
No CKD/HK

N = 5 (0.1% of total) 

Additional profile 29
HR >70
BP >90/60
AF
No CKD/HK

N = 0 (0% of total)
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Abstract

The large and growing burden of chronic heart failure (CHF) on healthcare sys-
tems and economies is mainly caused by a high hospital admission rate for acute 
decompensated heart failure (HF). Several remote monitoring techniques have 
been developed for early detection of worsening disease, potentially limiting 
the number of hospitalizations. Over the last years, the scope has been shifting 
towards the relatively novel invasive sensors capable of measuring intracardiac 
filling pressures, because it is believed that hemodynamic congestion precedes 
clinical congestion. Monitoring intracardiac pressures may therefore enable 
clinicians to intervene and avert hospitalizations in a pre-symptomatic phase. 
Several techniques have been discussed in this review, and thus far, remote 
monitoring of pulmonary artery pressures (PAP) by the CardioMEMS (Cardio-
Microelectromechanical system) HF System is the only technique with proven 
safety as well as efficacy with regard to the prevention of HF-related hospital 
admissions. Efforts are currently aimed to further develop existing techniques 
and new sensors capable of measuring left atrial pressures (LAP). With the 
growing body of evidence and need for remote care, it is expected that remote 
monitoring by invasive sensors will play a larger role in HF care in the near future.
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Introduction

Despite significant advances in chronic heart failure (CHF) care, the burden of CHF on 
healthcare systems and economies remains large and is expected to grow during the next 
decade [1,2]. A major factor contributing to this burden is the high hospital admission 
rate for acute decompensated heart failure. Furthermore, this high-risk patient group 
requires frequent contacts in the outpatient clinic setting to timely detect deteriorating 
disease. These repeated heart failure hospitalizations (HFH) not only exert a high burden 
on healthcare systems, but also impact patient quality of life and have been associated 
with impaired prognosis and reduced life expectancy (Figures 1 and 2) [3–5].

Figure 1. The effects of repeated hospital admissions for acute heart failure episodes on myo-
cardial function. Reprinted from The American Journal of Cardiology, Volume 96, Issue 6, 
Gheorghiade et al., Pathophysiologic Targets in the Early Phase of Acute Heart Failure Syn-
dromes, Pages 11–17, Copyright 2005, with permission from Elsevier [6]

Figure 2. The effect of repeated heart failure hospitalizations on patient survival. Reprinted 
from American Heart Journal, Volume 154, Issue 2, Setoguchi et al., Repeated hospitalizations 
predict mortality in the community population with heart failure, Pages 260–266, Copyright 
2007, with permission from Elsevier [4].
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Over the past decades, efforts have been made to develop techniques to accurately 
monitor patients remotely for early detection of worsening disease, and thereby poten-
tially limit the number of hospitalizations. The need for remote monitoring has become 
particularly clearer during the current COVID-19 pandemic, which required routine 
care to be scaled down drastically and required physicians to contact patients by video 
conference or telephone.

In the early phase of remote monitoring in heart failure (HF), efforts were mainly fo-
cused on non-invasive ways of remote monitoring, mostly based on surveillance of vital 
parameters such as weight, blood pressure and heart rate [7]. Later, cardiac implantable 
electronic devices were adjusted and optimized in order to enable remote monitoring 
based on (derivatives of ) physiological parameters such as intrathoracic impedance. 
More recently, the scope has been shifting towards invasive devices and sensors 
capable of measuring intracardiac filling pressures or surrogates of these filling pres-
sures. It is believed that hemodynamic congestion precedes clinical congestion, and 
that hemodynamic monitoring is therefore able to detect early signs of congestion and 
thereby enables clinicians to intervene and avert hospitalization in a pre-symptomatic 
phase instead of reacting to clinical signs of decompensation (Figure 3) [8]. While rather 
novel, the concept of remote hemodynamic monitoring seems promising and is cur-
rently subject to rapid further development. This narrative review therefore presents an 
overview of all available evidence on invasive sensors for remote monitoring of patients 
suffering from chronic heart failure.

Figure 3. Pathophysiology of congestion. Graph adapted from Adamson PB, Pathophysiol-
ogy of the transition from chronic compensated and acute decompensated heart failure: new 
insights from continuous monitoring devices. Current Heart Failure Reports 2009, 6, 287–292 
[9]. Reprinted with permission from Abbott Inc. (Abbott, Sylmar, CA, USA).
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Hemodynamic Monitoring, Where Did It Start?
The clinical management of heart failure is aimed at maintaining adequate volume 
status and is often based on clinical signs of congestion during physical examination, 
as well as laboratory values and echocardiography. Measurement of filling pressures 
provides a more accurate reflection of volume status and thus offers the opportunity 
to further optimize HF therapy. The gold standard for assessment of filling pressures is 
right heart catheterization (RHC), often using a Swan Ganz catheter. RHC nowadays is 
mainly applied in case of critical illness, such as patients undergoing heart transplant 
or implantation of a ventricular assist device. However, the catheters used during RHC 
cannot be placed in the patients’ body for longer periods of time due to an increased 
risk of bleeding events and infections, as well as general discomfort and pain. Outside 
the clinical setting, the hemodynamic parameters and volume status remain a com-
plete black box, often resulting in recurrent hospitalizations due to volume-overload 
events. Clinicians never had the opportunity to use remote hemodynamic feedback in 
HF management. The concept of ambulatory hemodynamic monitoring was first devel-
oped in the 2000’s and ever since, its potential has triggered physicians and researchers 
worldwide [10–13].

2. Methodology: Study Selection

For this review, clinical studies comparing usual HF care with HF management based 
on invasive sensors were included. We were specifically interested in prospective stud-
ies reporting on safety and efficacy of non-surgically implantable devices and sensors 
capable of collecting hemodynamic information. Only studies with sample sizes of 20 
human subjects and over with full-text availability in English language were included. 
Studies of interest were restricted to adult patients (aged 18 years or older) but were 
further selected independent of other patient or disease characteristics. Combinations 
of the following search terms were used: Heart failure, Monitoring, Hemodynamic 
monitoring, Ambulatory monitoring, Telemonitoring, Remote monitoring, Ehealth, 
Hemodynamics, Sensors, Invasive sensors, and Implantable Electrodes. We searched the 
MEDLINE database in December 2020. Titles and abstracts were checked independently 
by two authors for relevance to the review topics. Furthermore, references from all 
relevant studies were studied and included if they complied with the above-mentioned 
criteria. All relevant data was then extracted and presented in a qualitative manner. This 
method yielded the studies below and are discussed in more detail.
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3. Right Ventricular Pressure Monitoring 

The first implantable device to be discussed is a right ventricular (RV) sensor capable of 
measuring RV systolic and diastolic pressures. By measuring pressures during opening 
of the pulmonic valve, diastolic pulmonary artery (PA) pressures could be estimated. 
PA pressures in turn serve as a surrogate for the pulmonary capillary wedge pressure 
and LV diastolic pressure, and thereby reflect intracardiac filling pressures. Several small 
studies showed good correlation between RV pressures and diastolic PA pressures dur-
ing invasive catheterization [14–16]. These findings were then used to develop a right 
ventricular pressure sensor named Chronicle IHM (implantable hemodynamic monitor) 
(Medtronic, Inc., Minneapolis, Minnesota) to allow for monitoring of hemodynamic 
status (Figure 4). The Chronicle IHM system consisted of a device similar to a pacemaker 
in terms of appearance, and a transvenous lead with a pressure sensor near the tip. The 
device was positioned subcutaneously in the pectoral area (similar to a pacemaker) and 
the lead was positioned transvenously in the RV outflow tract or septum. Looking at 
the inclusion and exclusion criteria of the major studies on Chronicle IHM, the device 
seemed to be compatible with a single-chamber implantable cardioverter defibrillator 
(ICD) but not with atrial pacing or cardiac resynchronization therapy (CRT) devices. The 
latter could be a limiting factor for widespread use since device therapy now repre-
sents the standard of care in appropriately selected patient populations. The device 
itself contained an internal lithium-manganese dioxide power source and was not MRI 
(magnetic resonance imaging) compatible [17]. One case of device explant during 
heart transplantation has been described [18]. No further details on device durability 
are known. The Chronicle IHM was capable of recording RV pressures, heart rate and 
pressure derivatives. A small multicenter, prospective, non-randomized study of 32 pa-
tients with CH investigated changes in hemodynamics as measured by the IHM during 
volume-overload events. In total, 36 volume-overload events occurred in 14 patients, 
of which 12 resulted in hospitalization. In all 36 events, right ventricular diastolic and 
systolic pressures increased by 265% and 25% respectively, 24 h before clinical interven-
tion, whereas estimated pulmonary artery diastolic pressure increased by 26% (p < 0.05 
for all pressure changes). In 9 of the 12 hospitalizations, pressures rose approximately 
4 days prior to the actual hospital admission. Furthermore, after using pressure data in 
clinical decision making, there was a significant reduction of 57% in HF hospitalization 
rates [18]. 

After these findings, the Chronicle Offers Management to Patients with Advanced Signs 
and Symptoms of Heart Failure (COMPASS-HF) trial aimed to determine the clinical im-
pact of hemodynamic monitoring by the Chronicle IHM device in advanced HF patients 
who were on optimal medical care [19]. In brief, this was a randomized, single-blind, 
parallel-controlled trial of 274 ambulatory HF patients in New York Heart Association 
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(NYHA) class III and IV who were managed in US centers offering an advanced HF pro-
gram. All 274 patients underwent implantation of the Chronicle IHM device and were 
randomized to either the Chronicle or control group. During the randomized period, he-
modynamic information for clinicians was solely available for patients in the Chronicle 
group. The primary clinical endpoint was the reduction in the rate of HF-related events, 
defined as hospitalizations and emergency or urgent care visits requiring intravenous 
therapy. There was a 21% reduction in the rate of HF-related events in the Chronicle 
group as compared to the control group (p = 0.33), whilst a 30% reduction was hypoth-
esized (Figure 5). The implant procedure was rather safe, with a complication-free rate 
of 91.5%. The investigators argued that the primary endpoint was not met, because 
the trial might have been underpowered to detect significant differences. Furthermore, 
the event rate was lower than anticipated (0.85 vs. 1.2 per 6 patient-months), which 
was attributed to highly frequent contact moments between patients and clinics in 
the control group. This may have resulted in dilution of treatment effect. An additional 
retrospective analysis showed a 36% reduction (p = 0.03) in the relative risk of a first 
HF-related hospitalization in the Chronicle group. The investigators reported 28% more 
adjustments in therapies in the Chronicle group than the control group, mostly consist-
ing of changes in diuretic doses. 

A prespecified subgroup analysis of the COMPASS-HF trial aimed to assess the efficacy 
of Chronicle in patients with HF with a preserved ejection fraction (HFpEF) of ≥50%. This 
is particularly important, because this subgroup of HF patients comprises a large pro-

Figure 4. The Chronicle implantable hemodynamic monitoring (IHM) system with a pressure 
transducer incorporated near the tip of a right ventricular (RV) lead. Reprinted from Journal 
of Cardiac Failure, Volume 8, Issue 2, Magalski et al., Continuous ambulatory right heart pres-
sure measurements with an implantable hemodynamic monitor: A multicenter, 12-month 
follow-up study of patients with chronic heart failure, Pages 63–70, Copyright 2002, with per-
mission from Elsevier [17]
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portion of all patients with CHF and is affected by a high rate of hospital readmissions 
for acute HF, while guideline recommendations with regard to HF therapy are scarce 

[20–23]. In total, 70 randomized patients (N = 34 for the treatment group and N = 36 
for the control group) were investigated in this sub-study. Similar to the main analysis, 
the reported 20% reduction in the overall HF-related events rate was non-significant (p 
= 0.66), and the reduction in the relative risk of a HFH was non-significant as well (29% 
reduction, p = 0.43). However, even though the subgroup analysis was prespecified, 
sample size was probably inadequate to test the efficacy outcomes. In total, 9 system-
related complications and 2 procedure-related complications occurred. While negative 
with regard to the primary efficacy endpoint, the COMPASS-HF study showed that 
remote hemodynamic monitoring might provide added value on top of routine care 
in the management of HF patients and therefore added strength to earlier hypotheses, 
which resulted in further research and development of new techniques. 

Figure 5. Rates of heart failure-related events as reported in the Chronicle Offers Manage-
ment to Patients with Advanced Signs and Symptoms of Heart Failure (COMPASS-HF) study. 
Reprinted from Journal of the American College of Cardiology, Volume 51, Issue 11, Bourge 
et al., Randomized Controlled Trial of an Implantable Continuous Hemodynamic Monitor in 
Patients with Advanced Heart Failure, the COMPASS-HF Study, Pages 1073–1079, Copyright 
2008, with permission from Elsevier [19].
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4. Pulmonary Artery Pressure Sensors

Where the Chronicle IHM estimated diastolic PA pressures by measuring RV pressures during 
opening of the pulmonic valve, the CardioMEMS (Cardio-Microelectromechanical system) 
HF System (Abbott, Sylmar, CA, USA) was developed to directly measure PA pressures. The 
CardioMEMS is a small sensor that is implanted in a branch of the pulmonary artery where 
it measures systolic, diastolic and mean pulmonary artery pressures (PAP) on a daily basis 
(Figure 6). Patients are asked to perform a measurement once daily and clinicians are able to 
access the pressure data through a secured patient care network. It is believed that PA pres-
sures increase early in the process of cardiac decompensation, well before clinical signs and 
symptoms occur, and that they therefore enable clinicians to intervene in an early stage in 
order to prevent clinical decompensation and associated hospital admissions [24]. The Car-
dioMEMS device is implanted under fluoroscopy through the femoral vein and is calibrated 
during simultaneous right heart catheterization (Swan Ganz catheter). The sensor itself is 
fully compatible with ICDs and CRT devices, is powered externally by the patient electronics 
unit and does not have an internal power supply. CardioMEMS is MRI-compatible and has 
life-long durability. The sensor is believed to endothelialize after adequate treatment with 
anticoagulants and should therefore not be explanted. Patients already receiving anticoagu-
lants are restarted on treatment after sensor implantation. Individuals not taking warfarin 
should receive aspirin (81 or 325 mg/day, orally) and clopidogrel (75 mg/day, orally) for 1 
month after implant. After 1 month, life-long aspirin monotherapy is to be continued [24]. 

The first clinical evidence for CardioMEMS originates from the 2011 US CHAMPION (Car-
dioMEMS Heart Sensor Allows Monitoring of Pressure to Improve Outcomes in NYHA 
Class III Heart Failure Patients) trial [24,25]. This single-blind randomized controlled trial 
enrolled 550 patients in NYHA class III with a previous HF hospitalization, who were 
already on guideline-recommended HF therapy. The primary efficacy outcome was the 

Figure 6. The CardioMEMS (Cardio-Microelectromechanical system) heart failure (HF) system, 
consisting of (A) The pulmonary artery pressure sensor and (B) the patient electronics unit to 
take daily pressure readings. Used with permission from Abbott Inc. (Abbott, Sylmar, CA, USA).
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rate of hospital admissions between the treatment and control group. The study design 
was rather remarkable, with all patients receiving the device, but PA pressure informa-
tion was not available in the control group for the treating physicians during the first 6 
months after implantation. In the intervention group, PA pressure information was used 
for clinical decision-making during the entire follow-up period. During the complete 
18-month followup period, the combined device-related or system-related complication 
rate was 0.02 events per patient-year with no sensor failures after an average follow-up 
duration of 31 months, thus indicating a safe and durable technique. The HF-related 
hospitalization rate was significantly lower in the intervention group as compared to 
the control group during the complete randomized period, with a mean follow-up time 
of 15 months (hazard ratio (HR) 0.63, 95% confidence interval (CI) 0.52–0.77). During the 
open-access period, the hospital admission rate for heart failure was reduced by 48% in 
the former control group (HR 0.52, 95% CI 0.40–0.69). There was no significant effect on 
all-cause mortality rates (HR 0.80, 95% CI 0.55–1.15). Some of the main findings of the 
CHAMPION trial are presented in Figure 7. Similar to the COMPASS-HF trial, significantly 
more changes in HF medication were made in the treatment group as compared to 
the control group. After the initial findings of the CHAMPION trial, FDA (Food and Drug 
Administration) approval for CardioMEMS use in patients with NYHA III chronic HF and 
a prior HFH within 12 months was acquired in 2014.

After the CHAMPION trial, several observational studies have investigated the effects of 
CardioMEMS. A large retrospective study using Medicare data of approximately 1100 am-
bulatory NYHA III HF patients who had a CardioMEMS implanted, aimed to assess efficacy 
in a real-world setting. The rate of HF-related hospital admissions was compared between 
the 6-month time-period prior to CardioMEMS implantation and 6 months after implanta-
tion, and a risk reduction of 45% (HR 0.55, 95% CI 0.49–0.61) was found. Additional analyses 
in a subset of 480 patients showed a risk reduction of 34% (HR 0.66, 95% CI 0.57–0.76) after 
12 months of follow-up [26]. Another cohort study used the Medicare claims database to 
identify 1087 CardioMEMS patients and matched these patients to 1087 control patients 
by using the propensity score technique [27]. A significant difference in HF hospitalization 
rates was found in favor of the CardioMEMS cohort at 12 months post-implant (HR 0.76, 
95% CI 0.65–0.89). Recently, two post-marketing surveillance studies have reported their 
findings. The US Post-Approval Study (PAS) and the CardioMEMS European Monitoring 
Study for Heart Failure (MEMS-HF) confirmed treatment benefits in reducing the number 
of HF hospitalizations and showed significant improvement in quality of life with the 
CardioMEMS HF system [28,29]. In addition, sensor safety and durability were comparable 
to the findings in the CHAMPION trial (Figure 8). 

Several ongoing US and European studies are aiming to further strengthen existing evi-
dence for CardioMEMS by assessing device efficacy and safety in the European setting 
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Figure 7. Effect of pulmonary artery pressure-guided heart failure management on (A) hospi-
tal admission rates and (B) on combined rates of hospital admissions and mortality. Reprinted 
from The Lancet, Volume 387, Issue 10017, Abraham et al., Sustained efficacy of pulmonary 
artery pressure to guide adjustment of chronic heart failure therapy: complete follow-up re-
sults from the CHAMPION randomised trial, Pages 453–461, Copyright 2016, with permission 
from Elsevier [25].
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in a randomized fashion and by studying the added value of CardioMEMS monitoring in 
a broader patient population at various levels of risk, including patients in NYHA class 
II [30–32]. 

Thus far, CardioMEMS is the only PA pressure sensor that is currently being applied 
in routine clinical HF care with an FDA label and European Conformity (CE) mark. A 
comparable device called the CordellaTM Pulmonary Artery Pressure Sensor System 
(Endotronix, Inc., Chicago, IL, USA) is also capable of remotely measuring PA pressures 
and is currently being investigated (Figure 9). The main hemodynamic principles of 
the CordellaTM sensor are identical to CardioMEMS, but the device is combined with 
the CordellaTM Heart Failure System (CHFS) and provides additional information on 
vital parameters such as blood pressure, heart rate, weight and oxygen saturations. 
The Cordella Sensor does not have the FDA label or CE mark, it is not yet available for 
commercial use and is currently being investigated in two clinical studies. The SIRONA 
Trial, a small multicenter, open-label, feasibility study, aimed to investigate safety and 
accuracy of the CordellaTM sensor in 15 patients with NYHA III chronic HF and at least one 
HFH or equivalent within the last year [33]. The sensor was successfully implanted in all 
15 patients, however four adverse events related to the procedure were reported (27%, 

Figure 8. Primary safety endpoints as reported in MEMS-HF (CardioMEMS European Monitor-
ing Study for Heart Failure). Adapted from European Journal of Heart Failure, Volume 22, Is-
sue 10, Angermann et al., Pulmonary artery pressure-guided therapy in ambulatory patients 
with symptomatic heart failure: the CardioMEMS European Monitoring Study for Heart Fail-
ure (MEMS-HF), Pages 1891–1901, with permission from Wiley [29]. DSRC, device- or system-
related complications.
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4/15), namely 1 sensor dislodgement, 2 cases of hemoptysis and 1 transient complete 
heart block. No device system-related complication or sensor failure occurred within 90 
days. Right heart catheterization 90 days post-implantation showed good correlation 
between invasively measured pressures and PA pressure, as measured by the CordellaTM 
Sensor. 

The European SIRONA II CE Mark Trial is an ongoing prospective, multi-center, open-
label, single-arm CE-Mark trial, which aims to assess safety and efficacy of the Cordella 
Sensor (ClinicalTrials.gov Identifier: NCT04012944). In total, 60 patients with CHF in 
NYHA Class III, with both reduced and preserved left ventricular ejection fraction, will 
be followed up on adverse events associated with Cordella, and the device accuracy 
will be compared to PA pressure measurements by standard right heart catheterization 

Figure 9. The CordellaTM Heart Failure System consisting of (A) The CordellaTM System and 
(B) the CordellaTM Pulmonary Artery Pressure Sensor. Reprinted without modification from 
European Journal of Heart Failure, Volume 22, Issue 10, Mullens et al., Digital health care solu-
tion for proactive heart failure management with the Cordella Heart Failure System: results 
of the SIRONA first-in-human study, Pages 1912–1919, Copyright 2020, with permission from 
Elsevier [33]. PAP, pulmonary artery pressure.
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(RHC). Furthermore, data on device and system-related complications, pressure sensor 
failure rate and changes in PA pressure, as well as clinical outcomes such as HF-related 
hospitalizations and quality of life, will be collected.

A similar trial, the PROACTIVE-HF IDE Trial, is being conducted in the US (ClinicalTrials.
gov Identifier: NCT04089059). This is a prospective, randomized, controlled, single-
blind, multicenter clinical trial evaluating safety and effectiveness. Patients in both 
randomization arms will have the CordellaTM sensor implanted. The treatment arm 
consists of patients whose HF management will be guided by pulmonary artery pres-
sure (PAP) monitoring, while the control group will be treated according to guideline-
directed medical therapy and vital signs collected by the CHFS only. After 12 months, 
the patients in the control arm will be treated by PAP-guided heart failure management 
as well. The primary outcomes will be assessed at 12 months and contain mortality, HF 
hospitalizations or emergency department/outpatient intravenous (IV) diuretic visits, 
device/system-related complications and pressure sensor failure.

5. Left Atrial Pressure Sensors

Even though the evidence for PA pressure monitoring is convincing, there are certain 
scenarios where this method of remote monitoring might be suboptimal. The most ideal 
parameter to target therapy to would be the pulmonary capillary wedge pressure or left 
atrial pressure. In patients where pulmonary hypertension is not directly related to vol-
ume status, such as in primary pulmonary disease or in the case of increased pulmonary 
vascular resistance, as seen in advanced chronic HF, PA pressures do not completely 
reflect left-sided intracardiac filling pressures, which might complicate or interfere with 
HF management and used thresholds for pressure monitoring [34]. In these patients, 
direct measurements of left atrial pressures (LAP) might be more beneficial. Increased 
left-sided filling pressures cause pulmonary congestion and edema and precede clinical 
cardiac decompensation [35]. The HeartPOD (HeartPOD System, Abbott, formerly St. 
Jude Medical/Savacor, Inc., Abbott Park, IL, USA) is a LAP sensor which consists of an 
implantable sensor lead that is coupled to a subcutaneous antenna coil (Figure 10). The 
sensor is implanted percutaneously through the femoral vein and is inserted in the left 
atrium by trans-septal atrial puncture. The coil antenna itself is placed in a subcutane-
ous pocket and connected to the sensor lead transvenously through either the axillary 
or subclavian vein. The HeartPOD sensor is fully compatible with ICDs and CRT devices 
and was combined with a CRT device in a study setting [34]. The device itself is powered 
externally using a modified hand-held computer [36]. Data on MRI compatibility and 
device durability are unknown, although the device was designed to last life-long [37].
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Post procedure, patients received aspirin (150 to 325 mg/day) and clopidogrel (75 mg/
day) for 6 months to reduce the risk of thromboembolic events. Patients who were 
already on warfarin additionally received aspirin (150 to 325 mg/day) [38]. The sensor 
measures LAP waveforms and core temperature and is capable of taking an intracardiac 
electrogram. Patients are able to perform measurements by placing an external patient 
advisory module (PAM) over the subcutaneous antenna which uses radiofrequency to 
power the sensor. The PAM reminds patients to perform a measurement and to take 
medications. The PAM also shows the LAP value and medication instructions based on 
hemodynamic information. Physicians are able to access the data remotely through a 
secure computer-based data management system.

Ambulatory hemodynamic monitoring using the HeartPOD was proven to be feasible, 
safe and accurate in a small clinical study comprising 8 patients [38]. In the Hemody-
namically Guided Home Self-Therapy in Severe Heart Failure Patients (HOMEOSTASIS) 
trial, 40 patients with chronic HF in NYHA class III or IV received a HeartPOD [39]. Initially, 
there was a 3-month observation period in which pressure data were not available for 
patients and clinicians. Following this period, LAP data were actually used to optimize 
LA pressures and clinical status (titration period), after which patients entered the sta-
bility period to maintain optimal LAP. Primary endpoints were (1) freedom from major 
adverse cardiac and neurological events (MACNE) at 6 weeks, defined as the composite 
of cardiovascular-related death, myocardial infarction, systemic thromboembolism 
and stroke, and (2) device success, which was defined as freedom from device failure 
or sensor malfunction. Outcome events were the composite of acute decompensated 

Figure 10. The HeartPOD Left Atrial Pressure (LAP) sensing device. Reprinted from Heart, 
Lung and Circulation, Volume 14, Issue 2, Walton et al., The HeartPOD Implantable Heart Fail-
ure Therapy System, Pages S31-S33, Copyright 2005, with permission from Elsevier [36].
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HF requiring intravenous therapy or all-cause death. Patients were followed up over a 
median period of 25 months.

All 40 patients underwent successful device implantation. Four patients had a device 
failure because of sensor malfunction. The event rate during the titration and stability 
period was significantly lower compared to the previous year and observation period 
(0.28 events per year vs. 1.4 and 0.68 events per year, p < 0.001 and 0.041, respectively). 
The risk of cardiac decompensation was lower as well after the first three months (hazard 
ratio 0.16, 95% CI 0.04–0.68). Mean LAP decreased from 17.6 mmHg in the observation 
period to 14.8 mmHg in the stability period (p = 0.003). During the stability period, 
doses of angiotensine-converting-enzyme inhibitors/angiotensin receptor blockers 
and β-blockers and the proportion of patients reaching their target dose increased 
significantly, whilst loop diuretics were down-titrated. The left atrial pressure sensor 
lead was designed to allow for percutaneous extraction using standard techniques, as 
applied in the removal of pacemaker and defibrillator leads. Of the 82 patients who had 
a LAP monitor implanted in the HOMEOSTASIS trial, 5 patients underwent successful 
percutaneous extraction of the sensor lead, mostly due to infection [40]. The findings 
from the HOMEOSTASIS trial resulted in the randomized controlled LAPTOP-HF (Left 
Atrial Pressure Monitoring to Optimize Heart Failure Therapy) trial [34]. The LAPTOP-HF 
trial aimed to assess safety and effectiveness of LAP monitoring as compared to optimal 
medical therapy alone. The trial enrolled patients with chronic HF in NYHA class III with a 
HF-related hospitalization in the previous 12 months or elevated B-type natriuretic pep-
tide level, regardless of left ventricular ejection fraction (LVEF). Patients were random-
ized in a 1:1 fashion in 3 strata based on LVEF (LVEF > or ≤ 35%) and the presence of a de 
novo indication for cardiac resynchronization therapy. Patients were instructed to take 
daily LAP readings and follow caregiver instructions. Primary endpoints were freedom 
from procedure- or device-related MACNE at 12 months and a composite endpoint of 
HF hospitalizations and complications of HF therapy. While the trial expected to include 
a total of 730 patients, enrollment was stopped early by the data and safety monitoring 
board due to an excess of procedure-related complications. Analysis of the 486 patients 
who were enrolled prior to termination showed that freedom from MACNE was 90.6% 
at 23.9 months follow-up. Furthermore, LAP-guided HF therapy was associated with a 
significant 41% reduction in HFH at 12 months [41]. Despite being terminated early, 
the LAPTOP-HF trial showed the potential of LAP-guided hemodynamic monitoring and 
these findings resulted in the development of the V-LAPTM System (Vectorious Medical 
Technologies, Tel Aviv, Isreal), a more advanced LAP sensor (Figure 11). 

The VECTOR-HF (V-LAPTM Left Atrium Monitoring System for Patients With Chronic Sys-
tolic and Diastolic Congestive Heart Failure) trial is currently ongoing and purposes to 
evaluate the safety, usability and performance of the V-LAPTM System (ClinicalTrials.gov 
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Identifier: NCT03775161). Eligible are adult patients with chronic heart failure (at least 6 
months) in ACC/AHA Stage C, NYHA Class III or ambulatory Class IV HF receiving maxi-

mally tolerated guideline-directed medical therapy for HF and guideline-recommended 
rhythm management device therapy with at least 1 hospital admission for acute worse 
HF requiring an intravenous diuretic within the last 12 months or elevated levels of brain 
natriuretic peptides. The study will mainly focus on usability and safety, defined as the 
ability to successfully deliver and deploy the V-LAPTM system, and device- and/or system-
related MACNE up to three months post-procedure, respectively. Secondary outcomes 
include freedom from failure to obtain LAP measurement and concordance of the V-LAPTM 
implant measurement with pulmonary capillary wedge pressure measurement.

In overview of the left-sided invasive sensors, several studies have shown higher proce-
dure-related complication rates. The right-sided invasive sensors such as CardioMEMS 
have a very low complication rate, with demonstrated safety in large patient populations 
and low procedure-related risk comparable to a venous procedure. We expect that proce-
dure safety in such a vulnerable patient population will be one of the main determinants 
for the choice between different remote monitoring tools. An overview of device charac-
teristics and clinical evidence as covered in this review is provided in Table 1.

Figure 11. The V-LAPTM Left Atrial Pressure Sensor. Used with permission from Vectorious 
Medical Technologies, Tel Aviv, Israel.
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6. Discussion

This review provided an overview of all methods and techniques for invasive remote 
hemodynamic monitoring in patients with chronic heart failure. Several factors need to 
be considered when selecting a suitable remote monitoring strategy, targeting those 
patients most likely to benefit from these techniques.

First, efficacy should be carefully weighed against safety. The Chronicle IHM for instance 
was a safe technique with an acceptable procedure-related complication rate of less 
than 10%, but unfortunately did not prove its efficacy in preventing HF-related hospital 
admissions. The HeartPOD LAP sensor on the other hand was efficacious in preventing 
HF hospitalizations but was associated with an excess of implant-related complications 
and is therefore no longer being evaluated. Thus far, the CardioMEMS HF System is the 
only invasive sensor with proven efficacy and safety, both in study and real-world con-
texts and consequently is the only technique that is currently being applied in routine 
clinical HF care. 

Next, cost-effectiveness has to be taken into account. The discussed devices and implant 
procedures are quite costly as compared to standard HF care and so is the associated ex-
tra workload to adequately monitor and follow the patients. The large patient volume is 
important as well, because not all HF patients can be monitored remotely with invasive 
techniques despite the proven superiority over non-invasive remote monitoring tools. 
Cost-effectiveness analyses (CEA) have been performed for CardioMEMS. Based on the 
results from the CHAMPION trial, the technique was considered cost-effective with a 
cost of $71,462 per quality-adjusted life year (QALY) gained and $48,054 per life-year 
gained. Strikingly, CardioMEMS was better value in patients with preserved EF [42]. An-
other analysis using 5-year outcome data of the CHAMPION trial showed an incremental 
cost-effectiveness ratio of CardioMEMS compared to standard care as $44,832 per QALY, 
which was considered highly cost-effective [43]. In addition, the sensor remains in the 
pulmonary artery permanently and is therefore able to provide information for many 
years. By doing so, the initial investment can be regained by reducing the number of HF 
admissions per year.

Lastly, invasive remote monitoring has been studied in the most compromised subgroup 
of HF patients in whom the majority of all HF events occur. All discussed studies have 
in common that their target population only consisted of patients in NYHA class III–IV. 
This does not come as a surprise, because the majority of HF admissions occur in these 
patients. In the Dutch setting, approximately 25% of all patients with CHF are estimated 
to be in NYHA class III–IV [44]. The devices in this review all require an invasive implant 
procedure that is not without risk, so patient selection should be done carefully. The 
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US GUIDE-HF (Hemodynamic-Guided Management of Heart Failure) trial is currently 
evaluating whether CardioMEMS is efficacious in NYHA II patients as well [32]. For the 
remaining patients, the less expensive non-invasive methods and cardiac-implantable 
electronic devices may be appropriate, however evidence for these methods has been 
rather conflicting [7].

7. Current State of the Field and Advances Ahead

In the current literature on HF management, the field of invasive sensors is still small, 
with a limited number of sensors, as discussed in this review. Based on all evidence pro-
vided in this review, there seems to be an important role for hemodynamic monitoring 
in chronic HF. Currently, guideline recommendations for invasive monitoring are scarce. 
In the 2016 European Society of Cardiology (ESC) Guidelines for the diagnosis and treat-
ment of acute and chronic heart failure, CardioMEMS holds a class IIb recommendation 
for the monitoring of symptomatic HF patients with previous HF hospitalization [20]. No 
recommendations for invasive telemonitoring were provided in the latest US guidelines 
[45]. With the growing interest and body of evidence for invasive remote monitoring, it 
is expected that future guidelines will provide more recommendations. 

CardioMEMS has by far been studied in the most detail and was shown to be (cost)effec-
tive and safe. However, randomized clinical data is restricted to the US setting. A single 
observational European study showed positive results, but more evidence is needed 
for reimbursement in Western Europe. The first European randomized controlled clini-
cal trial is currently ongoing in the Netherlands and aims to demonstrate efficacy and 
cost-effectiveness of CardioMEMS PA monitoring in comparison to standard HF care 
[31]. The LAP sensors seem promising and the VECTOR-HF trial will provide new insights 
regardless of results. 

Despite literature being limited, the field of invasive sensors is likely to explode due to 
the necessity for remote monitoring in heart failure, which was already evident before 
the COVID-19 pandemic, but has now been reinforced by the current developments, 
and we hope this will trigger clinicians and investigators to further develop methods for 
remote monitoring. Many companies worldwide are currently working on the develop-
ment of new sensors and remote monitoring tools or on the improvement of existing 
tools with enhanced ease of use and e-Health techniques. While evidence for remote 
monitoring with invasive sensors is convincing, future initiatives should be focused 
on integrating hemodynamic feedback with routine care in order to make this process 
efficient and to maintain efficacy in the real-world situation. One could think of treat-
ment algorithms based on large amounts of data or even artificial intelligence, where 



CHAPTER 7

142

treatment recommendations are provided based on input of a set of parameters such 
as PA pressures, laboratory values and clinical signs and symptoms. Furthermore, future 
HF care should empower patient self-management by providing the patients access to 
their own data. With the advances in digital healthcare and artificial intelligence, an all-
new digital patient environment, which, for example, includes clinical parameters such 
as invasive hemodynamic information and body weight and provides information on 
the underlying disease, may improve understanding of disease and patient compliance. 
Smartphone applications may play an important role in this concept and thousands of 
medical applications are developed each year. However, the main concern with these 
apps is the fact that they are based on monitoring of non-invasive parameters, which 
has not shown consistent results or impact on clinical outcomes of HF patients [6]. 
Combining remote hemodynamic monitoring and patient self-management in a novel 
e-Health platform such as smartphone applications will most likely have a great impact 
on future heart failure care worldwide.

8. Conclusions

With the substantial burden of CHF on healthcare systems, which is mainly caused by 
high hospitalization rates, efforts are being undertaken to remotely monitor patients in 
order to prevent expensive and unfavorable hospital admissions. Emphasis in patients 
at high risk of recurrent hospital admissions is placed on invasive sensors and devices 
that have been covered in this review. Clinical evidence on efficacy and safety for the 
different techniques has been conflicting. Pending new evidence, the CardioMEMS PA 
sensor seems to be the most promising technique for the upcoming years with dem-
onstrated efficacy as well as safety and durability in multiple international clinical and 
post-marketing studies. It is expected that remote monitoring will play a larger role in 
HF care in the near future.
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Abstract

Introduction: Chronic heart failure (HF) is characterized by high hospital admis-
sion rates. The CardioMEMSTM HF System is a pulmonary artery pressure sensor 
developed for remote haemodynamic monitoring to reduce HF hospitaliza-
tions. The device is FDA approved and CE marked, but clinical evidence for the 
CardioMEMS system is mainly based upon U.S. studies. Because of structural 
differences in HF care between the U.S. and Europe, it is important to study Car-
dioMEMS efficacy in European setting on top of usual HF care and contemporary 
therapy. Several observational studies have been performed in Europe, but there 
is an unmet need for randomized clinical trials.

Areas covered: This review focuses on safety and efficacy data for CardioMEMS 
remote haemodynamic monitoring in European HF setting, and discusses im-
portant upcoming studies. 

Expert opinion: For safety, data from European studies are in line with U.S. 
studies. Efficacy with regard to reduction of HF hospitalizations seems promis-
ing, but is merely based upon observational studies comparing pre- and post-
implantation event rates. The first European randomized clinical trial (MONITOR 
HF) will provide efficacy data compared to actual standard care in a high-quality 
healthcare system with contemporary HF treatment and will provide important 
generalizable information to other European countries.  
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Introduction

Chronic heart failure (HF) is characterized by severely impaired prognosis, poor quality 
of life and high hospital admission rates. [1-3] The worldwide prevalence of chronic HF 
is estimated at 1-2% of adults and is increasing, especially due to ageing of the popula-
tion and improved treatment of cardiovascular diseases. [4-9] As such, the burden of 
chronic HF on society and healthcare resources is enormous and expected to rise. [2,8] 
While major progression has been made in HF treatment and therapeutic options for 
HF have been expanded, HF patients still require frequent checkup in the outpatient 
clinic and they are often hospitalized for acute decompensated heart failure. [10] These 
hospital admissions usually last several days, and one of the major problems in HF care 
is the high rate of rehospitalization. It is known from previous research that repeated 
hospital admissions for decompensated heart failure are associated with a decline in 
myocardial function, renal function and worse survival. [3,11,12] Therefore, one of the 
most important challenges in HF care alongside reduction of mortality is reduction of 
HF-related hospitalizations, which is the main target of HF therapy in general. While 
better HF treatment is urgently needed to reduce worsening HF events, developing 
strategies for early detection and prevention of these events is important and inevitable 
to improve prognosis and to preserve healthcare resources. This concept is also referred 
to as remote monitoring, and has been around for many years. [13] While remote moni-
toring has traditionally been built around non-invasive monitoring (such as structured 
telephone support), there has been a transition towards monitoring with implantable 
cardiac devices (such as implantable cardiac defibrillators (ICDs)) and hemodynamic 
monitoring with specially developed invasive sensors or devices. [14-17] Emphasis has 
lately been on the latter as clinical evidence for the use of monitoring through non-
invasive methods and ICDs has been rather conflicting. [15,16] Hemodynamic monitor-
ing relies on measurement of intracardiac filling pressures, which are the central target 
of HF therapy. The rationale for haemodynamic monitoring has been discussed before 
and is mainly based upon the fact that hemodynamic congestion precedes clinical signs 
and symptoms of HF by several weeks. [14,18,19] The CardioMEMS Heart Failure system 
(Abbott, Sylmar, CA, USA) is a small sensor that is capable of daily measurements of the 
pulmonary artery pressure. [20] These pressures are comparable to the left ventricular 
filling pressure. Technical aspects of the device and a detailed description of the im-
plant procedure have been reported previously, as were the limitation associated with 
this technique. [18,21] Clinical evidence for the efficacy of the CardioMEMS HF system 
has mostly been confined to the U.S. and unfortunately, there is no evidence from 
randomized clinical trials in Europe. However, important observational work has been 
performed and clinical trial data from European trials are expected in the near future. 
[22-24] Pending these results, CardioMEMS is likely to have a considerable impact on HF 
care and structure in Europe as well. Therefore, this comprehensive review focuses on 
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available data on safety and efficacy of CardioMEMS remote hemodynamic monitoring 
in European studies, and discusses important upcoming studies and the future perspec-
tives of the CardioMEMS HF system, specifically in the European setting.  

2. Brief overview of CardioMEMS data from studies performed 
in The United States

2.1 U.S. clinical trial data

CHAMPION (CardioMEMS Heart Sensor Allows Monitoring of Pressure to Improve Outcomes in 
NYHA Class III Heart Failure Patients) trial [25,26] 
The foundation for CardioMEMS use in clinical practice was laid in 2011 by the pivotal 
CHAMPION trial, in which 550 patients with chronic heart failure in New York Heart Asso-
ciation (NYHA) class III with a HF hospitalization (HFH) within a year prior to enrollment, 
had the device implanted. [25] These patients were randomly assigned to either the 
treatment group, in which clinicians used the daily PAP readings on top of standard care, 
or the control group, in which PAP data were not available to clinicians and the patients 
only received standard HF care. After a mean follow-up of 6 and 15 months, patients 
in the treatment group had a 28% and 37% lower risk of HF-related hospitalizations as 
compared to the control group, respectively (hazard ratio (HR) 0.72, 95% confidence 
interval (CI) 0.60-0.85 and HR 0.63, 95% CI 0.52-0.7, respectively). [25] After this initial 
randomized access period, PAP data became available for all patients, and patients were 
then followed for a mean period of 13 months. [26] During this period, there was a large 
reduction of heart failure admission rates in the former control (HR 0.52, 95% CI 0.40-
0.69) compared with the admission rate in the control group during randomized access. 
[26] With a total of eight (1%) device-related or system related complications and seven 
(1%) procedure-related adverse events, the technique was deemed to be safe and FDA 
approval for patients in NYHA class III with a HF admission in the previous year was 
acquired in 2014. [25,26]

In a subanalysis of the CHAMPION trial, detailed information on medication changes 
was reported separately for the randomized access [27]. There were significantly more 
medication changes in the active monitoring group than in the control group (2468 vs. 
1061, respectively, p<0.0001). Diuretics were adjusted most frequently in both groups, 
but significantly more often in the active monitoring group (1547 in the active treat-
ment group vs. 585 in the control group, p<0.0001). Vasodilators and neurohormonal 
antagonists were adjusted more often in the active group as well. The authors also 
reported that drug doses were decreased more often in the active monitoring group, 
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and that these adjustments consisted mainly of reductions in diuretics doses, which 
occurred more frequently in the active monitoring group than in the control group. It 
is also interesting to mention that the total daily loop diuretics dose increased in both 
groups. However, the increase was significantly greater in the active monitoring group 
than in the control group (+27% change vs. +15% change, p<0.01). Importantly, there 
were no significant changes in serum creatinine or estimated glomerular filtration rate 
between both groups. Significant increases in ACEi/ARB, beta-blocker and aldosterone 
antagonist doses between baseline and 6 months were observed in the active monitor-
ing group, but not in the control group. Patients with higher baseline PA pressures in 
the active monitoring group experienced more frequent drug interventions [27]. This 
analysis supported the concept of remote hemodynamic monitoring by demonstrating 
that drug interventions based upon PA pressures may result in a reduction of these 
pressures, and, consequently, in reduced HF hospitalization rates [27].

GUIDE-HF (Haemodynamic-guided management of heart failure) trial [28]
The second randomized clinical trial in U.S. setting is the GUIDE-HF trial, which was 
conducted across centers in the U.S.A. and Canada with a design comparable to the 
CHAMPION trial [28]. Enrollment criteria were expanded as patients in NYHA class 
II-IV with either a recent heart failure hospital admission and/or elevated natriuretic 
peptides (prespecified levels) were eligible for participation. A total of 1000 patients 
had the CardioMEMS implanted and were randomly allocated to CardioMEMS-guided 
management (treatment group) or usual care (control group). Clinicians did not have 
access to the PA measurements in the control group [28]. The primary endpoint con-
sisted of all-cause mortality and total HF events (defined as HF hospitalization and 
urgent HF hospital visit). There was no significant difference in the primary endpoint 
(HR 0.88, 95% CI 0.74-1.05) nor in the risk of HF events (HR 0.85, 95% CI 0.70-1.03) [28]. 
However, the COVID-19 pandemic emerged during the follow-up phase of the trial, after 
enrollment was completed. Therefore, a prespecified pre-COVID-19 sensitivity analysis 
was performed in which results were analyzed up to the advent of the pandemic. Dur-
ing this period, there was a significant reduction in the risk of the primary endpoint 
in the active treatment group (HR 0.81, 95% CI 0.66-1.00, p=0.049), which was mainly 
driven by a reduction in the heart failure event rate (HR 0.76, 95% CI 0.61-0.95) [28]. 
During COVID-19, the primary endpoint event rate decreased drastically with 21% in 
the control group, while the event rate in the treatment group remained unchanged. 
Therefore, no between-group differences were found during COVID-19 (HR 1.11, 95% 
CI 0.80-1.55). Importantly, 99% of the patients were free from device or system-related 
complications [28]. Medication changes occurred frequently in both groups, but more 
often in the treatment group. Medication changes were not specified in the report, but 
the proportion of patients receiving GDMT remained fairly stable between baseline and 
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12 months of follow-up. An overview of completed and ongoing randomized clinical 
trials is presented in Table 1.

2.2. U.S. observational studies and real-world data
CardioMEMS efficacy and safety were confirmed in the large observational open-label 
Post Approval Study (PAS) that enrolled 1200 patients with NYHA class III chronic HF 
who had a HF-related hospitalization one year prior to enrollment [29]. The rate of HFH 
was significantly lower 1 year after PA pressure monitoring compared to the year prior 
implantation (HR 0.43, 95% CI, 0.39-0.47) [29]. Recently, the 2-year results of PAS were 
published. In the total study population, HFH rates decreased from 1.25 to 0.54 at 1 
year, and decreased even further to 0.37 during the second year (p<0.0001 for both the 
1 and 2 year follow-up). A subanalysis restricted to the 710 patients who completed 
24 months follow-up showed a similar pattern. In PAS, the majority of interventions 
consisted of changes in loop diuretics (in 82.8% of the patients) and temporary addition 
of thiazide diuretics (37.8% of the patients had changes in thiazide diuretics), whereas 
there were 356 changes in RAS inhibitors and beta-blockers among all enrolled patients. 
Therefore, investigators posed that the effects of PA pressure-guided management 
were most likely the result of optimization of diuretic therapy. Furthermore, the major-
ity of patients with HFrEF already received guideline-recommended medical therapy at 
baseline [30]. 

Real-world evidence stems mainly from two large studies that analyzed Medicare data 
[31,32]. The first study showed that in 1114 patients who received a CardioMEMS, the 
HFH rate in the period 12 months after implantation was 34% lower than in the 12 
months prior to implantation (HR 0.66, 96% CI 0.57-0.76) [31]. In the second study, 1087 
patients who received CardioMEMS were matched to 1087 control patients. After 12 
months of follow-up, the rate of HFH was lower in the CardioMEMS cohort (HR 0.76, 
95% CI 0.65-0.89) [32]. At last, Kishino et al. utilized the U.S. Nationwide Readmissions 
Database (NRD) to identify patients with a hospital admission for acute HF in a five-year 
time window [33]. These patients were then divided into those who underwent Car-
dioMEMS implantation, and those who did not. For additional comparison, propensity 
score matching (1:1 ratio) was performed to construct a control cohort. Both in the 
matched and unmatched analysis, readmission rates were significantly lower in patients 
with CardioMEMS compared to those without CardioMEMS at 30, 90 and 180 days. 
Furthermore, in multivariable regression analyses, CardioMEMS was associated with a 
lower risk of readmission at 30, 90 and 180 days [33]. 
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3. European observational CardioMEMS data

3.1 Current evidence

MEMS-HF (the CardioMEMS European Monitoring Study for Heart Failure) [34]
In 2020, results from the MEMS-HF study were published [34]. This was an observational 
prospective non-randomized study performed in centres across Germany. In a later 
stage, several sites from Ireland and the Netherlands were added for enrollment. Pa-
tients with chronic HF were eligible for enrollment if they were in NYHA class III and had 
a HF-related hospitalization in the year prior to study participation. Outcomes included 
device or system related complications (DSRC), sensor failure, quality of life and clinical 
endpoints such as the annualized HFH rate during 12 months after versus 12 months 
prior to implant, all-cause mortality rate and PAP changes from baseline [34]. A total 
of 234 patients had a CardioMEMS sensor implanted of whom 198 completed the 6 
months follow-up visit and 180 completed the 12 month visit. After 12 months, 98.3% 
of the patients were free from DSRC and 99.6% were free from sensor failure. Of the 21 
serious adverse events that occurred during 236 implant attempts, 4 were classified as 
DSCR and 21 as related to the procedure [34]. During the first six months post-implant, 
the HFH rate decreased by 62% (HR 0.38, 95% CI 0.31-0.48). The reduction over the 
complete 12-months follow-up period was 66% (HR 0.34, 95% CI 0.26-0.44), which was 
greater than in the CHAMPION trial [34]. After 12 months of follow-up, 13.8% of the pa-
tients had died and none of the deaths were attributed to the device or delivery system. 
On average, the mean PAP decreased by 3.4 mmHg at 6 months, and 5.5 mmHg at 12 
months (p<0.0001) [34]. Additionally, patient reported quality of life scores (assessed 
by the Kansas City Cardiomyopathy Questionnaire, the Patient Health Questionnaire 
depression module and the EQ-5D-5L questionnaire) improved significantly after 6 
months, and importantly, these improvements were sustained at 12 months. However, 
these comparisons were based on inpatient changes from baseline without a compari-
son group and are therefore less informative. There were a total of 1759 HF medication 
changes, of which the majority (N=1068) were adjustments to diuretics [34]. 

It should be emphasized that MEMS-HF was non-randomized and that patients were 
their own historical control. Therefore, the study was prone to important forms of bias 
which have limited causal inference. However, safety and durability were confirmed. 

Pulmonary hypertension (PH, defined as mean PAP ≥25 mmHg) is associated with 
poor prognosis in HF. A prespecified subgroup analysis from MEMS-HF aimed to study 
whether the effects of CardioMEMS remote monitoring depended on the presence and 
subtype of PH [22]. This is an important topic as PH may complicate the interpretation of 
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PA pressures in the context of HF, especially when non-cardiac conditions contribute to 
elevated PA pressures, and longstanding PH may also result in right ventricular failure, 
which negatively affects prognosis. 

For this subanalysis, 106 study patients with detailed information on PA pressures were 
analyzed and classified into three groups: 1) no PH (N=31), 2) isolated post-capillary 
PH (IpcPH, N=38), 3) combined post- and pre-capillary PH (CpcPH, N=36). One patient 
could not be classified in one of these subgroups [22]. On baseline, patients with CpcPH 
had the highest PA pressures. Over the total follow-up period (12 months), a significant 
decline in PAP was observed in every group. The decline in the IpcPH group was sig-
nificantly greater than in the no PH group, while other between-group differences were 
non-significant [22]. The improvement of the overall KCCQ summary score was substan-
tial and significant in all groups, whereas the total KCCQ summary score only improved 
significantly in patients with PH [22]. HF hospitalization rates after CardioMEMS implan-
tation decreased significantly in all groups [22]. Strikingly, the reduction was greatest in 
patients without PH, while the absolute decline in mean PA pressure was lowest in this 
group. Patients in the IpcPH and CpcPH groups experienced similar risk reductions [22]. 
While this subanalysis generated interesting results, it was limited by the small number 
of patients and observational design. However, as also mentioned by the authors, these 
data are hypothesis generating and may be helpful for future research. 

COAST (CardioMEMS HF System Post-Market Study) study [23]
COAST is an international, prospective, multicenter open-label observational study 
that is running in the UK, Europe and Australia [23]. COAST aimed to assess the safety, 
effectiveness and feasibility of CardioMEMS haemodynamic monitoring. Similar to 
other studies, patients were eligible for enrollment if they had persistent NYHA Class 
III symptoms and a minimum of one HF hospitalization within 1 year prior to participa-
tion, regardless of left ventricular ejection fraction [23]. In 2021, results from a subset 
of the UK part of the study were published. A total of 138 patients were enrolled and 
implanted, of whom 103 were consented and 100 underwent successful implantation 
before the advent of the COVID-19 pandemic. In their report, the authors only reported 
results of the patients that were enrolled before the pandemic [23]. 

The primary safety endpoints were freedom from DSRC and sensor failure 2 years after 
implantation. The primary clinical endpoint was the difference in HF hospitalization rate 
during the 12 months prior to sensor implantation and the 12 months after implanta-
tion which is in line with earlier observational studies [23].

Of the 103 enrolled patients, 3 were not implanted due to haemoptysis, anatomical 
constraints or inability to gain venous access. Two years after sensor implantation, free-
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dom from DSRC and sensor failure was 100% and 99%, respectively [23]. The event rates 
before and after implantation were 1.52 and 0.27 per patient year, respectively, which 
indicated a significant risk reduction of 82% (incidence rate ratio 0.18, 95% CI 0.12-0.28) 
[23]. PA pressures also declined significantly during follow-up. Similar to earlier studies, 
medication changes consisted mostly of adjustments to diuretics [23]. As mentioned 
before, the study design has some important limitations due to its non-randomized 
design and the lack of a comparator control group (patients were their own historical 
control). 

HEMOVAD study [35-37]
In a small pilot study in the Netherlands, the safety and feasibility of CardioMEMS 
guided hemodynamic optimization prior to left ventricular assist device (LVAD) im-
plantation was assessed. The rationale for this study was based on the hypothesis that 
haemodynamic optimization could potentially reduce the risk of renal and RV failure, 
could aid in optimizing fluid state post-LVAD implantation, and that remote monitoring 
could be helpful for individualizing patient management in the outpatient phase [35]. 
As such, the indication for CardioMEMS in this study was different from earlier studies. 
In summary, this pilot study showed the safety and feasibility of this approach in LVAD 
patients, and was mostly hypothesis-generating [36,37].

3.2 Ongoing European studies

MONITOR HF trial [24]
There is an urgent need for randomized clinical trials in Europe to provide unbiased effi-
cacy data. The Dutch multicenter Monitor HF trial will be the first randomized European 
study aiming to replicate findings from the pivotal CHAMPION trial [24-26]. This trial is 
an investigator-initiated, multicenter, randomized clinical trial of patients with chronic 
HF in NYHA class III and at least one HF hospitalization in the 12 months before trial 
enrolment. The Monitor HF trial is an reimbursement trial and is sponsored by the Dutch 
Ministry of Health and National Health Care Institute (Zorginstituut Nederland) [24]. 
Patients were randomized in a 1:1 ratio to either CardioMEMS PA monitoring or standard 
HF care. Enrollment started in April 2019, and the study is expected to be completed in 
the first half of 2023. A unique feature of this study is the fact that the primary endpoint 
is quality of life as assessed by the Kansas City Cardiomyopathy Questionnaire, which 
will enable the investigators to link quality of life to haemodynamics [24]. Among sec-
ondary endpoints are the number of HF hospitalizations during follow-up and all-cause 
mortality (Table 1). The trial is scheduled to randomize 340 patients [24]. Importantly, 
cost-effectiveness analyses will also be conducted to calculate the incremental cost-
effectiveness ratio (ICER) per quality adjusted life year (QALY) gained. A set of question-
naires will be used to capture healthcare consumption and quality of life [24]. 
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Based upon available literature, the quality of HF care in the Netherlands is considered 
to be high, especially with regard to pharmacological treatment, and is at least as 
good as in other European countries [38-46]. Combined with the comparable HF care 
organization with dedicated HF outpatient clinics and HF nurses, and patient access 
to healthcare systems, results from the MONITOR HF trial may be well generalizable to 
the rest of (Western) Europe. Therefore, this trial may have a large impact on future HF 
care and CardioMEMS reimbursement in Europe, but also in countries worldwide with 
comparable healthcare systems and financial structures. 

4. Cost-effectiveness of the CardioMEMS HF System

Heart failure care is associated with high costs which are largely attributable to the 
recurrent hospital admissions [47]. While the CHAMPION trial showed a reduction in 
HF hospitalization, cost-effectiveness is an important aspect that should be considered 
when reviewing the CardioMEMS HF System, especially because of the costs of the de-
vice and implantation. In this section, studies that focused on cost-effectiveness using 
efficacy data from the U.S. CHAMPION trial are summarized [25].

In the first report from the CHAMPION trial by Abraham et al., it was estimated that 
CardioMEMS led to an increase of 0.30 in (discounted) quality adjusted life years (QALYs) 
and an increase of $4,282 in costs, resulting in an incremental cost-effectiveness ratio 
(ICER) of $13,979/QALY. The study was based on a Markov model over a time horizon of 
up to 5 years and from the payer’s perspective. It included costs for implant and device, 
HF-related hospitalization, medications for outpatients, and end-of-life support for 
those who died [25].

Two other U.S. studies had a perspective and time horizon similar to Abraham et al. and 
used the European Quality of Life Five Dimensions, three level questionnaire (EQ-5D-3L) 
to measure health-related quality of life at baseline and several times during follow-up 
in the CHAMPION study [48,49]. These studies reported increases in QALYs of 0.40 and 
0.58 and increases of $11,644 and $26,108 in costs, respectively. The resulting ICERs 
were $29,593/QALY and $44,832/QALY [48,49]. These two studies included more com-
prehensive cost modeling than Abraham et al., including all HF and non-HF hospitaliza-
tion costs, drug prescriptions, long-term care, and outpatient visits. However, despite 
using the same sources for hospitalization costs, there was a notable difference in ICERs 
between these two studies, which stems from the difference in the proportion of those 
receiving some form of monitoring in the standard of care group, model structure, and 
input parameters [48,49].
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Furthermore, a U.S. study from a societal perspective and with a Markov model of a 
lifetime horizon that used the results of conversion of the Minnesota Living with Heart 
Failure (MLWHF) ratings into the EQ-5D scores for the health utility values, estimated 
an increase of 0.28 in QALYs and a $20,079 increase in costs, resulting in an ICER of 
$71,462/QALY [50]. This study included all healthcare-related costs, such as costs for 
hospitalization, outpatient medical costs, device, and implantation costs. Apart from the 
perspective and modeling of lifetime costs and effects, this study’s high estimate of the 
ICER arose from several assumptions regarding utility values, input parameters, and the 
model structure [50]. Due to methodological differences, the MLWHF results were lower 
than those in the EQ-5D responses. Nevertheless, in all US studies, CardioMEMS appears 
to be cost-effective at a willingness to pay threshold (WTP) of $50,000 - $100,000/QALY 
[51].  

In a U.K. study from a payer perspective using a Markov model over a 10-year horizon 
and utility values based on the CHAMPION trial, CardioMEMS resulted in an increase 
of £10,916 in costs and 0.57 in QALYs [47]. This study included the costs of the implan-
tation procedure, the device and related complications, HF-related hospitalizations, 
and standard care costs. The resulting ICER was estimated at £19,274/QALY, which is 
below the U.K. WTP threshold of £20,000-£30,000/QALY, implying acceptable cost-
effectiveness of CardioMEMS [52]. When the same model was applied to four European 
countries (Germany, the Netherlands, Italy, and Belgium) with country-specific costs, 
CardioMEMS remained cost-effective [47]. In 2021, the National Institute for Health and 
Care Excellence published a statement of support for the use of CardioMEMS in the U.K. 
as evidence on safety and efficacy was deemed adequate [53]. However, actual data to 
perform cost-effectiveness models and health technology assessments for Europe are 
lacking.

A cost-effectiveness analysis of CardioMEMS based on a societal perspective, including 
both healthcare and non-healthcare costs, such as informal care costs in a European 
setting, is lacking. As discussed, the MONITOR HF trial will provide information on costs, 
mortality and efficacy, derived from Dutch data, which can be used to perform health 
technology assessments and cost-effectiveness models for other European countries, 
such as Belgium, the U.K. and Germany [24].  

5. Conclusion

Clinical evidence from randomized trials for the CardioMEMS HF System is convincing as 
the device has been proven safe, durable, and has been associated with a reduction of 
heart failure related hospitalizations. Thus far, evidence for haemodynamic monitoring 
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of PA pressures with the CardioMEMS system in European setting has been restricted 
to observational studies. There is an unmet need for data from well-designed European 
randomized clinical trials with a contemporary standard HF care comparison group for 
generalizability. Remote care is especially important in light of the COVID-19 pandemic. 
The Dutch MONITOR HF trial is the most important upcoming trial that will provide the 
latest evidence on whether CardioMEMS-guided HF care is safe, efficacious, and cost-
effective compared to usual HF care. 

These data are likely to be of great importance for decision making on implementation 
and reimbursement of CardioMEMS PA pressure monitoring in daily clinical practice. 

6. Expert opinion: future perspectives for European HF care

In this comprehensive review article, we have discussed the current and upcoming 
evidence for CardioMEMS PA-guided remote haemodynamic monitoring in Europe. The 
first results with regard to safety and durability are convincing and in line with studies 
performed in the U.S.A. [23,25,26,28-31,34]. Efficacy with regard to important clinical 
outcomes, such as reduction of the risk for HF hospitalization, also seems very promis-
ing, but evidence is still restricted to observational studies with important limitations 
[23,34]. The observational non-randomized European studies lacked a comparator arm 
as patients were their own historical control, which may have introduced various forms 
of bias. 

Results from the Dutch randomized MONITOR HF trial are expected soon. This trial will 
provide the much-needed evidence that is generalizable to other parts of Europe as 
well [24]. The MONITOR HF trial is relevant as its design and the Dutch healthcare struc-
ture with dedicated HF outpatient clinics and nurses are representative for a large part 
of Europe. [24] Also, HF care in the Netherlands has been shown to be of high quality, 
also in comparison to the U.S. [45,54]. Importantly, this trial may provide novel insights 
into CardioMEMS PA pressure guided management against a background of contem-
porary HF therapy, including ARNi and SGLT2-inhibitors. Results from the planned cost-
effectiveness analyses will be elucidating from an economical point of view [24]. The 
MONITOR HF trial will be important for the level of recommendation in the European 
Society of Cardiology Guidelines for Heart Failure [10]. 

Based upon the overview in this comprehensive review article and upcoming evidence 
from a randomized clinical trial, we expect integration of the CardioMEMS HF system in 
daily management of European HF patients in due time. However, this largely depends 
on whether the results of this trial will be in line with U.S. trials considering the sig-
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nificant differences in structure of HF care. Since the advent of the COVID-19 pandemic 
and its disruptive effects on healthcare systems, even in well-developed countries, the 
need for remote care has become even more obvious. Chronic heart failure will remain 
a major health problem, and therefore, policy makers should anticipate by searching for 
ways to implement proven effective forms of remote monitoring for chronic HF in daily 
clinical practice to keep patients out of the hospital. 

7. Article highlights

• After a decade of clinical research, the evidence supporting remote pulmonary 
artery pressure monitoring with the CardioMEMS HF system is promising

• Randomized clinical trials are limited to the U.S. and there is an unmet need for 
European clinical trial data

• Non-randomized observational studies in European setting have shown promising 
results for the reduction of HF-related hospitalizations

• Thus far, the CardioMEMS HF system has been considered cost-effective, but analy-
ses have been mainly based upon U.S. data

• The MONITOR HF trial (the Netherlands) is the most important upcoming trial that 
will provide the latest evidence on whether CardioMEMS-guided HF management is 
safe, efficacious, and cost-effective in a contemporary Western-European setting
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Abstract

Background: Assessing haemodynamic congestion based on filling pressures 
instead of clinical congestion can be a way to further improve quality of life 
(QoL) and clinical outcome by intervening before symptoms or weight gain 
occur in heart failure (HF) patients. The clinical efficacy of remote monitoring 
of pulmonary artery (PA) pressures (CardioMEMS; Abbott Inc., Atlanta, GA, USA) 
has been demonstrated in the USA. Currently, the PA sensor is not reimbursed in 
the European Union as its benefit when applied in addition to standard HF care 
is unknown in Western European countries, including the Netherlands.

Aims: To demonstrate the efficacy and cost-effectiveness of haemodynamic 
PA monitoring in addition to contemporary standard HF care in a high-quality 
Western European health care system.

Methods: The current study is a prospective, multi-centre, randomised clinical 
trial in 340 patients with chronic HF (New York Heart Association functional class 
III) randomised to HF care including remote monitoring with the CardioMEMS PA 
sensor or standard HF care alone. Eligible patients have at least one hospitalisa-
tion for HF in 12 months before enrolment and will be randomised in a 1:1 ratio. 
Minimum follow-up will be 1 year. The primary endpoint is the change in QoL as 
measured by the Kansas City Cardiomyopathy Questionnaire (KCCQ). Second-
ary endpoints are the number of HF hospital admissions and changes in health 
status assessed by EQ-5D-5L questionnaire including health care utilisation and 
formal cost-effectiveness analysis.

Conclusion: The MONITOR HF trial will evaluate the efficacy and cost-effective-
ness of haemodynamic monitoring by CardioMEMS in addition to standard HF 
care in patients with chronic HF. Clinical Trial Registration number NTR7672.
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Introduction

In Western European countries such as the Netherlands, chronic heart failure (HF) is 
estimated to occur in 1.5–2.0% of the population [1, 2]. In the Netherlands, the preva-
lence was 227,000 patients in 2017, and the number of HF hospital admissions is high 
at 29,011 admissions per year with an average hospital stay of 9 days [1, 2]. The overall 
hospital burden from HF hospitalisations will rise rapidly in the coming decade due to 
aging of the population and better survival following myocardial infarctions. The main 
public and personal burden of HF is clustered in patients with New York Health Associa-
tion (NYHA) functional class III and IV, who most often need to be hospitalised. Approxi-
mately 25% of all Dutch HF patients are in NYHA class III based on the latest CHECK HF 
registry findings [3]. Contemporary treatment of chronic HF shows a reasonably high 
adherence to European guidelines for the recommended drugs, when compared to 
US data in the CHAMP-HF registry [4, 5]. Still, both registries show considerable room 
for improvement in HF therapy considering target or optimal dosing of medication [4, 
5]. So clearly, despite optimal medical treatment, there is a considerable residual risk, 
especially for patients in NYHA class III. The main problem for care givers and patients 
is timely recognition of a daunting cardiac decompensation and, if recognised, to react 
adequately and promptly. 

Remote monitoring and telemonitoring initiatives have received wide attention for their 
promise in detecting early signs of decompensation and guiding HF therapy. Proactive 
guided treatment could optimize treatment further and prevent clinical deteriora-
tion. Such an approach could reduce HF hospitalisations and relieve the large burden 
of chronic HF exacerbations for the current health care systems. However, numerous 
telemonitoring programmes which were based on remote signs of clinical congestion 
such as weight or symptoms or impedance measurements through pacemakers have 
been largely disappointing [6–15]. From a physiological point of view, weight gain and 
symptoms of HF are late signs of an exacerbation of HF. New management strategies 
should focus on markers preceding the exacerbation of HF. It has been recognised that a 
period of decompensation starts with a rise in (intracardiac) filling pressures. A chain of 
events from haemodynamic (asymptomatic) congestion transits to clinical congestion.

CardioMEMS (Abbott Inc., Atlanta, GA, USA) is a small sensor capable of measuring 
pressures in the pulmonary artery (PA) on a daily basis. PA pressures can be used as an 
invasive haemodynamic surrogate marker of filling pressures, which has been shown to 
precede a period of decompensation for several weeks. This time window would allow 
the physician to intervene before clinical symptoms arise and act in a proactive way to 
avert an exacerbation of HF by adjusting the dose of diuretics or vasodilators. In line 
with this hypothesis, the CHAMPION trial in the USA demonstrated a significant 37% 
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reduction in HF hospitalisations with PA monitoring applied in addition to standard 
care in patients with chronic HF [16, 17]. Observations in post-marketing studies (with 
historical controls) were consistent and confirm the low-risk and safe procedure as well 
as the durability of the device [17-20]. Despite the innovation in patient management, 
several profound differences exist in the organisation of HF care (HF outpatient clinic 
and HF nurses), level of standard care, as well as financial structure of the health care 
systems in Europe and the USA, which mean that the results of this one trial cannot be 
translated directly. Additionally, individual trial data in a European setting are lacking 
and clinical and financial data can only be extrapolated from US data [21, 22], in the 
knowledge that the costs and setup of the US health care system are not comparable 
to the European situation. We therefore designed the MONITOR HF randomised clinical 
trial to evaluate the effectiveness and cost-effectiveness from a European perspective 
in the Netherlands.

Methods

Study design
The MONITOR HF trial is an investigator-initiated, multicentre, randomised clinical trial 
enrolling 340 patients with chronic HF NYHA class III and at least one HF hospitalisation 
in the previous 12 months. In total, 20 Dutch hospitals, distributed over the country, 
agreed to participate (Fig. 1). Sites without previous experience with CardioMEMS 
will go through a learning curve of two patients for sensor implantation and pressure 
management, who do not participate in the main trial but are followed according to 
study protocol. Alternatively, added centres can proctor two patients in an experienced 
centre. The MONITOR HF trial aims to test the effect of PA monitoring in addition to 
standard HF care on quality of life (QoL), the number of HF hospitalisations and cost-
effectiveness in a Dutch health care system. Four populations for analysis are defined in 
the MONITOR HF trial: intention-to-treat, as-treated and per-protocol (time until implant 
after randomisation (maximum 3 weeks per protocol)) and safety analysis. The principal 
analysis for the primary effectiveness endpoint will be performed in the intention-to-
treat population.

The MONITOR HF trial is sponsored by the Dutch Ministry of Health and National Health 
Care Institute (Zorginstituut, Nederland) as part of a conditional coverage programme 
in the Netherlands for the health-care-related costs. The study and data management 
are performed by the CRO Erasmus MC University Medical Centre (Sponsor).
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Figure 1. Participating centres in the Netherlands
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Type of patients
Patients with chronic HF (≥3 months) in NYHA functional class III and at least one hos-
pitalisation for HF (or emergency ward visit resulting in intravenous diuretic therapy) in 
the 12 months prior to enrolment are eligible for the trial. The diagnosis of HF is made 
according to the criteria set out in the 2016 European Society of Cardiology (ESC) guide-
lines for the treatment of HF [23]. Patients with HF and reduced ejection fraction (HFrEF), 
mid-range (HFmrEF) or preserved ejection fraction (HFpEF) are eligible for the trial. The 
inclusion and exclusion criteria are presented in Tab. 1 and 2.

Randomisation
At the baseline visit, patients will be randomised in a 1:1 ratio for standard care plus 
CardioMEMS PA monitoring versus standard HF care with written and signed informed 
consent. Crossover is not allowed per study protocol and leads to termination of the 
patient’s participation in the study. After randomisation, the sensor is to be implanted 
within 3 weeks per protocol in those randomised to CardioMEMS and a second informed 
consent form will be signed for use of the Merlin.net website.

CardioMEMS system
The CardioMEMS HF system includes an implantable wireless sensor with delivery cath-
eter, a patient and hospital electronics system and a patient database (Integrated Merlin.
net website for patient data management) [16]. The sensor measures PA pressure using 

Table 1. Inclusion criteria. In order to be eligible to participate in this study, a subject must 
meet all of the following criteria

1. Written informed consent obtained from subject aged ≥18 years

2. Diagnosis of chronic heart failurea (≥3 months) in NYHA functional Class III with 1 HF 
hospitalisation within 12 months (defined as an admission for HF longer than 6 h and/or use 
of i.v. diuretics) or emergency ward visit for HF resulting in i.v. diuretic therapy (independent 
of EF %)

3. HF subjects with reduced EF (HFrEF) should be treated according to national and 
international (ESC) guidelines for optimal or maximum tolerated doses of HF medication and 
evaluated for ICD or CRT-D therapy, if indicated

4. Subjects with a BMI ≤35. Subjects with BMI >35 will require their chest circumference to be 
measured at the axillary level <65 inches or 165 centimetre (related to distance of the sensor)

5. Subjects willing and able to comply with the follow-up requirements of the study and able to 
comply with the daily readings

aAccording to the definition given in the 2016 ESC guidelines for heart failure [10]. In line with good clinical 
practice, a patient cannot participate in any other interventional study or active telemonitoring programme (on 
HF parameters) during the study
NYHA New York Heart Association, HF heart failure, EF ejection fraction, ESC European Society of Cardiology, ICD 
implantable cardioverter-defibrillator, CRT-D cardiac resynchronization therapy defibrillator, BMI body mass index
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MEMS (micro-electromechanical systems) technology and requires neither battery nor 
leads (wireless). The sensor is implanted in a branch of the left PA via a transvenous 
catheter inserted through the femoral vein. The sensor is 15 mm in length, 3.4 mm in 
width and 2 mm thick. The sensor remains in the PA as a permanent implant which en-
dothelialises completely (Fig. 2). A 4-week course of acetylsalicylic acid and clopidogrel 
is recommended in those patients without anticoagulation or platelet inhibition [16]. 
Clinicians are informed about the daily CardioMEMS-derived PA and PA trends over time 
via Merlin.net (diagnostic tool in disease management). A study operating procedure 
will be available for clinicians to help them guide HF therapy, most importantly based 
on a significant rise in PA pressure over time, aiming for normal PA pressures avoiding 
progressive clinical congestion, or additionally, a significant fall in PA pressure over time 
avoiding chronic hypovolaemic triggers. The device is FDA approved and CE marked 
for use in chronic HF patients in NYHA class III and with one HF hospitalisation in the 
previous year (NYHA classes, Tab. 3).

Standard care
In patients with HFrEF, standard care is defined as treatment according to the recom-
mendations in the national and ESC guidelines for HF with up-titrating recommended 
HF therapies to maximum tolerated or optimal dosages and to evaluate the patient for 
an ICD/CRT-D when indicated [23]. For HFpEF (and HFmrEF) treatment recommenda-
tions are lacking, but in accordance with the 2016 ESC guidelines it is advised to focus 
on optimal management of comorbidities and cardiovascular risk factors such as hyper-

Table 2. Exclusion criteria

1. Subjects with an active infection

2. Subjects with history of recurrent (>1) pulmonary embolism or deep vein thrombosis

3. Subjects who have had a major cardiovascular event (e.g., myocardial infarction, open heart 
surgery, stroke) within the past 2 months

4. Subjects with with a CRT implanted <3 months prior to enrolment and implantation of the 
sensor (in order to avoid manipulation of lead)

5. Subjects with an estimated GFR <25 ml/min (obtained within 2 weeks of the baseline visit), 
refractory to diuretic therapy, or on chronic renal dialysis

6. Subjects with complex congenital heart disease or mechanical right heart valve(s)

7. Subjects with known pulmonary arterial hypertension (WHO category 1 or 4/5) in whom PA 
pressure is most likely not responsive to cardiac treatment

8. Subjects scheduled for or likely to undergo heart transplantation or receive a ventricular 
assist device within 6 months of baseline visit

9. Subjects with known coagulation disorders or allergy to acetylsalicylic acid, and/or 
clopidogrel

CRT cardiac resynchronisation device, GFR glomerular filtration rate, PA pulmonary artery
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tension and atrial fibrillation [23]. All Dutch hospitals have a structured HF outpatient 
clinic with specialised HF nurses who are supervised by a cardiologist with experience 
or specific interest in HF treatment. At these outpatient clinics, patients are seen for the 
up-titration of HF drug therapies at frequent intervals to reach optimal or maximum 
tolerated dosages of evidence-based medication. Treatment choices are at the discre-
tion of the physician. Further, patients are counselled, e.g. about the aetiology of their 
HF, diet, fluid and salt restrictions, as well as the importance of treatment compliance 
and of abstaining from tobacco use and minimising alcohol consumption. Patients are 
instructed when to contact the outpatient clinic in case of alarming symptoms or abnor-
mal weight gain. After hospital discharge, patients are generally seen by the HF nurse 
within 2 weeks, and we estimate that patients visit these outpatient clinics on average 3 
times/year to see the nurse and at least 2 times/year to see the cardiologist depending 
on their clinical need and ongoing therapeutic decisions.

Hypothesis
We hypothesise that the CardioMEMS HF system applied in addition to standard care 
will improve QoL and reduce HF hospitalisations in patients with chronic HF.

Figure 2. a The CardioMEMS sensor (with permission of Abbott Inc.). b The CardioMEMS HF 
system patient unit including antenna (with permission of Abbott Inc.). c Location of the Car-
dioMEMS sensor in the left pulmonary artery (with permission of Abbott Inc.)

Table 3. New York Health Association classification of heart failure symptoms

NYHA Class I  Cardiac disease, but no symptoms and no limitation in ordinary physical 
activity, e.g. no shortness of breath when walking, climbing stairs etc

NYHA Class II Mild symptoms (mild shortness of breath and/or angina) and slight 
limitation during ordinary activity.  

NYHA Class III 
 

Marked limitation in activity due to symptoms, even during less-than-
ordinary activity, e.g. walking short distances (20–100 m). Comfortable 
only at rest.  

NYHA Class IV Severe limitations. Experiences symptoms even while at rest. Mostly 
bedbound patients
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Clinical study

Inclusion window/enrolment
The planned inclusion phase is 24 months. Twenty centres have initially been selected 
to start including patients in this study. In anticipation of a stable inclusion rate, we 
calculate a mean inclusion rate of 0.7 patients per centre per month to reach a sample 
size of 340 patients in 2 years. Patient inclusions are competitive between centres. If, at 
6 months, the inclusion rate is lower than 50% of that expected, the number of sites can 
be increased, if necessary.

Duration of follow-up
All patients will be followed for at least 12 months, resulting in a minimum follow-up of 12 
months (for the last patient included) and a maximum follow-up of 36 months (for the first 
patient included) according to the above-mentioned enrolment schedule. The follow-up 
visits are scheduled at 3, 6, and 12 months and every 6 months thereafter (Fig. 3).

Patient visits
At baseline demographics, medical history and medication use are evaluated. An 
echocardiogram is part of the baseline visit (type of HF) as well as a detailed labora-
tory assessment, QoL questionnaires (Kansas City Cardiomyopathy Questionnaire 
(KCCQ) and EQ-5D-5L) and a 6-min walk test (6MWT) [24, 25]. During follow-up visits, 
an electrocardiogram (ECG) is recorded in all patients, NYHA class is established, and a 
physical examination is performed, including vital parameters and standard laboratory 
assessments, which will consist of renal function and natriuretic peptides (NT-proBNP 
or BNP). Serum samples are stored at regular intervals for a biobank at Durrer Center 
for Cardiovascular Research. A 6MWT is performed at baseline, 6 and 12 months of 
follow-up. Serial echocardiography is performed at baseline, 12 months and 24 months 
of follow-up. The KCCQ is performed at baseline, 3, 6 and 12 months, EQ-5D-5L at base-
line, 3, 6, 12 and 24 months of follow-up. An iMTA Medical Consumption Questionnaire 

Figure 3. The MONITOR HF trial follow-up scheme. Randomisation at baseline visit
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(iMCQ) for health care utilisation and health technology assessment (HTA) analyses is 
performed prospectively at 3, 6 and 12 months [26]. Changes in medication and reasons 
for change are recorded in a detailed logbook. In another detailed logbook, information 
on patient contacts is recorded, including the reason for contact, direction of contact 
and location (telephone, general practitioner, outpatient clinic, emergency ward, clinic).

Outcome measures

Primary endpoint: Change in QoL as assessed with the KCCQ HF questionnaire
The KCCQ questionnaire is conducted at baseline (t = 0), and at follow-up intervals of 3, 
6 and 12 months’ follow-up after randomisation in both treatment arms. Primary analy-
sis is based on change in KCCQ scores at 12 months (Tab. 4). The KCCQ questionnaire 
assesses QoL in HF patients and has undergone extensive validation in HF populations 
[27, 28].

Secondary endpoints
The number of HF hospitalisations during follow-up, defined as an unscheduled admis-
sion for HF longer than 6 h and/or the need for intravenous diuretics for decongestion 
of the patient.

Change in health status as assessed with the EQ-5D-5L questionnaire.

Other endpoints will be all-cause mortality; all-cause hospitalisations; scheduled HF 
hospitalisations, composite of all-cause mortality and cumulative HF hospitalisations; 
cardiovascular mortality; days alive outside of the hospital; days in hospital; emergency 
ward visits (or equivalent), composite of HF hospitalisations and emergency ward visits 
for HF, change in NYHA class, health care utilisation, number of patient contacts, change 
in baseline PA pressure; number of medication changes.

Table 4. Study endpoints

Primary endpoint Quality of life as measured by the KCCQ heart failure questionnaire 
at 12 months follow-up

Secondary endpoint The number of HF hospitalizations during follow-up  

Health status as measured by the EQ-5D-5L questionnaire 

KCCQ Kansas City Cardiomyopathy Questionnaire, HF heart failure
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Statistical analysis

Sample size
The conditional coverage agencies requested 90% power on QoL endpoints and at least 
85% for the secondary endpoint HF admissions in order to have adequate estimates of 
effect sizes for cost-effectiveness analyses (which are dependent on this set of variables). 
We decided to aim for 90% statistical power to detect an at least 6-point difference in 
KCCQ overall summary (KCCQ-OS) score between randomised treatment groups [27]; 
we calculated, at an alpha level of 0.05 and standard deviation (SD) of 15, group sizes 
of N1 133 and N2 133 patients (total sample size 266 patients). With an anticipated 
10% withdrawal rate, we will need to include 292 patients in total. For the secondary 
endpoint of HF admissions, we used two assumptions of estimated treatment effect 
size and estimated event rates of HF hospitalisations in the Netherlands. The long-term 
results of the CHAMPION trial, more comparable to our follow-up length, showed a re-
duction of 33% in HF hospitalisations compared to controls (182 HF hospitalisations vs 
279 HF hospitalisations, in 270 and 280 patients treated with CardioMEMS vs standard 
care, respectively; average follow-up 18 months) and the Dutch COACH trial provided 
an event rate of 2.03% per month in a comparable but slightly less sick cohort of chronic 
HF patients [16, 17, 29]. Under these assumptions, at least 85% statistical power at an 
alpha level of 0.05, and a treatment effect size of CardioMEMS of 33% and event rate 
of 2.0% per month in the control group, when N1 164 and N2 164 patients, a total of 
328 patients is to be included. For the secondary endpoint, EQ-5D-5L improvement in 
health status, 90% statistical power to detect a significant difference of 0.06 at an alpha 
level of 0.05 and SD 0.18, a sample size of N1 155 and N2 155 totalling 310 patients is 
needed, and by including a 10% early withdrawal rate a total sample size of 340 patients 
is to be included. Therefore, the total sample size of the trial required to adequately 
answer the research questions is 340 patients.

Data analysis
Data will be summarised using univariate statistics (number, mean, standard deviation, 
median) or frequency (number, percentage). For baseline characteristics, between-
group comparisons will be performed with the χ2 test for categorical variables and 
two-sample t-tests for continuous variables. The primary time-point for effectiveness 
analyses on improvement of QoL is 12 months. Change in the KCCQ-OS from baseline 
to 12 months will be compared between the intervention and standard care groups. 
Additionally, a linear mixed-effects model will be used to compare change in the KCCQ-
OS over time between the randomly allocated treatment groups to account for missing 
data and longitudinal trends. The effect of CardioMEMS in comparison to standard care 
in changes of KCCQ clinical summary and KCCQ-OS scores is compared using repeated 
measurement analysis of covariance adjusted for baseline KCCQ score. EQ-5D-5L scores 
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will be analysed in a comparable manner. The secondary endpoint in the study is the 
number of HF hospitalisations during follow-up. A Cox proportional hazard regres-
sion model with Anderson-Gill method for recurrent events will be used for analysis 
of clinical events (HF hospitalisations, mortality rates). Additionally, Cox proportional 
hazard models are implemented to analyse time to first events, including mortality 
and hospitalisation. Hospitalisation rates and mortality rates are estimated using the 
Kaplan-Meier method, and p-values are computed using the log-rank test. All reported 
analyses are performed using the intention-to-treat principle. All statistical tests will be 
2-sided with a significance level of 0.05.

Cost-effectiveness analysis
The cost-effectiveness analyses will be conducted in accordance with the Dutch 
guidelines for HTA and will calculate incremental-cost-effectiveness ratio (ICER) per 
quality-adjusted-life-year (QALY) gained both from a societal as well as health care 
perspective. For cost-effectiveness analyses, the EQ-5D-5L is the required standard tool 
to use. In addition, iMCQ, a generic instrument for measuring medical costs [26], will be 
used together with costs from the Dutch costing manual [28]. Cost-effectiveness will 
be evaluated by use of a decision analytical model, e.g. a Markov cohort simulation, 
developed to capture the clinical events and costs for the current and a (hypothetical) 
cohort of patients. The number of states (e.g. alive or dead; NYHA class; hospitalised; 
after a cardiovascular event) and transitions between these states distinguished in the 
cost-effectiveness model will be chosen based upon the available evidence regarding 
the natural history of disease and treatment pathways. Survival probabilities beyond 
the trial period can be estimated by fitting a parametric survival model to the trial data. 
For patients who are alive, the period of survival can be weighted by patients’ utility 
measured with the EQ-5D-5L. Similarly, the out-of-hospital period will be weighted by 
patient utility EQ-5D-5L. Missing data in the EQ-5D-5L questionnaires can be adjusted 
for using linear effect models or multiple imputations. Costs evaluated in the model 
included those for sensor implantation and device, care, HF hospitalisation, medication 
changes, number of visits, and end-of-life support for those who died. To extrapolate 
costs beyond follow-up, we will make use of standardised estimates of health-care 
spending from the Netherlands [30]. Total costs and QALYs will be modelled according 
to the time (in intervals) patients spent in each health state. The ICER will be evaluated 
against the appropriate severity-weighted threshold for cost-effectiveness.

Trial structure, registration and organisation
The MONITOR HF trial is designed, implemented and overseen by an independent 
executive board and steering committee. The study was evaluated by scientific commit-
tees (ZonMW) and councils of the National Health Care Institute and patient councils. 
Site and data management is performed by the CRO Erasmus MC trial organisation. An 
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independent data safety monitoring board (DSMB) has been established and will review 
safety data on an ongoing basis during the trial in accordance with the DSMB charter. 
An independent clinical endpoint committee (CEC) has been established, blinded to 
study group assignment, and will review and adjudicate all deaths and hospitalisations 
using prospectively defined criteria in the CEC charter. The adjudicated data are used for 
outcomes regarding hospitalisations and deaths. The DSMB and CEC are organised and 
led by an external independent organisation (Cardialysis, Clinical Trial Research Centre). 
The clinical trial is structurally monitored by independent monitors from the research 
trial organisation. The study complies with good clinical practice in accordance with 
the Declaration of Helsinki and the laws and regulations applicable in the Netherlands, 
including the European Union General Data Protection Regulations, as the clinical trial 
has been approved by the appropriate medical ethics committee and review board 
(Erasmus MC, MEC 2018-1563). The clinical trial was registered under the number 
NL7430 (NTR7672, clinical trial registration number) on 12 December 2018. The study 
started enrolment on 1 April 2019.

Discussion

This multicentre, randomised clinical trial (MONITOR HF) will evaluate the efficacy and 
cost-effectiveness of remote PA monitoring with CardioMEMS applied in addition to 
standard care in patients with chronic HF, from a European perspective. The benefits 
of remote monitoring with CardioMEMS were demonstrated in the CHAMPION trial of 
550 participants in the US, who were studied between 2007 and 2009 [14], and have 
been confirmed in several large-scale post-marketing registries [15-17]. The MONITOR 
HF trial will provide contemporary trial data on the effectiveness of CardioMEMS in 
a highly organised European health care system where HF patients are routinely fol-
lowed in dedicated HF outpatient clinics after an HF admission. The recently published 
CHAMP-HF and CHECK-HF registries highlight the differences in guideline adherences 
between the Netherlands and the USA [3-5]. Additionally, profound differences exist 
between Europe and the USA as regards the organisation of health care as well as finan-
cial structures. The current study will provide the individual data necessary to perform 
calculations on cost-effectiveness of remote monitoring from a European health care 
perspective.

In the CHAMPION trial, QoL was not a primary endpoint and data are only available 
on small subsets of patients with a short follow-up [16]. The current trial has QoL as 
a primary endpoint, which is a novel aspect in telemonitoring but is emerging as a 
relevant clinical endpoint in HF trials. Additionally, QoL might hypothetically be valued 
most by the patient, as living longer in poor health might not be the main focus of 
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choice. For the secondary endpoint, the number of HF hospitalisations, it is most likely 
that rehospitalisation rates differ between the USA and Europe, and we expect a lower 
event rate in the Dutch health care system with dedicated HF nurses and HF outpatient 
clinics as the organisation of standard care differs [29]. Dedicated HF outpatient clinics 
and structured HF care after HF admissions are emerging throughout Europe as stan-
dard HF care, including multidisciplinary team approaches, heart teams, and cardiac 
rehabilitation programmes as advocated in the 2016 ESC guidelines [23]. The recently 
published US Post Approval Study (PAS) confirms the consistent treatment benefit with 
CardioMEMS in chronic HF patients, reducing the number of HF hospitalisations in a 
more contemporary setting [20]. However, the patients included in the PAS study were 
their own historical controls and no randomised comparison to standard care without 
PA monitoring was made. However, the main inference of the PAS is the consistent 
safety of the implantation procedure and the durability of the sensor without sensor 
failures [20].

From a financial point of view, a cost-effectiveness analysis using the US CHAMPION 
trial data calculated an ICER for costs per QALYs of $29,593 for CardioMEMS based on US 
health care data [21]. Extrapolating the US data to European health care systems, such 
as those in the UK, the Netherlands and Germany, showed that PA-pressure-guided HF 
therapy is anticipated to be cost-effective, but the intervention increases costs compared 
with usual care by £10,916 over a time horizon of 10 years while the ICER is estimated to 
be £19,274 with a reduction in admissions [22]. The analysis did not include staff time, 
due to a lack of data concerning this variable. Running the model with estimated staff 
time included resulted in an increased ICER of between £22,342 and £25,464 per QALY 
gained [22]. No individual data from European systems are currently available.

Other forms of telemonitoring and available evidence
Several studies have been performed using non-haemodynamic parameters of remote 
monitoring such as signs and symptoms of HF, blood pressure or daily weights. These 
studies have shown no effect on HF hospitalisations [6-15]. Clearly, simple markers 
such as weight or blood pressure are inadequate for monitoring fluid status and if the 
variation in weight is caused by decompensation, treatment comes too late and can-
not prevent a hospitalisation. Additionally, some studies have investigated natriuretic 
peptides to guide HF therapy, but these were not successful in reducing HF hospitalisa-
tions [10]. Other studies with non-haemodynamic parameters of remote monitoring 
have focused on information from ICD devices using intrathoracic impedance or other 
specific combinations of parameters in algorithms [13-15]. None of these studies have 
shown any actual benefit in reducing the number of hospitalisations. Most recently, the 
TIM-HF 2 trial was one of the first studies to show a small benefit of remote monitoring 
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in HF patients with regard to length of hospital stay, despite its labour intensity (fully 
staffed telemedicine centre)[11].

The 2016 ESC guidelines report on the lack of consistent evidence for non-haemody-
namic telemonitoring or remote monitoring in HF patients. The guidelines state that 
remote monitoring may be considered in selected patients to improve HF outcome with 
individual approaches such as CardioMEMS to reduce the risk of HF admissions and 
multi-parameter monitoring with ICD (in-time approach) to improve outcome in HFrEF 
with a level IIb class B recommendation [23].

Future developments and potential impact
The most essential concept remains the shift from remote monitoring with (late) signs of 
clinical congestion to parameters of (early) haemodynamic congestion, which precede 
all above non-haemodynamic parameters by several weeks and provides a window 
of proactive intervention in order to prevent further exacerbation of HF. In this way, it 
makes sense that non-haemodynamic parameters have not made a significant impact 
in remote monitoring of HF patients to date despite their simplicity and the relatively 
low effort involved, for instance in monitoring weight. The current trial sets out to evalu-
ate the benefit of CardioMEMS remote monitoring versus standard care in relation to 
QoL and HF hospitalisations as well as cost-effectiveness in the Netherlands. If proven 
effective, this has important implications for countries with similar health care struc-
tures and levels of HF care in Western Europe. The field of remote monitoring is most 
likely to develop further with additional tools for patient control and pressure feedback 
with more sophisticated monitoring websites or tools and patient self-management. 
The HF path of care will evolve into a more structured approach integrating remote 
monitoring to achieve a proactive, preventive approach to patient care instead of pas-
sive, symptom-driven care delivery. Remote monitoring has the potential to lower the 
overall hospital burden (number of outpatient visits, admissions and resources used) of 
HF in an attempt to keep the stable patient out of hospital and the unstable patient in 
hospital only if refractory to remote interventions at home.

Strengths and limitations

The current trial is important as it is the first randomised clinical trial in Europe comparing 
haemodynamic remote monitoring by CardioMEMS with a control group in chronic HF. 
The trial is adequately powered to test the efficacy of CardioMEMS (in addition to stan-
dard care) in improving QoL and reducing HF hospitalisations as compared to standard 
care. Additionally, this trial will provide further contemporary data with CardioMEMS in 
addition to the CHAMPION trial and post-marketing registries. As randomisation is es-
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sential in efficacy studies (but lacking in post-marketing studies), the current European 
trial is the first with a control group of standard HF care after the US CHAMPION trial. 
This MONITOR HF trial will not have a sham procedure in consultation with the MEC and 
patient councils for a variety of reasons. A sham procedure and sham measurements 
every day during 3 years of follow-up was deemed unethical with a futile risk, patient ef-
forts and costs. Furthermore, we argue that daily sham measurements (with the sensor 
turned off, but with its costs) are not a part of current standard care and would impact 
the true comparison with standard care as it is actually delivered. We recognise that 
the lack of a sham procedure may introduce a potential bias in the standard care arm. 
However, this effect can be of any magnitude, direction and degree for each individual 
patient, either positive or negative (as the technique is most likely not suited for all), and 
therefore it will be complex to completely quantify the placebo effect (and directions). 
We will keep precise track of medication changes in response to abnormal readings of 
PA pressure and HF admissions as well as detailed records of health care utilisation rates, 
to provide objective proof of subjective improvements. Finally, despite the mentioned 
limitations, proactive monitoring and interventions based upon pre-symptomatic pres-
sure shifts are needed to achieve any actual sustained benefit of the device. The design 
of the current trial and the involvement of HTA experts from the start of the project 
ensures high-quality data for future cost-effectiveness analyses and modelling from a 
Western European perspective, including detailed health care utilisation data.

Conclusions

The MONITOR HF randomised clinical trial compares haemodynamic remote monitor-
ing with the CardioMEMS PA sensor in addition to contemporary standard care versus 
standard care in improving QoL and reducing HF hospitalisation in patients with chronic 
HF in NYHA class III independent of left ventricular function. In addition, the study will 
evaluate health care utilisation and cost-effectiveness in Western Europe from a societal 
and health care perspective.
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ABSTRACT

Background: The effect of haemodynamic monitoring of pulmonary artery 
pressure has predominantly been studied in the USA. There is a clear need 
for randomised trial data from patients treated with contemporary guideline-
directed-medical-therapy with long-term follow-up in a different health-care 
system.

Methods: MONITOR-HF was an open-label, randomised trial, done in 25 centres 
in the Netherlands. Eligible patients had chronic heart failure of New York Heart 
Association class III and a previous heart failure hospitalisation, irrespective 
of ejection fraction. Patients were randomly assigned (1:1) to haemodynamic 
monitoring (CardioMEMS-HF system, Abbott Laboratories, Abbott Park, IL, USA) 
or standard care. All patients were scheduled to be seen by their clinician at 3 
months and 6 months, and every 6 months thereafter, up to 48 months. The 
primary endpoint was the mean difference in the Kansas City Cardiomyopathy 
Questionnaire (KCCQ) overall summary score at 12 months. All analyses were 
by intention-to-treat. This trial was prospectively registered under the clinical 
trial registration number NTR7673 (NL7430) on the International Clinical Trials 
Registry Platform.

Findings: Between April 1, 2019, and Jan 14, 2022, we randomly assigned 348 
patients to either the CardioMEMS-HF group (n=176 [51%]) or the control group 
(n=172 [49%]). The median age was 69 years (IQR 61–75) and median ejection 
fraction was 30% (23–40). The difference in mean change in KCCQ overall sum-
mary score at 12 months was 7·13 (95% CI 1·51–12·75; p=0·013) between groups 
(+7·05 in the CardioMEMS group, p=0·0014, and –0·08 in the standard care group, 
p=0·97). In the responder analysis, the odds ratio (OR) of an improvement of at 
least 5 points in KCCQ overall summary score was OR 1·69 (95% CI 1·01–2·83; 
p=0·046) and the OR of a deterioration of at least 5 points was 0·45 (0·26–0·77; 
p=0·0035) in the CardioMEMS-HF group compared with in the standard care 
group. The freedom of device-related or system-related complications and sen-
sor failure were 97·7% and 98·8%, respectively.

Interpretation: Haemodynamic monitoring substantially improved quality of 
life and reduced heart failure hospitalisations in patients with moderate-to-
severe heart failure treated according to contemporary guidelines. These find-
ings contribute to the aggregate evidence for this technology and might have 
implications for guideline recommendations and implementation of remote 
pulmonary artery pressure monitoring.
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Research in Context

Evidence before this study: We searched PubMed for articles published in English 
and completed trials registered on ClinicalTrials.gov up to April 1, 2023, with the search 
terms “heart failure”, “pulmonary artery pressure sensor”, and “randomised clinical trial”. 
Our search identified two previous randomised trials (CHAMPION and GUIDE-HF). The 
CHAMPION trial randomly assigned 550 patients with New York Heart Association 
(NYHA) class III heart failure and previous heart failure hospitalisation irrespective of 
ejection fraction and showed a significant 28% reduction in heart failure hospitalisa-
tion at 6 months. The study was not powered for mortality. The GUIDE-HF trial included 
1000 patients with NYHA class II–IV heart failure and increased N-terminal pro-B natri-
uretic peptide (NT-proBNP) concentrations or previous heart failure hospitalisation to 
broaden the range of eligible patients. The overall result was neutral but a prespecified 
COVID-19 analysis showed a significant benefit in reducing heart failure hospitalisation. 
The results of GUIDE-HF might have been related to the selected population having 
relatively low risk (mean ejection fraction of 40%, low pulmonary artery pressure, and 
NYHA class II) or additionally, by modification of the COVID-19 interaction. To date, no 
randomised data are available after the GUIDE-HF trial. Furthermore, trial data from a 
different health-care system other than that of the USA are absent, including data from 
trials with open-label access or comparison with a standard of care control group. As the 
current recommendation in the European Society of Cardiology heart failure guideline 
is for class IIb and pulmonary artery monitoring is not reimbursed, this has resulted in 
minimal uptake in Europe, so far, according to these aggregate data.

Added value of this study: Heart failure hospitalisations and mortality remain high 
among patients with heart failure. The MONITOR-HF trial is the first randomised clinical 
trial to investigate the benefits of pulmonary-artery-pressure-guided management in a 
European health-care system. Significant differences exist between Europe and the USA 
that are related to governance, financial and reimbursement strategies, as well as pa-
tient factors such as health-care insurance status and health-care access, and thresholds 
of hospital care availability. Studying a different health-care system in addition to this 
single technology is thus of direct importance and can answer several remaining ques-
tions for regulatory agencies and payers. The Netherlands is known for its high quality 
of care, as exemplified by a comparison of the US CHAMP-HF and Dutch CHECK-HF reg-
istries. The MONITOR-HF trial showed an appropriate level of contemporary guideline-
directed-medical-therapy with high uptake of angiotensin receptor–neprilysin inhibi-
tors and SGLT2-inhibitors. Additionally, this study provided detailed information about 
medication changes and natriuretic peptide concentrations from baseline to follow-up, 
elements that were lacking in previous trials that are important to study the effect of the 
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intervention. This trial provides novel data with respect to quality of life of patients and 
heart failure hospitalisations.

Implications of all the available evidence: The findings of MONITOR-HF showed 
a consistent benefit of haemodynamic-guided care for patients with heart failure by 
substantially improving quality of life and reducing heart failure hospitalisations. The 
additive evidence of haemodynamic monitoring in addition to standard care in the 
Netherlands is also of interest for other European countries. The aggregate evidence 
from the three trials could affect guideline recommendations on the use of haemody-
namic-guided management with pulmonary artery sensors and subsequent reimburse-
ment programmes throughout Europe and beyond.
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Introduction

Heart failure is a global health problem with high mortality and morbidity and is one of 
the leading causes of hospital admissions.1 As hospitals run at full capacity, one of the 
biggest challenges is in relocating the delivery of care from a passive hospital-centred 
setting towards a proactive and remote patient-centred approach for a future-proof 
health-care system. The evidence of telemonitoring modalities for chronic heart failure 
is inconsistent and limited by the multiple and heterogeneous approaches.2,  3 As hae-
modynamic congestion precedes overt clinical congestion4, invasive parameters could 
provide a more adequate monitoring target. Responding to haemodynamic congestion 
can lead to the accurate and timely diagnosis of worsening heart failure and an op-
portunity for early intervention with decongestive therapies to prevent heart failure 
hospitalisations, often without symptoms or signs of clinical congestion. This lack of 
symptoms or signs is probably why many non-invasive telemonitoring modalities fail to 
achieve this time window because the intervention is much later in the decompensa-
tion process.2, 3, 4

The CardioMEMS-HF system (Abbott Laboratories, Abbott Park, IL, USA) measures 
pulmonary artery pressure as a clinically intuitive and interpretable haemodynamic 
parameter and surrogate estimate of left-sided filling pressure.4 Clinical evidence of 
remote monitoring with the CardioMEMS-HF system was provided by the CHAMPION 
trial5 among patients with New York Heart Association (NYHA) class III heart failure. 
However, the subsequent GUIDE-HF trial6 that aimed to test a broader patient popu-
lation with NYHA class II–IV heart failure and either increased N-terminal-pro-B-type 
natriuretic peptide (NT-proBNP) concentrations or hospitalisation was inconclusive. 
The study was debated in a mostly statistical discussion and left the field with several 
questions. First, both trials were done in North America (predominantly in the USA, 
with a few sites in Canada). The value of pulmonary artery pressure monitoring in other 
health-care systems remains unknown, as the USA has a different health-care system, 
with a relatively lower adherence to guideline treatment but a higher rate of device 
implantation compared with western European countries, and a health-care structure 
different to those of most European countries.7,8,9 Second, GUIDE-HF was partially done 
during the COVID-19 pandemic, the follow-up was short and fixed at 12 months, and 
the control group received telephone calls at least once every 2 weeks, leaving several 
remaining questions.6 Although some post-marketing approval studies confirmed the 
safety of the procedure and the reduction in heart failure hospitalisations with historical 
controls,10,11 the aggregated trial evidence until now has resulted in a weak or uncertain 
recommendation for the CardioMEMS-HF system in the American Heart Association/
American College of Cardiology 2022 and European Society of Cardiology 2021 heart 
failure guidelines: class IIb12,13. 
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Therefore, there is a need for randomised trial data with additional geographical diver-
sity as well as a call for an open-label trial using an actual standard of care control group 
to test another health-care system rather than a single technology14. Such data might 
shift the balance of aggregate evidence.

The MONITOR-HF randomised clinical trial investigated the effectiveness of remote hae-
modynamic monitoring in addition to standard care following contemporary treatment 
guidelines on quality of life (QOL) and heart failure hospitalisations in the Netherlands.15

Methods

Study design and participants
MONITOR-HF was a prospective multicentre (25 hospitals) open-label randomised 
clinical trial done in the Netherlands. The MONITOR-HF trial enrolled patients with NYHA 
class III chronic heart failure with a previous hospital admission for decompensated 
heart failure or urgent visit with the necessity of intravenous diuretics in the past 12 
months, irrespective of left ventricular ejection fraction.15 To be eligible for enrolment, 
patients with heart failure with reduced ejection fraction were treated with optimal 
or maximum tolerated treatment according to ESC guidelines, and evaluated for an 
implantable cardioverter defibrillator (ICD) or cardiac resynchronisation therapy device 
(CRT) if indicated. The full inclusion and exclusion criteria are listed in the appendix (p 
6). Further details on the design of the study and the rationale for an open-label study 
have been reported previously.15 The research protocol and statistical analysis plan are 
provided in the appendix (pp 3–17).

Regulatory requirements, payers’ justification, and patient councils played a role in 
choosing this design and control group. The protocol was approved by the central 
Medical Ethics Review Committee (METC-2018-1563) and all institutional review boards 
of the participating sites. All patients provided written informed consent, and the study 
was done in accordance with the Declaration of Helsinki. This trial was prospectively 
registered under the clinical trial registration number NTR7673 (NL7430) on the Interna-
tional Clinical Trials Registry Platform.

Randomisation and masking
We randomly assigned (1:1) participants to heart failure management with guideline-
directed medical therapy (GDMT) and diuretics (control group) or to heart failure man-
agement with GDMT and diuretics with the addition of haemodynamic monitoring by 
a pulmonary artery pressure sensor (CardioMEMS-HF group). Randomisation was done 
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using a computer-generated schedule stratified by study site, with block sizes of 4 and 
6 in random order. This trial was an open-label study (unmasked).

Procedures
Per protocol, patients allocated to the treatment group underwent sensor implantation 
within 3 weeks after randomisation. The implant procedure is described elsewhere.15,16 All 
patients were instructed to take daily readings. The protocol defined treatment goals as 
decreasing pulmonary artery pressure when increased using diuretics, neurohormonal, 
or vasodilator drugs. Details of the readings, monitoring, and recommended response 
to increased pulmonary artery pressure are outlined in the appendix (pp 11–13). Briefly, 
titration of diuretics was recommended if the pulmonary artery pressure provided evi-
dence of excess intravascular volume, and titration of vasodilators was recommended 
if increased vascular resistance was evident. In the control group, no implantation was 
performed and patients were managed with heart failure management with GDMT 
and diuretics on the basis of signs and symptoms, laboratory measurements, and 
echocardiography, without haemodynamic information, according to ESC guidelines. 
In the Netherlands, all participating sites had a dedicated outpatient clinic with nurses 
providing high-level background care (appendix p 11). All patients were scheduled to 
be seen by their clinician at 3 months and 6 months, and every 6 months thereafter. 
Follow-up was identical between groups. The last patient included was followed up for 
at least 12 months. The maximum follow-up was extended to 48 months. We collected 
adverse events (appendix p 8) and endpoint data throughout the follow-up period.

Outcomes
The primary efficacy endpoint was the mean change in Kansas City Cardiomyopathy 
Questionnaire (KCCQ) overall summary scores from baseline to 12 months between 
groups. The KCCQ is a 23-item, disease-specific measure that assesses the impact of 
heart failure according to a patient’s perception of their health status. The KCCQ has 
been shown to be valid, reliable, and sensitive to clinical changes in patients with heart 
failure.17,18,19 Scores range from 0 to 100, with higher scores reflecting better health sta-
tus. KCCQs were administered by independent research personnel, predominantly on 
paper, and were intensively monitored on adherence to study protocol and complete-
ness during the study.

The secondary efficacy endpoint was the total number of heart failure hospitalisations 
(first and recurrent) and urgent visits with the necessity of intravenous diuretics during 
follow-up. A heart failure hospitalisation was defined as an unscheduled hospitalisation 
for heart failure longer than 6 h or the need for intravenous diuretics for decongestion of 
the patient. An urgent visit was additionally defined as an unscheduled hospitalisation 
for heart failure shorter than 6 h and the use of intravenous diuretics for decongestion 
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of the patient. In the main analyses, total heart failure hospitalisation was defined as the 
composite of unscheduled heart failure hospitalisations and urgent visits with intrave-
nous diuretics. Other secondary endpoints were the time-to-first-event analysis for first 
heart failure hospitalisation, the composite endpoints first heart failure hospitalisation 
and all-cause deaths, or the composite endpoint of first heart failure hospitalisation and 
cardiovascular death, as well as all-cause death and cardiovascular death, separately, 
and EQ-5D-5L visual analogue scale (VAS) and 6-min-walk test (6MWT) scores. A detailed 
medication logfile was obligatory and recorded for all patients including up-titrations 
and down-titrations of diuretics and changes in GDMT and diuretics during follow-up. 
A detailed patient contact logbook was recorded. The primary safety endpoints were 
device-related or system-related complications (DSRCs) and sensor failures.

Statistical analysis
The sample size calculation is described in detail elsewhere (appendix p 16).15 A statisti-
cal power of 90% on mean change in KCCQ overall summary score of at least 6 (SD 15, 
α=0·05) was ensured if 266 patients were available for the primary endpoint analysis at 
12 months.15

Within-group changes in mean KCCQ overall summary scores were assessed by paired 
Student’s t tests. Differences in mean changes in KCCQ overall summary scores between 
the CardioMEMS-HF and control groups were then analysed using an unpaired t test 
(primary analysis). Subsequently, the proportion of patients with at least a 5-point, 
10-point, or 15-point improvement or deterioration in KCCQ overall summary scores 
(from baseline to 12 months) was measured, and differences in odds between the 
CardioMEMS-HF and control groups were analysed using logistic regression adjusted 
for the baseline value. To assess the effect of missing data on the KCCQ overall summary 
score at 12 months, we applied several sensitivity analyses (appendix p 14): we repeated 
these analyses on datasets in which the 6-month values were carried forward to the 
12-month timepoint for those who had cardiovascular death after 6 months, for those 
who had all-cause death after 6 months, and for all participants with missing data after 
6 months. We decided not to carry forward missing values before 6 months considering 
the timespan to the primary timepoint. Additionally, we tested the association using 
a linear mixed model for repeated measurements using all available datapoints of 
patients, which was used to calculate the longitudinal trend in changes in KCCQ overall 
summary scores between groups (appendix p 14). For clinical endpoint analyses, we 
applied the Andersen-Gill extension of the Cox regression model with the robust sand-
wich estimate of variance to relate randomly allocated treatment with total heart failure 
hospitalisations and the composite of total heart failure hospitalisations and all-cause 
deaths. Model assumptions for the described analyses were met. We did sensitivity 
analyses in prespecified strata according to age, sex, cause, ejection fraction below 40% 
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and 40% or greater, diabetes of any type, atrial fibrillation, and device implant history 
(CRT or ICD). Additionally, in subgroup analyses, we studied the consistency of treat-
ment effect by adding an interaction term between randomly allocated treatment and 
the corresponding stratum. The relationship between randomly allocated treatment 
and clinical endpoints was further studied by Cox proportional hazard regression 
models in time-to-first event analyses. Freedom of clinical endpoints was studied using 
the Kaplan-Meier method, whereas the log-rank test was applied to reveal differences 
between treatment groups. Additionally, censoring occurred in case of withdrawal, 
death, or end of follow-up. Other endpoints included the EQ-5D-5L questionnaire 
VAS and 6MWT scores. We analysed pulmonary artery pressure as the area under the 
pressure–time curve (AUC) of each patient’s daily change in pulmonary artery pressure 
from baseline, calculated using the trapezoidal rule. Using the medication and patient 
contact logbook, we calculated the average number of patient contacts per month and 
medication change rate per patient-month. All analyses were based on the intention-
to-treat principle (from date of enrolment, regardless of receiving allocated treatment) 
for the entire follow-up period. Clinical endpoints were additionally analysed in the per 
protocol analysis (appendix p 15). No crossover between groups was allowed.

The statistical analysis plan was updated to include a COVID-19 sensitivity analysis 
before the last follow-up visit on January 31, 2023 (appendix p 17). This COVID-19 sen-
sitivity analysis showed no interaction of COVID-19 warranting no stratified analysis or 
presentation of results (appendix p 19).

An independent data safety monitoring board (DSMB) reviewed all available safety and 
clinical event data. The DSMB regularly reviewed accumulating trial data and advised 
the sponsor regarding the continued safety, validity, and scientific merit of the trial. An 
independent unexpected serious-adverse device effect committee was installed to as-
sess relatedness of adverse events to the device or implant procedure. An independent 
blinded clinical event classification committee reviewed and adjudicated all deaths, 
unscheduled hospitalisations, and urgent visits with the use of intravenous diuretics.

Role of the funding source
The investigator-initiated study was designed and undertaken by the Erasmus MC 
University Medical Centre (clinical research organisation and sponsor). Data were moni-
tored, collected, and managed by the sponsor. The study was funded by the Dutch Min-
istry of Health and National Health Care Institute as conditional coverage programme 
for innovations in health care. Abbott Laboratories (IL, USA) was obligated to extend the 
grant by covering the clinical study costs with no part in the design, or conduct of the 
study or any of its components, analyses or writing.
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Results

Between April 1, 2019, and Jan 14, 2022, we randomly assigned 348 patients to either 
the CardioMEMS-HF group (n=176 [51%]) or the control group (n=172 [49%]; figure 1). 
The last patient completed follow-up on Jan 31, 2023. The mean follow-up time was 1·8 
years (SD 0·9). The groups were similar in terms of baseline characteristics (table 1).

Figure 1: Trial profile
The ITT population consisted of all patients at the date of signed informed consent or randomisation.
ITT=intention to treat. *During follow-up two patients stopped active monitoring but both were included in 
the active study follow-up. In the safety-analysis, 168 patients received a first implant attempt and four patients 
were included in whom a second attempt was necessary after an unsuccessful first attempt (appendix p 34); all 
second attempts were successful.
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Table 1. Baseline characteristics 

CardioMEMS (N=176) Standard Care (N=172)

Age 69 (61-75) 70 (61-75)

Sex
   Male sex  
   Female sex 

138 (78·4%) 
  38 (21·6%)

125 (72·7%) 
  47 (27·3%)

BMI, kg/m2 27·2 (24·4-31·6) 26·8 (24·1-31·0)

Medical history
   Previous MI
   Previous PCI
   Previous CABG
   Diabetes
   CVA or TIA
   Atrial fibrillation
   Hypertension

81 (46·0%)
74 (42·0%)
34 (19·3%)
66 (37·5%) 
29 (16·5%)
100 (56·8%)
102 (58·0%)

65 (37·8%)
59 (34·3%)
34 (19·8%)
68 (39·5%) 
39 (22·7%) 
81 (47·1%)
98 (57·0%)

Months since last HFH 3·6 (1·2-6·4) 3·4 (1·6-6·7)

Years since HF diagnosis, median 3·4 (0·8-8·3) 3·8 (0·9-8·7)

Cause
   Ischaemic, % 93 (52·8%) 81 (47·1%)

Heart rate, beats per min 71 (64-81) 71 (64-80)

Systolic blood pressure, mmHg 112 (103-129) 115 (104-131)

Diastolic blood pressure, mmHg 68 (60-75) 68 (61-76)

Left ventricular ejection fraction
   <40% 
   ≥40% 

30 (23-40) 
  127 (72·7%) 
    48 (27·3%)

30 (22-43) 
  123 (71·5%) 
    49 (28·5%)

Serum creatinine (umol/l) 127 (103-163) 124 (99-150)

eGFR, mL/min 48 (35-60) 48 (38-63)

Chronic Kidney Disease (eGFR<60) 131 (74·4%) 121 (70·3%)

NT-proBNP, pg/ml 2377 (837-5153) 1905 (691-4444)

Implantable cardiac defibrillator 94 (53·4%) 102 (59·3%)

Cardiac resynchronization therapy 46 (26·1%) 46 (26·7%)
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Patients in both groups had similar mean baseline KCCQ overall summary scores (55·8 
[SD 23·3] in the CardioMEMS-HF group and 54·9 [22·3] in the standard care group; 
p=0·70; table 2). The mean change in KCCQ overall summary scores between baseline 
and 12 months among patients in the CardioMEMS-HF group was +7·05 (95% CI 2·77 to 
11·33; p=0·0014), compared with –0·08 points among those in the standard care group 
(–3·76 to 3·60; p=0·97; table 2). Hence, the difference in the change in KCCQ overall 
summary score from baseline to 12 months was 7·13 (1·51 to 12·75; p=0·013) in favour 
of CardioMEMS-HF (table 2). The KCCQ-scores for all six domains are presented in figure 
2. In the responder analysis, the proportions of patients with an improvement in KCCQ 
overall summary score by at least 5 points were 47·7% in the CardioMEMS-HF group and 
38·1% in the standard care group (odds ratio [OR] of 1·69 [95% CI 1·01 to 2·83]; p=0·046). 
The proportions of patients with a deterioration in KCCQ overall summary score by at 
least 5 points were 24·2% in the CardioMEMS-HF group and 39·5% in the control group 
(OR 0·45 [0·26 to 0·77]; p=0·0035; table 2; figure 3). Missing data were equally distributed 
between groups and the favourable effect of CardioMEMS-HF on the mean change in 
KCCQ overall summary score and the responder analysis was confirmed and consistent 
in all sensitivity analyses for missing data (appendix pp 20–22).

Table 1. Baseline characteristics (continued)

CardioMEMS (N=176) Standard Care (N=172)

Medical therapy 
Beta blocker
Renin-angiotensin-aldosterone system 
inhibitor 
   Angiotensin-converting enzyme  
   inhibitor 
   Angiotensin-receptor blocker
   Angiotensin-receptor neprilysin 
   inhibitor
   Hydralazine dinitrate
Mineralocorticod receptor antagonist
SGLT2 inhibitor
Loop diuretic 
Thiazide diuretic
Loop and thiazide diuretic
Ivabradin
Digoxin

 
150 (85·2%) 
154 (87·5%) 
 
  37 (21·0%)
  
  26 (14·8%) 
  81 (46·0%)
  
  10 (5·7%) 
143 (81·3%)
  12 (6·8%) 
168 (95·5%)
  11 (6·3%)
  11 (6·3%)
  14 (8·0%)
  44 (25·0%)

 
142 (82·6%)
147 (85·5%) 
 
  32 (18·6%) 
  
  26 (15·1%) 
  81 (47·1%)
    
  8 (4·7%) 
144 (83·7%)
  21 (12·2%)
167 (97·1%) 
  10 (5·8%)
  10 (5·8%)
  10 (5·8%) 
  39 (22·7%)

Data are n (%) or median (IQR). All p values for differences between randomised groups were non-significant.
All analyses were based on the intention-to-treat principle. eGFR=estimated glomerular filtration rate.
NT-proBNP=N-terminal pro-B natriuretic peptide, MI = myocardial infarction, PCI = percutaneous coronary interven-
tion, CABG = coronary artery bypass graft surgery, CVA = cerebrovascular accident, TIA transient ischemic attack, 
SGLT2 = sodium glucose cotransporter-2. HFH = heart failure hospitalisation.
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Table 2. Primary endpoint and clinical outcomes during follow-up 

CardioMEMS  
StandardCare 

Within 
group

Within 
group

Between 
groups

p

Baseline KCCQ overall summary score 55·8 (23·3) 54·9 (22·3) 0·96 (-5·77-3·86) 0.697

12 months KCCQ overall summary score 66·1 (25·4) 56·9 (24·2) 9·19 (3·33-15·05) 0.002

Mean difference KCCQ overall summary 
score at 12 months (95% CI)  

7·05      
(2·77-11·33)

      -0·08           
(-3·76-3·60)

7·13 (1·51-12·75) 0·013

Responder analysis KCCQ overall summary 
score at 12 months

N, % N, % OR (95% CI)

≥15 point deterioration 21 (15·9%) 32 (21·8%) 0·65   (0·35-1·20) 0·139

≥10 point deterioration 24 (18·2%) 44 (29·9%) 0·49   (0·28-0·88) 0·015

≥5 point deterioration 32 (24·2%) 58 (39·5%) 0·45   (0·26-0·77) 0·003

≥5 point improvement 63 (47·7%) 56 (38·0%) 1·69   (1·01-2·83) 0·046

≥10 point improvement 55 (41·7%) 45 (30·6%) 1·85   (1·09-3·15) 0·020

≥15 point improvement 44 (33·3%) 31 (21·1%)) 2·27   (1·26-4·08) 0·011

Clinical endpoints during follow-up

Events 
(rate/pt.yr) 

Events 
(rate/pt.yr)

 HR    (95% CI) p

Total heart failure hospitalisations 117 (0·381) 212 (0·678) 0·56   (0·38-0·84) 0·005

Total heart failure hospitalisations and all-
cause deaths

159 (0·518) 257 (0·822) 0·63   (0·44-0·90) 0·011

Urgent visits only  11 (0·036)  17 (0·054) 0·65   (0·23-1·88) 0·440

Time-to-first heart failure hospitalisation  63 (0·254)  85 (0·395) 0·67   (0·49-0·93) 0·017

Time-to-first heart failure hospitalisation, 
urgent visit or cardiovascular death

 71 (0·286)  91 (0·423) 0·71   (0·52-0·97) 0·032

Time-to-first heart failure hospitalisation, 
urgent visit or all-cause death 

 81 (0·327)  98 (0·455) 0·75   (0·56-1·01) 0·054

Cardiovascular death  25 (0·081)  31 (0·099) 0·83   (0·49-1·39) 0·485

All-cause death  42 (0·137)  45 (0·144) 0·96   (0·63-1·46) 0·846
Mean follow-up was 1·78 years. Total heart failure hospitalisation is the composite of heart failure hospitalisation and 
urgent visits.
N = number, OR = odds ratio, HR = hazard ratio, CI = confidence interval, KCCQ= Kansas-City-Cardiomyopathy-Ques-
tionnaire, p=p-value. All analyses based upon intention-to-treat.
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Figure 2: Mean KCCQ score domains during follow-up
p values are presented at each timepoint for the difference between groups. The KCCQ contains six domains with 
plotted mean values of both treatment groups. KCCQ=Kansas City Cardiomyopathy Questionnaire.
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10The total number of heart failure hospitalisations was 117 in the CardioMEMS-HF group 
and 212 in the control group, which corresponded to an event rate of 0·381 per pa-
tient-year in the CardioMEMS-HF group and 0·678 per patient-year in the control group. 
Hence, the rate of total heart failure hospitalisations was reduced by 44% (hazard ratio 
[HR] 0·56 [95% CI 0·38–0·84; p=0·0053; table 2; figure 4). Data on other clinical endpoints 
are presented in table 2. The numbers of patients that were admitted for heart failure hos-
pitalisation within 4 weeks after randomisation were seven (4%) in the CardioMEMS-HF 
group and 14 (8%) in the standard care group (p=0·41). No significant effect on deaths 
was observed. The number of non-heart failure-related admissions was not different 
between randomised groups (129 in the CardioMEMS group versus 132 in the Standard 
Care group). Additionally, we did an analysis of heart failure hospitalisations excluding 
the urgent visits (appendix p 25); did prespecified subgroup analyses, which showed 
an overall consistent treatment effect but a potential signal of heterogeneity with a 
more pronounced effect in non-ischaemic cardiomyopathy (appendix p 26); and did a 
separate per protocol analysis with similar results (appendix p 27). In the per-protocol 
analysis, the HR of total heart failure hospitalisation was 0·56 (0·37–0·84; p=0·0048) and 
the HR for time-to-first event heart failure hospitalisation or all-cause death was 0·72 

Figure 3: Proportions of patients with improvement or deterioration in quality of life as mea-
sured by the change in KCCQ overall summary score at 12 months
χ² p=0·022 for the difference between groups in the three quality-of-life change categories.
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(0·53–0·97; p=0·029; appendix p 27). The Kaplan Meier figures for clinical endpoints are 
presented in the appendix (pp 36–38).

The mean pulmonary artery pressure at baseline was 33·3 mm Hg (SD 10·6) in patients 
in the CardioMEMS-HF group, which was increased above normal. The mean pulmonary 
artery pressure was significantly reduced to 24·9 mm Hg (SD 9·4) at 12-month follow-up 
(p<0·0001). The mean pulmonary artery pressure AUC, used to express the reduction 
in pulmonary artery pressure over time, was substantial with –1623·8 mm Hg-days (SD 
2003·4; figure 5; appendix p 39). The median NT-proBNP was significantly reduced from 
2377 pg/mL at baseline to 1708 pg/mL (p=0·013) at 12 months in the CardioMEMS-HF 
group. In the standard care group, we found a non-significant difference in NT-proBNP 
(1907 pg/mL to 1607 pg/mL, p=0·81) at 12 months (figure 5). The baseline treatment 
level and mean dose as a percentage of the target dose was appropriate among all 
patients and the uptake of angiotensin receptor–neprilysin inhibitors (ARNIs) and 
SGLT2-inhibitors was substantial (table 1; appendix pp 28–30). The cumulative number 
of changes, intensifications, and downgrades in diuretics and GDMT were higher in the 
CardioMEMS-HF group than in the control group (figure 6; appendix pp 40–47). The 
mean number of patient contacts per month was 1·55 (SD 1·06) in the CardioMEMS-HF 

Figure 4: Cumulative number of total heart failure hospitalisations (heart failure hospitalisa-
tions and urgent visits with necessity of iv diuretics) during entire follow-up
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group and 1·04 (0·77) in the control group during the entire follow-up period (appendix 
p 31), and the rate of medication changes per patient-month was 0·93 in the Car-
dioMEMS-HF group and 0·55 in the standard care group during the 12-month follow-up 
(appendix p 31). The mean difference in EQ-5D-5L VAS score from baseline to 12 months 
between groups was 6·0 (95% CI 1·1 to 10·9; p=0·016) in favour of CardioMEMS-HF (+3·0 
in the CardioMEMS-HF group and –3·0 in the control group). The mean 6MWT scores 
from baseline to 12 months significantly improved by 29·3 m (2·4 to 56·2; p=0·033) in 
the CardioMEMS-HF group but not in the standard care group (9·8 m [–20·4 to 40·1]; 
p=0·52). In exploratory analyses, improvements in KCCQ overall summary scores in 
the CardioMEMS-HF group were positively associated with an improvement in 6MWT 
distance, EQ-5D-5L VAS score, and NYHA class (appendix p 33). Frequency of (daily) pul-
monary artery uploads was 84·3% during follow-up. The freedom of DSRCs was 97·7% 
(DSRC occurred in four [2·3%] of 172 implants) and freedom of sensor failures was 98·8% 
(sensor failure in two [1·2%] of 168 active sensors; appendix p 34). In four (2%) patients, 
a device-related complication occurred (two haemoptysis and two arrhythmia requiring 
invasive measures; appendix p 34).

Figure 5: Mean pulmonary artery pressure AUC and natriuretic peptide concentrations from 
baseline to 12 months
Baseline mean pulmonary artery pressure was calculated as the mean of days 0–7, and 12-month mean pul-
monary artery pressure as the mean of days 358–65. The mean pulmonary artery pressure AUC is –1623·8 (SD 
2003·4) mm Hg days in the treatment group. AUC=area under the curve. NT-proBNP=N-terminal pro-B natri-
uretic peptide.
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Discussion

The MONITOR-HF study showed that haemodynamic monitoring and subsequent indi-
vidualised adjustment of diuretics and GDMT significantly improved QOL and reduced 
the number of heart failure hospitalisations.

Figure 6: Cumulative number of drug changes, intensifications, and downgrades in guideline-
directed treatment (GDMT) and diuretics in both treatment groups
The cumulative number of changes in GDMT (A) or diuretics (B). Intensifications consisted of up-titrations and 
starts, and downgrades consisted of down-titrations and stops.
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The MONITOR-HF is the first randomised clinical trial of haemodynamic monitoring in 
Europe and considered both QOL and recurrent heart failure hospitalisations. The QOL 
improvement was substantial considering that it represents group levels and persisted 
until 12 months. The control group exhibited no change in QOL. Additionally, the re-
duction in heart failure hospitalisations was substantial. Given the enormous burden of 
heart failure on hospitals, such profound reductions portend an important tool to keep 
patients ambulatory as long as possible.

Two randomised trials5,6 have studied the effect of haemodynamic pulmonary-artery 
pressure monitoring on chronic heart failure. Our results are consistent with the find-
ings of the CHAMPION trial. However, because CHAMPION recruited patients well over 
a decade ago, we saw a much higher level of GDMT and contemporary standard care 
in our study.5 Essentially, the MONITOR-HF trial showed one of the highest uptakes of 
ARNIs and SGLT2-inhibitors in trials to date, and the use of mineralocorticoid recep-
tor antagonists was also much higher in this trial than in most other trials. The added 
value of remote monitoring in our study cannot therefore be ascribed to relatively lower 
levels of GDMT in standard care patients, a potential reason that was discussed after the 
CHAMPION findings.5 As mentioned, the results of the GUIDE-HF trial, predominantly 
from the USA, were inconclusive but positive in the prespecified COVID-19 analysis.6 
Our trial results support the benefit of haemodynamic monitoring, which is consistent 
across the three trials. The health-care systems of Europe and the USA are substantially 
different.7,8,9 It is reassuring that the results of the three trials are highly concordant and 
robust in a new setting.14,21

A particular strength of our trial was the consistency between crucial elements of a 
remote monitoring approach. We reported a prominent effect on pulmonary artery 
pressure, accompanied by a clear decrease in natriuretic peptide concentrations associ-
ated with increased changes, especially in diuretics, but also in other guideline-directed 
treatments, among patients allocated to remote monitoring. To better understand the 
mechanism of benefit of pulmonary artery pressure-guided therapy we report in detail 
on drug changes. The added benefit of haemodynamic monitoring is shown by the ap-
parent optimisation of the congestive state of patients, with fine-tuning of drug doses.21 
In GUIDE-HF, the smaller effect on mean pulmonary artery pressure and a low baseline 
level of pulmonary artery pressure as compared with our study was observed, which 
probably limited the possibility of improvement.6 Our results showed a substantial 
reduction in mean pulmonary artery pressure from baseline and a mean response that 
was higher than those in previous trials. In finding the optimal opportunity for haemo-
dynamic monitoring to make an impact, these differences are noteworthy.
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Chronically better congestive status and proactive response to increases in pulmonary 
artery pressure prevent worsening heart failure progressing to overt clinical conges-
tion requiring hospitalisation.22 Remote monitoring must be followed by an adequate 
telemonitoring platform structure. The monitoring device itself does not treat the 
patient, and its effects are conceded by optimising diuretics in response to pressure 
and titration of drug treatment.21,22 Patient compliance with the technique was high, 
but also presents a potential vulnerability. Importantly, clinicians often need to actively 
intervene in an asymptomatic haemodynamically congested patient without clinical 
congestive symptoms. Training is needed to set the right thresholds and alarms for ef-
fective monitoring. As stated by Cleland and colleagues,14 “to master heart failure, first 
master congestion”; no invasive tool will improve patients without acting on pressures. 
Clearly, remote monitoring triggered this interaction between patient and caregiver as 
reflected in the number of drug changes that primarily targeted fluid status and the 
decline in mean pulmonary artery pressure and natriuretic peptide concentration. Most 
changes were made in diuretics, which could be in both directions, up-titration in case 
of hypervolaemia and down-titrations in case of hypovolaemia in a safe and controlled 
way.

We acknowledge the limitations of an open-label design, as well as the absence of a de-
vice (or sham) in controls, which can be prone to bias in the QOL endpoint by unmasking. 
Unmasking might have negated any possible placebo effect of a device in the control 
group and by contrast might have enhanced any placebo effect in the treatment group. 
In GUIDE-HF, both groups improved in KCCQ overall summary scores without significant 
difference between groups at 12 months. Still, the level of consistency and magnitude of 
the observed effects at multiple levels, including several supportive objective measures 
(pulmonary artery pressure, natriuretic peptide concentrations, and clinical endpoints) 
and that the control group had highly appropriate background therapy and identical 
follow-up scheme, minimised the chances of imprecisions or bias in our study and 
brings novel data. Furthermore, by contrast with GUIDE-HF, in which control patients 
were called every 2 weeks, in MONITOR-HF standard care was given at outpatient clinics, 
and we believe that the control group better represented actual standard care practice 
in outpatient clinics for the first time. Moreover, because this is the first trial without a 
sham procedure in the control group, our analyses allowed for discrimination in QOL 
changes between the CardioMEMS-HF group and a standard care group who did not 
receive the device. CHAMPION did not assess KCCQ scores but showed an improvement 
in Minnesota Living with HF Questionnaire scores, whereas in GUIDE-HF KCCQ overall 
summary scores improved in both groups equally.5,6 In our study, only CardioMEMS-HF 
patients improved in KCCQ-OS score and patients in the control group had no overall 
change in QOL. Although the trial was randomised and adequately powered for QOL, 
we analysed missing data with various methods that did not affect the main inferences 
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and results. Furthermore, trials of established guideline treatments such as ARNIs and 
SGLT2-inhibitors showed effects in the range of one-point or two-point differences in 
KCCQ overall summary scores between treatment groups.23,24,25 We observed potential 
heterogeneity with respect to heart failure cause with a more pronounced effect in 
patients with non-ischaemic than with ischaemic heart failure; however, this difference 
was not observed in GUIDE-HF in a larger sample size and might be related to chance. 
The effect of the COVID-19 pandemic on our trial was modest, and most of the study 
was done during the COVID-19 pandemic over a long time-span from 2019–23, which 
might explain the smaller effect of COVID-19 on our results as compared to GUIDE-HF 
(2018–21), in addition to differences in health-care systems, vaccination campaigns, 
differences in patient population, and the fixed follow-up at 12 months. Finally, we 
acknowledge that the implant procedure is not without risks or complications and the 
current study was not powered for mortality. Given the small relative risk reductions 
in deaths, a larger sample size and longer follow-up could be needed for any effect to 
become apparent; patients who died early in the study could have obscured the full 
benefit of this technique (with chronically better fluid state) in relation to fewer deaths 
in the longer term.

Our results might support the heart failure community to embrace e-health, digital tech-
nology, and telemonitoring to reduce the burden on our hospitals. The process behind 
any telemonitoring modality needs a substantial workforce of health-care providers 
working with uniform signals, thresholds, and alarms for an effective implementation 
of patient monitoring. With optimal choices of thresholds, the workload is minimal, and 
one only actively responds to alarms outside the chosen threshold. With the upscaling 
of haemodynamic monitoring, the projected change in activities of staff should be ap-
propriately reimbursed as well, which will be relevant for subsequent cost-effectiveness 
analyses.26 From available data, we will need to assess which patients are most likely 
to benefit in what stage of their disease, as existing invasive monitoring strategies are 
expensive and cannot be available for all patients. Other telemonitoring modalities 
such as simple non-invasive modalities might be better suited for patients at lower risk, 
those with less symptomatic heart failure, and those requiring a lower level of guidance 
considering the sheer number of patients with chronic heart failure worldwide.2,3,27,28 Im-
portant future directions for upscaling can include developing centralised telemonitor-
ing platforms. Some automatisation based on artificial intelligence algorithms could 
be integrated into digital platforms. Finally, we must involve the patients themselves 
to close the circle. Patients can play an active role in self-management, self-care, and 
awareness of the underlying disease. Apps can be developed to integrate pulmonary 
artery pressure feedback, lifestyle, fluid balance, and medication compliance with 
bidirectional remote contact with their caregiver. A structured care system, dedicated 
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personnel, and patient involvement could create a synergistic effect of remote monitor-
ing. Future research and resources on this topic are warranted.

The current study bridges several remaining gaps in knowledge after the previous 
two landmark trials. The aggregate results of haemodynamic monitoring in addition 
to standard care now show a consistent treatment benefit across three positive trials. 
The concordance on outcomes in these trials done in different eras, evolving GDMT, 
different conditions (pandemic vs non-pandemic) and different health-care systems 
and controls is remarkable. The average number of medication changes per month and 
patient contacts were also similar across the three trials. The differences in design of the 
three trials complement each other and extend the level of aggregated evidence for the 
use of pulmonary artery pressure-guided therapy.

Within Europe, hospital systems and organisation of care also vary between countries. 
The high level of GDMT in controls is one of the strongest points of our study and un-
derlines the beneficial effects of pulmonary artery pressure monitoring in addition to 
high-quality usual heart failure care as comparator. The main intervention was through 
fine-tuning of diuretics and pertaining a chronically better decongestive state with hae-
modynamic monitoring. Despite the high standard of care and specific organisational 
structure in the Netherlands, optimisation and proactive interventions in volume status 
with diuretics made a clear impact on heart failure hospitalisation. Better decongestion 
and proactive responses to pressures triggered a remote interaction between patient 
and caregiver with optimisation of drug treatment that we postulate to be most likely 
generalisable to other European countries to prevent hospitalisations, despite differ-
ences between countries.

In summary, the MONITOR-HF trial is the first randomised clinical trial in Europe to show 
that haemodynamic monitoring and subsequent individualised modification of diuret-
ics and GDMT substantially and significantly improve QOL and reduce the number of 
heart failure hospitalisations among patients with chronic heart failure.
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Supplementary appendix

Table S1 Clinical endpoint COVID-19 impact analysis and sensitivity analysis
For all COVID-19 sensitivity analyses, February 27th 2020 is chosen as the date on which the COVID-19 pandemic 
started in the Netherlands with the 1st confirmed infection. A sensitivity analysis was performed in which a time-
dependent variable was used in the Cox regression analysis to study the incidence of events and treatment 
effect before and after the onset of COVID-19*. 

Cox regression analysis on the number of total HFH during follow-up pre- and during COVID-19. 

Analysis time 
period

Events CardioMEMS 
group 
(events)

Standard 
care (events)

HR  95% CI P-value P-value for 
interaction*

Pre-COVID-19 26 5 21 0.24 (0.07-
0.81)

0.02 0.091

During 
COVID-19

303 112 191 0.60 (0.40-
0.91)

0.01

HR = hazard ratio. CI = confidence interval.
There were 30.29 patient-years of follow-up available in the pre-COVID-19 period (15.2 CardioMEMS and 15.0 
standard care) and 589.08 patient-years of follow-up in the during-COVID-19 (291.7 and 297.4, respectively). The 
observed event rates before and after COVID-19 were 1.35 and 0.64 per patient year in controls. Both treatment 
effect estimates before and during COVID-19 showed a significant treatment effect in favour of CardioMEMS. 
As the overall trial results were positive and no significant interaction with COVID-19 is found, a stratified analysis 
is not warranted. We present the overall trial results based upon the intention to treat principle as main analysis. 

Reported events and COVID-19 

Randomized to 
CardioMEMS 
(n=176)

Randomized to 
Standard Care
(n=172)

P-value

Any hospitalization or death with 
(investigator) reported COVID-19 infection 

17 13 ns.

PCR-confirmed COVID-19 test in combination 
with death or hospitalization

13 9 ns.

CEC adjudicated death or hospitalization 
with positive PCR and possible relatedness

11 7 ns.

Death 2 2 ns.

CEC adjudicated death or hospitalization 
with positive PCR and definitive relatedness  

8 5 ns.

Death 1 1 ns.
At the start of the pandemic, the hospitalization form was extended with information on COVID-19 status and 
verified PCR test results were recorded in SAE reports for unscheduled hospitalizations and deaths. These test 
results / source documents for COVID-19 relatedness of SAEs were shared with the CEC for adjudication as defi-
nitely or possibly or not related to unscheduled hospitalizations or death. Events classified by the CEC as related 
to COVID-19 infection during the pandemic (COVID-19 PCR tests only available in hospitalization forms and 
death forms) were equally distributed between groups (all P-values ns). 
No patients had completed their 12 months follow-up visit by February 27th, 2020, so a separate analysis on 
KCCQ-OS with time-point 12 months is not feasible. We observed equal rate of death and missing data in both 
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randomized treatment arms with equal (random) exposure to (severe) COVID-19 as presented in detail in the 
above table. Also, there was no difference on CV/all-cause mortality in patients with CardioMEMS or standard of 
care (Table 2 main manuscript).

Table S2 Exploratory KCCQ-OS missing data analyses
a. Missing data analysis

Sensitivity analysis for missing data on 12 months KCCQ-OS due to CV mortality 

CardioMEMS Standard care

Within group Within group Between groups P-value

Mean difference KCCQ-OS 12 
months 
(95% CIs)

6.21
(1.97-10.46)

-0.20
(-3.81-3.41)

6.42
(0.86-11.97)

0.024

Responder analysis KCCQ-OS 
12 months

N, % N, % OR (95% CI) P-value

≥15 points deterioration 23 (16.4%) 33 (22.0%) 0.67 (0.37-1.21) 0.180

≥10 points deterioration 27 (19.3%) 45 (30.0%) 0.53 (0.31-0.93) 0.025

≥5 points deterioration 35 (25.0%) 59 (39.3%) 0.48 (0.28-0.80) 0.005

≥5 points improvement 66 (47.1%) 56 (37.3%) 1.70 (1.03-2.80) 0.039

≥10 points improvement 57 (40.7%) 45 (30.0%) 1.83 (1.09-3.07) 0.023

≥15 points improvement 46 (32.9%) 31 (20.7%) 2.27 (1.28-4.05) 0.005
Last carry forward: 6 month KCCQ-OS score was carried forward if CV death between 6-12 months

Within group: 
Patients randomised to CardioMEMS had a baseline KCCQ-OS of 55.8 (SD 23.3) and improved to 65.0 (SD 25.6) at 
12 months in mean KCCQ-OS (mean change of 6.21; p 0.004). 
Patient randomized to standard care had a baseline KCCQ-OS of 54.9 (SD 22.3) which remained unchanged in 
mean KCCQ-OS at 12 months with 56.5 (SD 24.6) (mean change of -0.20; p=0.913). 
In the CardioMEMS group, 140 patients and in standard care 150 patients had a KCCQ-OS score at baseline and 
12 months. The within group change in mean KCCQ-OS score were 6.21 and -0.20 in CardioMEMS and standard 
care patients, respectively. 

Between groups: 
The mean difference in KCCQ-OS form baseline to 12 months between groups is 6.42 (95% CI 0.86-11.97) (P-
value 0.024) in 290 patients. 
Mean KCCQ-OS scores

Mean overall summary 
score CardioMEMS (SD)

Mean overall summary 
score Standard Care 
(SD)

p-value Number of 
KCCQ’s

Baseline 55.8 (23.3) 54.9 (22.3) 0.70 347

3M 64.2 (22.8) 58.4 (23.9) 0.029 315



6M 63.3 (24.5) 57.3 (24.3) 0.032 308

12M 65.0 (25.6) 56.5 (24.6) 0.004 290

Sensitivity analysis for missing data on 12 months KCCQ-OS due to all-cause mortality

CardioMEMS Standard care

Within group Within group Between groups P-value

Mean difference KCCQ-OS 12 
months 
(95% CI)

5.97          
 (1.81-10.13)

-0.20           
(-3.81-3.41)

6.17 (0.68-1.66) 0.028

Responder analysis KCCQ-OS 
12 months

N, % N, % OR   95% CI P-value

≥15 points deterioration 25 (17.0%) 33 (22.0%) 0.70 (0.39-1.26) 0.240

≥10 points deterioration 30 (20.4%) 45 (30.0%) 0.58 (0.34-0.99) 0.046

≥5 points deterioration 38 (25.9%) 59 (39.3%) 0.51 (0.31-0.84) 0.009

≥5 points improvement 69 (46.9%) 56 (37.3%) 1.62 (0.99-2.66) 0.054

≥10 points improvement 59 (40.1%) 45 (30.0%) 1.71 (1.03-2.85) 0.040

≥15 points improvement 48 (32.7%) 31 (20.7%) 2.14 (1.21-3.77) 0.009
Last carry forward: 6 month KCCQ-OS score was carried forward if death between 6-12 months

Within group: 
Patients randomised to CardioMEMS have a baseline mean KCCQ-OS score of 55.8 (SD 23.3) and improved to a 
mean KCCQ-OS of 63.9 (SD 25.8) at 12 months (mean change of 5.97, p=0.012). 
Patient randomised to standard care had a baseline KCCQ-OS score of 55.0 (SD 22.3) which remained unchanged 
at 12 months with a mean KCCQ-OS score of 56.5 (SD 24.6) (mean change of – 0.20, p=0.913). In the CardioMEMS 
group, 147 patients and in standard care 150 patients had a KCCQ-OS score at baseline and 12 months.
The within group mean difference in KCCQ-OS score was 5.97 and -0.20 in CardioMEMS and standard care pa-
tients, respectively. 

Between groups: 
The mean difference in KCCQ-OS form baseline to 12 months between groups is significantly improved with 6.20 
points (95% CI 0.78-11.66) (P-value 0.028) in 297 patients. 
Mean KCCQ scores 

Mean overall summary 
score CardioMEMS 
(SD)

Mean overall summary 
score Standard Care 
(SD)

p-value Number of  
KCCQ’s 

Baseline 55.8 (23.3) 55.0 (22.3) 0.736 347

3 months 64.2 (22.8) 58.4 (23.9) 0.029 315

6 months 63.3 (24.5) 57.3 (24.3) 0.032 308

12 months 63.9 (25.8) 56.5 (24.6) 0.012 297
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Sensitivity analysis for any missing data on 12 months KCCQ-OS score (last carry forward)

CardioMEMS Standard care

Within group 
(SD)

Within group 
(SD)

Between 
groups

P-value

Mean difference KCCQ-OS 12 
months (95% CI) 

5.35  
(1.34-9.36)

-0.45  
(-3.98-3.08)

5.80  
(0.48-1.12)

0.033

Responder analysis KCCQ-OS 12 
months

N, % N, % OR 95% CI P-value

≥15 points deterioration 28 (17.9%) 35 (22.4%)  0.73  
(0.41-1.28)

0.272

≥10 points deterioration 33 (21.2%) 47 (30.1%) 0.60  
(0.36-1.00)

0.053

≥5 points deterioration 42 (26.9%) 62 (39.7%) 0.53  
(0.32-0.86)

0.010

≥5 points improvement 74 (47.4%) 58 (37.2%) 1.68  
(1.04-2.72)

0.035

≥10 points improvement 62 (39.7%) 47 (30.1%) 1.67  
(1.02-2.75)

0.042

≥15 points improvement 50 (32.1%) 32 (20.5%) 2.09  
(1.20-3.65)

0.009

Last carry forward: 6 month KCCQ-OS score was carried forward if missing data on 12 months

Within group: 
Patients randomised to CardioMEMS had a baseline KCCQ-OS score of 55.8 (SD 23.3) and improved to a mean 
KCCQ-OS score of 63.3 (SD 25.7) at 12 months (mean change 5.35; p=0.009). 
Patient randomised to standard care had a baseline KCCQ-OS of 55.0 (SD 22.3) which remained unchanged in 
at 12 months with a mean KCCQ-OS score of 56.1 (SD 24.5) (mean change -0.45; p=0.802). In the CardioMEMS 
group, 156 patients and in standard care 156 patients had a KCCQ-OS score both at baseline and 12 months.
The within group mean difference in KCCQ-OS score was 5.35 and -0.45 in CardioMEMS and standard care pa-
tients, respectively. 

Between groups: 
The mean difference in KCCQ-OS from baseline to 12 months was significantly improved with 5.80 points (95% 
CI 0.48-11.12) (P-value 0.033) in 312 patients. 
Mean KCCQ-OS scores

Mean overall summary 
score CardioMEMS 
(SD)

Mean overall summary 
score Standard Care 
(SD)

p-value Number of 
KCCQ’s 

Baseline 55.8 (23.3) 55.0 (22.3) 0.736 347

3 months 64.2 (22.8) 58.4 (23.9) 0.029 315

6 months 63.3 (24.5) 57.3 (24.3) 0.032 312
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12 months 63.3 (25.7) 56.1 (24.5) 0.012 312

b. longitudinal trends in KCCQ-OS from baseline to 12 months (mixed model) 
The linear mixed model calculated the mean longitudinal trend / difference of KCCQ-OS score using all avail-
able data points of n=340 patients. To account for repeated measurements, we performed a linear mixed model 
with KCCQ-OS score as outcome, treatment and follow-up time as covariates, and random slopes for individual 
patients.

Linear mixed model with repeated measurements analysis for KCCQ-OS scores

KCCQ-OS difference for 
CardioMEMS* vs. standard care

P-value

Linear mixed model analysis
(all available data-points of 340 patients) 

5.22 (95% 0.91-9.30) 0.021

Summary/overview of analyses for missing data 

CardioMEMS Standard Care p-value 

Total number of missing data on 12M KCCQ 36 25 0.10

  Death   26   14
0.42  Withdrawal     3     3

  Missed visit, COVID-19 or undetermined     7     9
Chi-square test or Fisher’s exact tests (when appropriate) were used to calculate p-values. 
For the main analysis, 279 patients both a baseline and 12 months KCCQ-score. An overview of missing data 
is provided in detail in the above table. There were no significant differences in missing data between the ran-
domised groups (all p-values ns.). The eight patients that did not receive allocated treatment (CardioMEMS) were 
excluded from this analysis of missing data (for equal comparison). 
In sensitivity analyses (Supplementary Table 2), respectively 290, 297 and 312 patients were available for analysis 
on mean difference in KCCQ-OS between baseline and 12 months (with respectively 11, 18, 33 values carried 
forward) .
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Figure: Consistent effect of CardioMEMS on KCCQ-OS in missing data sens. analyses and 
mixed model
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In sensitivity analyses (Supplementary Table 2), respectively 290, 297 and 312 patients 
were available for analysis on mean difference in KCCQ-OS between baseline and 12 
months (with respectively 11, 18, 33 values carried forward) .

Figure: Consistent effect of CardioMEMS on KCCQ-OS in missing data sens. analy-
ses and mixed model

 

ns.). The eight patients that did not receive allocated treatment (CardioMEMS) were excluded from this analysis of missing 
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difference in KCCQ-OS between baseline and 12 months (with respectively 11, 18, 33 values carried forward) . 
 

Figure: Consistent effect of CardioMEMS on KCCQ-OS in missing data sens. analyses and mixed model 

 

Legend: sens. analysis 1 (CV mortality), 2 (all-cause mortality), 3 (any missings). Missing data were equally distributed 
between randomised treatment arms (all p-values ns.). The point estimate (dot), 95% CI (bar) and p-value in the figure 
correspond to the mean difference in KCCQ-OS between groups or the subsequent mixed model for repeated 
measurements.     

Summary: The primary analysis on changes in mean KCCQ-OS scores (n=279) has met its power calculation, which was set 
at 266 patients with available data at 12 months. The numbers of missing data were equally distributed between 
randomised groups. As explained in the methods section, we performed multiple sensitivity analyses to explore the 
potential influence of missing data. The mean differences of the KCCQ-OS scores at 12 months as well as the responder 
analyses were consistent with the results of the main analysis at similar magnitude of effect and significance level.  

  

Legend: sens. analysis 1 (CV mortality), 2 (all-cause mortality), 3 (any missings). Missing 
data were equally distributed between randomised treatment arms (all p-values ns.). 
The point estimate (dot), 95% CI (bar) and p-value in the figure correspond to the mean 
difference in KCCQ-OS between groups or the subsequent mixed model for repeated 
measurements.    

Summary: The primary analysis on changes in mean KCCQ-OS scores (n=279) has met 
its power calculation, which was set at 266 patients with available data at 12 months. 
The numbers of missing data were equally distributed between randomised groups. As 
explained in the methods section, we performed multiple sensitivity analyses to explore 
the potential influence of missing data. The mean differences of the KCCQ-OS scores 
at 12 months as well as the responder analyses were consistent with the results of the 
main analysis at similar magnitude of effect and significance level. 

Legend: sens. analysis 1 (CV mortality), 2 (all-cause mortality), 3 (any missings). Missing data were equally dis-
tributed between randomised treatment arms (all p-values ns.). The point estimate (dot), 95% CI (bar) and p-
value in the figure correspond to the mean difference in KCCQ-OS between groups or the subsequent mixed 
model for repeated measurements.
Summary: The primary analysis on changes in mean KCCQ-OS scores (n=279) has met its power calculation, 
which was set at 266 patients with available data at 12 months. The numbers of missing data were equally dis-
tributed between randomised groups. As explained in the methods section, we performed multiple sensitivity 
analyses to explore the potential influence of missing data. The mean differences of the KCCQ-OS scores at 12 
months as well as the responder analyses were consistent with the results of the main analysis at similar magni-
tude of effect and significance level. 
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Table S3 Exploratory analysis of clinical endpoints excluding urgent visits during follow-up
Primary endpoint and clinical outcomes excluding the urgent visits with IV diuretics in patients randomised to 
CardioMEMS (n=176) and standard care (n=172) during entire follow-up  

Clinical endpoints during follow-up CardioMEMS  
(n=176)

Standard 
care 
(n=172)

Events (rate/
pt.yr)

Events 
(rate/pt.yr) HR 95% CI P-value

HF hospitalisations 106 (0.345) 195 (0.624) 0.56 (0.38-
0.82)

0.003

HF hospitalisations and all-cause 
mortality

148 (0.482) 240 (0.768) 0.63 (0.45-
0.89)

0.009

Time-to-first HF hospitalisation 62 (0.249) 81 (0.367) 0.71 (0.51-
0.99)

0.042

Time-to-first HF hospitalisation or CV 
mortality 

70 (0.281) 87 (0.395) 0.75 (0.55-
1.01)

0.069

Time-to-first HF hospitalisation or all-
cause mortality 

80 (0.322) 94 (0.426) 0.79 (0.59-
1.05)

0.118

The number of urgent visits was 11 in CardioMEMS and 17 in standard care. Urgent visits are defined as an HF-hospi-
talisation shorter than 6 hours with the necessity of intravenous diuretics for decongestion of the patient. HR = hazard 
ratio; CI = confidence interval. HF = heart failure. HFH = heart failure hospitalisation, CV = cardiovascular, n = number. 

Table S4 Subgroup analysis testing heterogeneity of treatment effect 
Subgroup analysis and treatment effect on total HFH during follow-up in randomized treatment arms

Subgroup-analysis CardioMEMS 
Events (rate/
pt-yr)

Standard care 
Events rate/
pt-yr) 

HR 95% CI p p-int

Age ≥median (69.4) 45 (0.330) 85 (0.521) 0.64 (0.38-1.08) 0.09 0.50

Age <median (69.4) 72 (0.422) 127 (0.850) 0.49 (0.28-0.87) 0.01

Sex male 90 (0.389) 147 (0.663) 0.58 (0.36-0.96) 0.04 0.74

Sex female 27 (0.359) 65 (0.715) 0.51 (0.28-0.94) 0.03

Aetiology ischemic 75 (0.476) 76 (0.535) 0.89 (0.52-1.55) 0.68 0.02

Aetiology non-
ischemic  

42 (0.281) 136 (0.798) 0.36 (0.22-0.59) 0.01

Diabetes mellitus 34 (0.316) 96 (0.733) 0.42 (0.23-0.77) 0.01 0.26

No diabetes mellitus 83 (0.416) 116 (0.639) 0.67 (0.40-1.12) 0.12

Atrial fibrillation 72 (0.404) 108 (0.770) 0.54 (0.34-0.88) 0.01 0.88

No atrial fibrillation 45 (0.349) 104 (0.604) 0.57 (0.28-1.18) 0.13

LVEF ≥40% 33 (0.496) 63 (0.687) 0.70 (0.40-1.23) 0.21 0.48

LVEF <40% 84 (0.349) 149 (0.675) 0.53 (0.31-0.88) 0.01
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ICD 76 (0.426) 143 (0.756) 0.57 (0.33-0.98) 0.04 0.99

No ICD 41 (0.319) 69 (0.559) 0.57 (0.33-0.97) 0.03

CRT 42 (0.483)  74 (1.052) 0.54 (0.23-1.24) 0.14 0.66

No CRT 75 (0.341) 136 (0.564) 0.60 (0.39-0.91) 0.02
Andersen-Gill extension of the Cox model for recurrent events. HR = hazard ratio; CI = confidence interval; LVEF = 
left ventricular ejection fraction; ICD = implantable cardiac defibrillator; CRT= cardiac resynchronization therapy; 
p = p-value; p-int = p-value for interaction term.  

Table S5 Per protocol analysis of clinical endpoints during follow-up
Primary endpoint and clinical outcomes in patients randomised to CardioMEMS (n=168) that received allocated 
treatment and standard care (n=172) during follow-up – per protocol analysis - 

Clinical endpoints during follow-up CardioMEMS  
(n=168)

Standard 
care 
(n=172)

Events (rate/
pt.yr)

Events 
(rate/pt.yr) HR 95% CI P-value

Total HF hospitalisations 115 (0.376) 212 (0.678) 0.56 (0.37-
0.84)

0.005

Total HF hospitalisation and all-cause 
mortality

155 (0.507) 257 (0.822) 0.62 (0.43-
0.89)

0.009

Time to first HFH 61 (0.247) 85 (0.395) 0.66 (0.47-
0.91)

0.012

Time to first HFH or CV mortality 69 (0.279) 91 (0.423) 0.69 (0.51-
0.95)

0.022

Time to first HFH or all-cause mortality 77 (0.312) 98 (0.455) 0.72 (0.53-
0.97)

0.029

CV mortality 25 (0.082) 31 (0.099) 0.83 (0.49-
1.41)

0.492

All-cause mortality 40 (0.131) 45 (0.144) 0.92 (0.60-
1.40)

0.688

Mean follow-up 1.8 years (SD 0.9). HR = hazard ratio; CI = confidence interval. HF = heart failure. HFH = heart failure 
hospitalisation, CV = cardiovascular, n = number. No crossover allowed. In the per protocol analysis population, we 
studied the effect of active monitoring with successfully implanted sensor (n=168 receiving allocated treatment) ver-
sus patients with standard care (n=172). 
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Table S6 Proportion of subjects on GDMT at baseline (all patients and HFrEF only)
Baseline therapy in all patients 

Patients randomized to 
CardioMEMS (n=176)

Patients randomized to 
Standard of Care (n=172)

Guideline-directed medical therapy

Beta-blocker, % 150 (85.2%) 142 (82.6%)

RAASi, % 154  (87.5%) 147 (85.5%)

  ACE-inhibitor, %  37 (21.0%)  32 (18.6%)

  ARB antagonist, %  26 (14.8%)  26 (15.1%)

  ARNI, %  81 (46.0%)  81 (47.1%)

  Hydralazine dinitrate (%) 10 (5.7%)  8 (4.7%)

MRA, % 143 (81.3%) 144 (83.7%)

SGLT2-inhibitor, %  12 (6.8%)  21 (12.2%)

Ivabradin, % 14 (8.0%) 10 (5.8%)

Digoxin, % 44 (25.0%) 39 (22.7%)

Diuretic therapy

Loop diuretic, % 168 (95.5%) 167 (97.1%)

Thiazide diuretic, % 11 (6.3%) 10 (5.8%)

Loop and thiazide diuretic, % 11 (6.3%) 10 (5.8%)
All p-values for differences between randomized groups were non-significant. ACE = angiotensin-converting enzyme, 
ARB = angiotensin-receptor blocker, ARNI = angiotensin-receptor neprilysin inhibitor, MRA = mineralocorticoid recep-
tor antagonist, SGLT2 = sodium glucose cotransporter-2. 
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Baseline therapy in patients with HF with reduced EF<40% (HFrEF) only 

Patients randomized to 
CardioMEMS (n=127)

Patients randomized to 
Standard of Care (n=123)

Guideline-directed medical therapy

Beta-blocker, % 111 (87.4%) 101 (82.1%)

RAASi (%) 115 (90.6%) 110 (89.4%)

  ACE-inhibitor, %  25 (19.7%)  24 (19.5%)

  ARB antagonist, %  17 (13.4%)  16 (13.0%)

  ARNI, %  68 (53.5%)  64 (52.0%)

  Hydralazine dinitrate (%)   5 (3.9%)   6 (4.9%)

MRA, % 109 (85.8%) 106 (86.2%)

SGLT2, %  11 (8.7%)  16 (13.0%)

Ivabradin, % 9 (9.7%) 9 (7.3%)

Digoxin, % 34 (26.8%) 30 (24.4%)

Diuretic therapy

Loop diuretic, % 122 (96.1%) 119 (96.7%)

Thiazide diuretic, %  8 (6.3%)  8 (6.5%)

Loop and thiazide diuretic, % 8 (6.3%) 8 (6.5%)
HFrEF = EF <40%. All p-values for differences between randomized groups were non-significant.  RAAS= renin-an-
giotensin-aldosterone system; ACE = angiotensin-converting enzyme; ARB = angiotensin-receptor blocker; ARNI = 
angiotensin-receptor neprilysin inhibitor; MRA = mineralocorticoid receptor antagonist; SGLT2 = sodium glucose co-
transporter-2.

Supplementary Table 6b Baseline GDMT as mean dose % of guideline recommended target 
dose in both treatment groups (all patients and HFrEF only). 

All patients HFrEF only

Mean (Sd) CardioMEMS 
(n=176)

Standard 
Care (n=172)

p-value CardioMEMS 
(n=127)

Standard 
Care (n=123) 

p-value

Beta-blocker 51 (35) 49 (33) 0.52 51 (37) 45 (30) 0.17

RAS-inhibitor 55 (50) 54 (38) 0.82 52 (41) 48 (26) 0.31

MRA 63 (37) 59 (33) 0.87 63 (35) 58 (32) 0.29

SGLT2i 100 (0) 100 (0) 1.00 100 (0) 100 (0) 1.00
t-test used to calculate p-values. MRA target dose according to ESC guideline 50 mg. 
RAS= renin-angiotensin-aldosterone system; MRA = mineralocorticoid receptor antagonist; SGLT2 = sodium glucose 
cotransporter-2. HFrEF = heart failure with reduced ejection fraction. 
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Table S7 Proportion of subjects on GDMT at 12 months (all patients and HFrEF only)  
Drug therapy at 12 months in all patients 

Patients randomized to 
CardioMEMS (n=142)

Patients randomized to 
Standard of Care (n=157)

Guideline-directed medical therapy

Beta-blocker, % 117 (82.4%) 137 (87.3%)

RAASi, % 129 (90.8%) 137 (87.3%)

  ACE-inhibitor, % 15 (10.6%)    29 (18.5%) *

  ARB antagonist, % 20 (14.1%) 21 (13.4%)

  ARNI, % 86 (60.6%)     78 (49.7%) **

  Hydralazine dinitrate (%) 8 (5.6%) 9 (5.7%)

MRA, % 119 (83.8%) 131 (83.4%)

SGLT2-inhibitor, % 44 (31.0%) 51 (32.5%)

Ivabradin, % 13 (9.2%) 11 (7.0%)

Digoxin, % 43 (30.3%) 39 (24.8%)

Diuretic therapy

Loop diuretic, % 129 (90.8%) 138 (87.9%)

Thiazide diuretic, % 9 (6.3%) 9 (5.7%)

Loop and thiazide diuretic, % 7 (4.9%) 9 (5.7%)
All p-values for differences between groups were non-significant. * p=0.054. ** p=0.059. ACE = angiotensin-convert-
ing enzyme, ARB = angiotensin-receptor blocker, ARNI = angiotensin-receptor neprilysin inhibitor, MRA = mineralo-
corticoid receptor antagonist, SGLT2 = sodium glucose cotransporter-2. 
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Drug therapy at 12 months in patients with HF with reduced EF<40% (HFrEF) only 

Patients randomized to 
CardioMEMS (n=104)

Patients randomized to 
Standard of Care (n=109)

Guideline-directed medical therapy

Beta-blocker, % 87 (83.7%) 95 (87.2%)

RAASi (%) 97 (93.2%) 100 (91.7%)

  ACE-inhibitor, % 9 (8.7%)   24 (22.0%) *

  ARB antagonist, % 15 (14.4%) 12 (11.0%)

  ARNI, % 69 (66.3%)     58 (53.2%) **

  Hydralazine dinitrate (%) 4 (3.8%) 6 (5.6%)

MRA, % 88 (84.6%) 91 (83.5%)

SGLT2, % 35 (33.7%) 39 (35.8%)

Ivabradin, % 9 (8.6%) 10 (9.2%)

Digoxin, % 32 (30.8%) 29 (26.6%)

Diuretic therapy

Loop diuretic, % 94 (90.4%) 96 (88.1%)

Thiazide diuretic, % 7 (6.7%) 6 (5.5%)

Loop and thiazide diuretic, % 5 (4.8%) 6 (5.5%)
HFrEF = EF<40%. All p-values for differences between groups were non-significant, except * ACEi p=0.01. ** ARNI 
p=0.051. RAAS= renin-angiotensin-aldosterone system; ACE = angiotensin-converting enzyme; ARB = angiotensin-
receptor blocker; ARNI = angiotensin-receptor neprilysin inhibitor; MRA = mineralocorticoid receptor antagonist; 
SGLT2 = sodium glucose cotransporter-2.
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Table S8a Frequency of Contact between Sites and Subjects 

CardioMEMS 
group
(n=176)

Standard of 
Care group
(n=172)

Entire follow-up period

Total number of contacts (n) 4872 3539

Location of contact

All contacts*  Mean (SD) 1.55 (1.06) 1.04 (0.77)

Telephone contacts Mean (SD) 0.99 (1.00) 0.57 (0.55)

Outpatient clinic contacts Mean (SD) 0.46 (0.33) 0.47 (0.44)

Direction of contact (initiative)

Patient/Family Mean (SD) 0.21 (0.28) 0.16 (0.26)

Site (nurse, physician, researcher) Mean (SD) 1.24 (0.94) 0.88 (0.70)

12 months follow-up period

Total number of contacts (n) 3107 2133

Location of contact

All contacts*  Mean (SD) 1.65 (1.09) 1.14 (0.82)

Telephone contacts Mean (SD) 1.15 (1.01) 0.65 (0.60)

Outpatient clinic contacts Mean (SD) 0.49 (0.36) 0.49 (0.47)

Direction of contact (initiative)

Patient/Family Mean (SD) 0.23 (0.31) 0.18 (0.30)

Site (nurse, physician, researcher) Mean (SD) 1.41 (0.97) 0.95 (0.73)

Medication changes (rate)**

Entire follow-up period Rate/pt-month 0.73 0.47

12 months follow-up period Rate/pt-month 0.93 0.55
*All contact rates are (mean, SD) contacts per patient per month; All contacts include site initiated contacts, subject 
study visits, and subject initiated contacts. ** Medication change rate is per the number of changes in GDMT and di-
uretics calculated per patient-month. Presentation of patient contacts and medication change rates are aligned with 
those presented in the CHAMPION and GUIDE-HF trials for comparison. 
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Table S8b Comparison of patient contacts and medication changes between 3 trials 

CHAMPION GUIDE-HF MONITOR-HF
Treatment Control Treatment Control Treatment Control

Medication 
changes rate/
month

1.52 0.63 1.03 0.61 0.93 0.55

Patient contact 
rate/months 
(mean, SD)

NA NA 1.89 (0.79) 1.65 (0.59) 1.65 (1.09) 1.14 (0.82)

All contact rates are per month per patient; all medication change rates are per patient-month. Medication change 
rate is expressed as total number of changes divided by the total follow-up time in months, resulting in a rate per pa-
tient-month; Patient contact rate is expressed as the mean contact rate per month for each patient, resulting in a rate 
per month per patient; Calculations have been aligned for comparison between the trials. All estimates for CHAMPION 
are based on 6 months of follow-up, and for GUIDE-HF and MONITOR-HF at 12 months of follow-up

Table S9. Improvements in KCCQ scores and NYHA, EQ5D, 6MWT 
Exploratory analysis on the association between improvement in KCCQ scores in the treatment group and 
changes in 6MWT, EQ5D and NYHA class.  

Change in 
6MWT (m)

Change in  
EQ-5D-5L VAS

Odds ratio NYHA class 
improvement (95% CI)

≥5 points change 58·3 10·6 3·15 (1·54-6·44)  
p=0·0017

≥10 points change 69·3 12·4 3·96 (1·87-8·36)
p=0·00031

≥15 points change 69·6 15·2 2·86 (1·32-6·19)
p=0·0076

6MWT, six minute walking test; VAS, visual analogue scale; NYHA, New York Heart Association; CI, confidence 
interval. 
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Table S10 Safety endpoints
Freedom of device or system related complications (DSRC):  97.7% 
Freedom of sensor failures:  98.8%
Successful 1st implant procedure:  97.7%
Unsuccessful 1st implant attempts:  2.3%

Device or system related complications (DSRC)               
(n)

 (%)

2.3 % N = 4 Haemoptysis with invasive 
measures

2  1.2 CT or angiography confirmed 
(1)

Needed invasive intervention 
(0) 

Invasive fluid/drug therapy (2)

Arrhythmias 2  1.2 Atrial flutter (1)

AV-block temporary (1) 

Pulmonary embolism 0  -

Pulmonary infarction 0  -

Delivery system failure 0  -

Events requiring removal of sensor 0  -

Minor complications noted but not fulfilling criteria 
DSRC

(n) (%)

2.9% N = 5 Venous bleeding 3  1.7 Venous (3), 1 suspect AV fistula

(Suspected) haemoptysis without 
invasive measures or test 

2  1.2 Ct or angiography confirmed 
(0)
Needed invasive intervention 
(0)

Two SADE were evaluated by an independent safety officer which concluded no SADE or causal relationship to the 
device or system implant procedure (1 sepsis during COVID-19 infection 1 year after implant, 1 haemoptysis without 
angiographic evidence of perforation). No DSRC resulted in death or explant of the device. 

Sensor failures (n)  (%)

1.2 % N = 2

Anatomy / posture related 1 0.6% Lost signal during follow-
up*

1 0.6% 1 with signal loss, reimplant 

Sensor displacements  2 1.2% 2 without signal loss
*One patient lost signal due to complex posture of the patient with difficulties in position and no re-implant was at-
tempted, one patient lost signal due to displacement and was reimplanted to continue monitoring. 
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Unsuccessful implant procedures (n)  (%)

2.3 % N = 4 Unsuccessful 1st attempt 1 0.6% Unexpected abnormal 
anatomy* 

3 1.7% Operator or (tech.)facility 
related

0.0 % N = 0 Unsuccessful 2nd attempt 0 0.0% All 2nd attempts successful
*Anatomic variant of inferior and superior caval vein
Two possible (U)SADE (1 bleeding, 1 sepsis) were evaluated by the independent safety committee and con-
cluded no causality. No episodes of pulmonary infarction or embolism associated with the sensor or implant 
procedure occurred during the trial. No events required removal of the sensor. No deaths were related to the 
sensor or implant procedure. 
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Figure S1 Kaplan Meier curves for clinical endpoints
A. Kaplan Meier curve for time-to-first HF-hospitalisation, urgent visit or all-cause mortality

Figure S1 Kaplan Meier curves for clinical endpoints 
A. Kaplan Meier curve for time-to-first HF-hospitalisation, urgent visit or all-cause mortality 

 

Legend: Kaplan Meier event free survival curve. On the Y-axis the survival probability for the endpoint, on the x-axis the follow
months, in the table the number of patients at risk. The logrank test p-value is 0.057. 

B. Kaplan Meier curve for time-to-first HF-hospitalisation, urgent visit  

 

Legend: Kaplan Meier event free survival curve. On the Y-axis the survival probability for the endpoint, on the x-axis the follow
months, in the table the number of patients at risk. The logrank test p-value is 0.017. 

C. Kaplan Meier curve for time-to-first HF-hospitalisation  

Legend: Kaplan Meier event free survival curve. On the Y-axis the survival probability for the endpoint, on the x-axis 
the follow-up time in months, in the table the number of patients at risk. The logrank test p-value is 0.057.
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Legend: Kaplan Meier event free survival curve. On the Y-axis the survival probability for the endpoint, on the x-axis the follow
months, in the table the number of patients at risk. The logrank test p-value is 0.017. 

C. Kaplan Meier curve for time-to-first HF-hospitalisation  

 

 Legend: Kaplan Meier event free survival curve. On the Y-axis the survival probability for the endpoint, on the x-axis 
the follow-up time in months, in the table the number of patients at risk. The logrank test p-value is 0.041.
D. Kaplan Meier curve for time-to-first CV mortality

Legend: Kaplan Meier event free survival curve. On the Y-axis the survival probability for the endpoint, on the x-axis the follow
months, in the table the number of patients at risk. The logrank test p-value is 0.041. 

D. Kaplan Meier curve for time-to-first CV mortality 

 

Legend: Kaplan Meier event free survival curve. On the Y-axis the survival probability for the endpoint, on the x-axis the follow
months, in the table the number of patients at risk. The logrank test p-value is 0.48. 

E. Kaplan Meier curve for time-to-first all-cause mortality 

Legend: Kaplan Meier event free survival curve. On the Y-axis the survival probability for the endpoint, on the x-axis 
the follow-up time in months, in the table the number of patients at risk. The logrank test p-value is 0.48.
E. Kaplan Meier curve for time-to-first all-cause mortality
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Legend: Kaplan Meier event free survival curve. On the Y-axis the survival probability for the endpoint, on the x-axis the follow
months, in the table the number of patients at risk. The logrank test p-value is 0.48. 

E. Kaplan Meier curve for time-to-first all-cause mortality 

  

Legend: Kaplan Meier event free survival curve. On the Y-axis the survival probability for the endpoint, on the x-axis the follow
months, in the table the number of patients at risk. The logrank test p-value is 0.85. 

Figure S2 Average PA mean pressure change from baseline (AUC)

 

Legend: The mean Pulmonary Artery Pressure area under the curve (AUC) calculates -1623.8 mmHg.days (SD 2003.4) from baseline to 12 
months.   

Legend: Kaplan Meier event free survival curve. On the Y-axis the survival probability for the endpoint, on the x-axis 
the follow-up time in months, in the table the number of patients at risk. The logrank test p-value is 0.85.
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Legend: The mean Pulmonary Artery Pressure area under the curve (AUC) calculates -1623.8 mmHg.days (SD 2003.4) from baseline to 12 
months.   

Legend: The mean Pulmonary Artery Pressure area under the curve (AUC) calculates -1623.8 mmHg.days (SD 2003.4) 
from baseline to 12 months. 
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Figure S3 Cumulative drug changes in GDMT from baseline to 12 months 
Figure S3 Cumulative drug changes in GDMT from baseline to 12 months  
 

 

Legend: On the x-axis the follow-up time in months, on the y-axis the cumulative number of drug changes. In blue line the CardioMEMS 
group and red line the Standard Care group patients.  

 

Figure S4 Cumulative intensifications and downgrades in GDMT from baseline to 12 Months 
 

 

Legend: On the x-axis the follow-up time in months, on the y-axis the cumulative number of drug changes. In blue line the CardioMEMS 
group and red line the Standard Care group patients. Straight line represents downgrades in medication and dotted line intens
medication.  

Figure S5 Cumulative changes in GDMT components from baseline to 12 Months 
A. Cumulative changes in ACE-inhibitors from baseline to twelve months  
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Figure S5 Cumulative changes in GDMT components from baseline to 12 Months 
A. Cumulative changes in ACE-inhibitors from baseline to twelve months  

Legend: On the x-axis the follow-up time in months, on the y-axis the cumulative number of drug changes. In blue line 
the CardioMEMS group and red line the Standard Care group patients. Straight line represents downgrades in medica-
tion and dotted line intensifications in medication. 
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Figure S5 Cumulative changes in GDMT components from baseline to 12 Months
A. Cumulative changes in ACE-inhibitors from baseline to twelve months 

 

 

Legend: On the x-axis the follow-up time in months, on the y-axis the cumulative number of drug changes. In blue line the CardioMEMS 
group and red line the Standard Care group patients. Straight line represents downgrades in medication and dotted line intens
medication.  

Figure S5 Cumulative changes in GDMT components from baseline to 12 Months 
A. Cumulative changes in ACE-inhibitors from baseline to twelve months  

 

 

 

B. Cumulative changes in ARB-antagonists from baseline to twelve months 
B. Cumulative changes in ARB-antagonists from baseline to twelve months  

 

 
 

C. Cumulative changes in ARNI from baseline to twelve months  
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C. Cumulative changes in ARNI from baseline to twelve months 

 

 

 
 

C. Cumulative changes in ARNI from baseline to twelve months  

 

 

D. Cumulative changes in RAASi from baseline to twelve months  
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C. Cumulative changes in ARNI from baseline to twelve months  

 

 

D. Cumulative changes in RAASi from baseline to twelve months  
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E. Cumulative changes in beta-blockers from baseline to twelve months 

 

E. Cumulative changes in beta-blockers from baseline to twelve months  

 

F. Cumulative changes in MRA from baseline to twelve months  

 

G. Cumulative changes in SGLT2-inhibitors from baseline to twelve months 
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E. Cumulative changes in beta-blockers from baseline to twelve months  

 

F. Cumulative changes in MRA from baseline to twelve months  
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G. Cumulative changes in SGLT2-inhibitors from baseline to twelve months
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Legends figures 5A-G: x-axis follow-up time from baseline to 12 months, y-axis the cumulative number of drug changes in 
guideline-directed medical therapy drug classes of ACE-inhibitor, ARB-antagonist, ARNI, MRA and SGLT2
CardioMEMS patients, in red standard care patients. ACE = angiotensin-converting enzyme, RB = angiotensin
blocker, ARNI = angiotensin-receptor neprilysin inhibitor, MRA = mineralocorticoid receptor antagonist, SGLT2 = sodium 
glucose cotransporter-2 inhibitor.  

  

Legends figures 5A-G: x-axis follow-up time from baseline to 12 months, y-axis the cumulative number of drug 
changes in guideline-directed medical therapy drug classes of ACE-inhibitor, ARB-antagonist, ARNI, MRA and SGLT2-
inhibitors. In blue CardioMEMS patients, in red standard care patients. ACE = angiotensin-converting enzyme, RB = 
angiotensin-receptor blocker, ARNI = angiotensin-receptor neprilysin inhibitor, MRA = mineralocorticoid receptor an-
tagonist, SGLT2 = sodium glucose cotransporter-2 inhibitor. 

Figure S6A. Cumulative changes in diuretics from baseline to 12 Months
Figure S6A. Cumulative changes in diuretics from baseline to 12 Months 
 

 

Legend: x-axis follow-up time from baseline to 12 months (365 days), y-axis the cumulative number of changes in diuretics. In blue 
CardioMEMS patients, in red standard care patients.  

Figure S6B. Cumulative changes in loop diuretics versus thiazide diuretics from baseline to 12 months 

Legend: x-axis follow-up time from baseline to 12 months (365 days), y-axis the cumulative number of changes in 
diuretics. In blue CardioMEMS patients, in red standard care patients. 
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Figure S6B. Cumulative changes in loop diuretics versus thiazide diuretics from baseline to 
12 months

 

 

Legend: x-axis follow-up time from baseline to 12 months (365 days), y-axis the cumulative number of changes in diuretics. In blue 
CardioMEMS patients, in red standard care patients.  

Figure S6B. Cumulative changes in loop diuretics versus thiazide diuretics from baseline to 12 months 

 

Legend: x-axis follow-up time from baseline to 12 months (365 days), y-axis the cumulative number of changes in diuretics specified to loop 
diuretics (898 CM; 530 SC) versus thiazide (63 CM; 66 SC). In blue CardioMEMS (CM) patients, in red standard care (SC) patients. 

Figure S7 Cumulative intensifications and downgrades in diuretics from baseline to 12 Months 
 

 

Legend: x-axis follow-up time from baseline to 12 months (365 days), y-axis the cumulative number of changes with intensifications (dotted 
line) and downgrades (straight line) in diuretics. In blue CardioMEMS patients, in red standard care patients.  

  

Legend: x-axis follow-up time from baseline to 12 months (365 days), y-axis the cumulative number of changes in 
diuretics specified to loop diuretics (898 CM; 530 SC) versus thiazide (63 CM; 66 SC). In blue CardioMEMS (CM) patients, 
in red standard care (SC) patients. 

Figure S7 Cumulative intensifications and downgrades in diuretics from baseline to 12 Months

 

 

Legend: x-axis follow-up time from baseline to 12 months (365 days), y-axis the cumulative number of changes in diuretics. In blue 
CardioMEMS patients, in red standard care patients.  
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Legend: x-axis follow-up time from baseline to 12 months (365 days), y-axis the cumulative number of changes in diuretics specified to loop 
diuretics (898 CM; 530 SC) versus thiazide (63 CM; 66 SC). In blue CardioMEMS (CM) patients, in red standard care (SC) patients. 

Figure S7 Cumulative intensifications and downgrades in diuretics from baseline to 12 Months 
 

 

Legend: x-axis follow-up time from baseline to 12 months (365 days), y-axis the cumulative number of changes with intensifications (dotted 
line) and downgrades (straight line) in diuretics. In blue CardioMEMS patients, in red standard care patients.  

  

Legend: x-axis follow-up time from baseline to 12 months (365 days), y-axis the cumulative number of changes with 
intensifications (dotted line) and downgrades (straight line) in diuretics. In blue CardioMEMS patients, in red standard 
care patients. 
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Figure S8 Cumulative changes in GDMT and components from baseline to 12 Months

Figure S8 Cumulative changes in GDMT and components from baseline to 12 Months 
 

 

Legend: Straight line (CardioMEMS); Dotted line (Standard of Care); type of GDMT expressed in the colors of red for beta
MRA, blue for RASi and purple for SGLT2-inhibitors. On the x-axis follow-up time and Y-axis the number of cumulative drug changes. 

Figure S9 Cumulative changes in GDMT and diuretics from baseline to 12 Months 
 

 

Legend: Straight line (CardioMEMS); Dotted line (Standard of Care); In blue diuretics use and in red GDMT use. On the x-axis follow
and Y-axis the number of cumulative drug changes.  

 

Legend: Straight line (CardioMEMS); Dotted line (Standard of Care); type of GDMT expressed in the colors of red for 
beta-blocker, green for MRA, blue for RASi and purple for SGLT2-inhibitors. On the x-axis follow-up time and Y-axis the 
number of cumulative drug changes. 
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Legend: Straight line (CardioMEMS); Dotted line (Standard of Care); type of GDMT expressed in the colors of red for beta
MRA, blue for RASi and purple for SGLT2-inhibitors. On the x-axis follow-up time and Y-axis the number of cumulative drug changes. 

Figure S9 Cumulative changes in GDMT and diuretics from baseline to 12 Months 
 

 

Legend: Straight line (CardioMEMS); Dotted line (Standard of Care); In blue diuretics use and in red GDMT use. On the x-axis follow
and Y-axis the number of cumulative drug changes.  

 

Legend: Straight line (CardioMEMS); Dotted line (Standard of Care); In blue diuretics use and in red GDMT use. On the 
x-axis follow-up time and Y-axis the number of cumulative drug changes. 
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ABSTRACT

Background and Aims: Adjustment of treatment based on remote monitoring 
of pulmonary artery (PA) pressure may reduce the risk of hospital admission for 
heart failure (HF). We have conducted a meta-analysis of large randomized trials 
investigating this question. 

Methods: A systematic literature search was performed for randomized clinical 
trials (RCTs) with PA pressure monitoring devices in patients with HF. The pri-
mary outcome of interest was the total number of HF hospitalizations. Other 
outcomes assessed were urgent visits leading to treatment with intravenous 
diuretics, all-cause mortality, and composites. Treatment effects are expressed 
as hazard ratios, and pooled effect estimates were obtained applying random 
effects meta-analyses.

Results: Three eligible RCTs were identified that included 1898 outpatients in 
New York Heart Association functional class II-IV, either hospitalized for HF in 
the prior 12 months or with elevated plasma NT-proBNP concentrations. Mean 
follow-up was 14.7 months, 67.8% of the patients were men, and 65.8% had an 
ejection fraction ≤40%. Compared to patients in the control group, the hazard 
ratio (95% confidence interval) for total HF hospitalizations in those randomized 
to PA pressure monitoring was 0.70 (0.58-0.86) (p=0.0005). The corresponding 
hazard ratio for the composite of total HF hospitalizations, urgent visits and all-
cause mortality was 0.75 (0.61-0.91; p=0.0037) and for all-cause mortality 0.92 
(0.73-1.16). Subgroup analyses, including ejection fraction phenotype, revealed 
no evidence of heterogeneity in the treatment effect.   

Conclusions:  The use of remote PA pressure monitoring to guide treatment of 
patients with HF reduces episodes of worsening HF and subsequent hospitaliza-
tions.
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Introduction

Hospital admission rates for heart failure (HF) are high, and are mainly driven by conges-
tion.1-3 Haemodynamic congestion, characterised by increasing pulmonary artery (PA) 
pressure, often precedes signs and symptoms of clinical congestion by several weeks, 
which may allow early detection and treatment to prevent hospitalization.4 Two devices 
that measure PA pressure are available but only one, the CardioMEMS HF System (Ab-
bott, Illinois, USA), has efficacy data from randomized clinical trials.5-9 The first reported 
trial with this device, CHAMPION (CardioMEMS Heart Sensor Allows Monitoring of Pres-
sure to Improve Outcomes in New York Heart Association [NYHA] Class III Heart Failure 
Patients), was conducted exclusively in the United States of America and demonstrated 
a significant benefit of PA pressure-guided management in preventing HF hospitaliza-
tion.6 The second trial, GUIDE-HF (Haemodynamic-GUIDEd management of Heart 
Failure), carried out in the United States and Canada was neutral.7 The 2021 European 
Society of Cardiology (ESC) HF guideline, published before the results of GUIDE-HF were 
available, gave a Class II, Level B recommendation for PA pressure monitoring in patients 
with HF.1 Although the 2022 American Heart Association and American College of Car-
diology guideline made a similar recommendation after GUIDE-HF, it stated that the 
usefulness of this approach is uncertain and that further evidence was needed before it 
could be recommended for routine clinical care.10 A new and first European randomized 
controlled trial, MONITOR-HF, has just been published and showed that PA pressure-
guided HF management resulted in a significant reduction of HF hospitalizations as 
compared to standard of care. A pooled analysis of these three trials is warranted and 
timely considering the uncertainty described above, in order to obtain more robust 
estimates of the effect of PA pressure-guided management on clinical endpoints with 
the larger number of patients and longer follow-up.

Methods

The reporting of this systematic review and meta-analysis adheres to the Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) checklist and has 
been registered on PROSPERO with registration number CRD42023408739.11

This study was set up to estimate the effects of remote PA pressure monitoring on HF 
hospitalizations and mortality outcomes in a meta-analysis, by combining the results of 
the CHAMPION, GUIDE-HF, and MONITOR-HF.5-7 In contrast to earlier conducted meta-
analyses assessing implantable haemodynamic telemonitoring devices,12,13 the focus of 
this meta-analysis was on the CardioMEMS HF System as at the moment of the PROS-
PERO registration, no efficacy data were available from other PA pressure devices based 
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on randomized controlled trials. Nevertheless, we performed a systematic literature 
search to ensure no eligible studies were missed. Studies were eligible for inclusion if 
they had a randomized controlled trial design, prospective, compared the CardioMEMS 
HF System to a control group, included at least 100 patients, and reported on HF-related 
clinical endpoints. Medline, Web of Science, Embase, Cochrane, and Google Scholar 
were searched from inception until 28 February 2023. The systematic search was built 
and adapted for each database by an experienced information scientist (Supplemen-
tary Material).14 No restrictions on language, study status, or time of publication were 
placed. Two independent teams of reviewers (PC and SR) screened the articles on eligi-
bility in a title and abstract phase and a full-text phase. 

Clinical endpoints of interest were HF hospitalizations, urgent visits with the need for 
intravenous diuretic therapy, all-cause mortality, and composites of these endpoints. 
For GUIDE-HF and MONITOR-HF, we accessed all follow-up data and for CHAMPION 
there were two reports, where we decided to use the extended follow-up analysis.6 The 
CHAMPION trial did not include urgent HF visits with the need for intravenous diuret-
ics, which are presently considered as a comparable endpoint to HF hospitalizations. 
Urgent visits were included as endpoints in both the GUIDE-HF and MONITOR-HF trials. 
In the analysis of the composite endpoint consisting of total HF hospitalizations, urgent 
visits, and all-cause mortality, the CHAMPION data only included HF hospitalizations 
and all-cause mortality. Similarly, in the analysis of the composite endpoint of total HF 
hospitalizations and urgent visits, the CHAMPION data only included HF hospitaliza-
tions. This decision was made to ensure that data on these related endpoints were not 
missing, which was also the approach in an earlier meta-analysis on invasive hemody-
namic monitoring.13  A summary of the PICOTS for this study is provided in Table 1.

Data extraction was performed by the same reviewers using a standardized data 
extraction sheet, which included study characteristics, baseline characteristics of the 
included patients for each treatment group, and clinical endpoints. Patient level data 
were available for MONITOR-HF. Hazard ratios (HRs) were the primary measure of effect, 
risk ratios (RRs), and odds ratios (ORs) were considered when HRs were not available. 
All effect sizes were extracted and reported as point estimates with 95% confidence 
intervals (CIs). Data were extracted from post hoc analyses, follow-up analyses, Food 
and Drug Administration summary report  when the included studies did not report 
on them.15-17 The numbers of patients in subgroups were calculated from available data 
where necessary. If the HR was not reported in the literature, the incidence rate ratio 
(IRR) was calculated using the number of events and study cohort time at risk. Study 
cohort time at risk was calculated by dividing the number of events by the event rate of 
the primary endpoint.  



A meta-analysis of trials on pulmonary artery pressure monitoring

245

11

The risk of bias was assessed by the same independent reviewers; disagreements were 
resolved in a consensus meeting. To assess the risk of bias in the included studies, the 
Revised Cochrane Risk-of-Bias Tool for Randomized Trials (RoB 2 tool) was used.18 

Meta-analyses were performed when outcomes were reported by at least two studies 
with similar effect measures (if only one trial reported on an outcome, we show the 
individual study data). For the meta-analyses, we used a random effects model with the 
DerSimonian and Laird estimator. 19 Of note, the three trials analysed total HF hospital-
izations with the Andersen-Gill extension of the Cox model, which includes first and 
recurrent events. As a sensitivity analysis, we also included fixed effect models in the 
Supplements. The presence of heterogeneity was quantified with I2 and p-values. The 
numbers of patients in subgroups were calculated from available data where necessary. 
The CHAMPION trial did not report on several subgroups included in this meta-analysis. 
If subgroups were reported, the investigators included HF hospitalizations only (deaths 
are not reported in subgroups). GUIDE-HF reported many subgroups on the composite 
endpoint of HF hospitalizations, urgent visits, and mortality only. To follow this, we 
aligned with subgroups of GUIDE-HF (including endpoint) with the MONITOR-HF using 
individual patient level data. Subgroup analyses were performed for left ventricular 
ejection fraction (LVEF) (≤40% and >40%; <50% and ≥50%), NYHA class, sex, age, HF 
aetiology, and implantable cardioverter defibrillator (ICD) or cardiac resynchronization 
therapy (CRT) device implantation. Reported safety data on device- or system-related 
complications (DSRC) and sensor failures were presented and combined for total 
implant procedures in the trials. Complete data from all trials were used, also for the 
GUIDE-HF trial. Sensitivity analyses were performed using the data from the prespecified 
COVID-19 analysis of GUIDE-HF, which are presented in the Supplementary Appendix.7 
All calculations and analyses were performed with the Metafor package for R.20

Several outcomes were extracted and described in addition to the clinical endpoints 
described above. All trials  described medication changes, changes in mean PA pressure 
and safety endpoints. GUIDE-HF and MONITOR-HF also used the Kansas City Cardiomy-
opathy Questionnaire to described patient-reported outcomes after 12-month follow-
up, which was not available in CHAMPION (which used the Minnesota Living with Heart 
Failure Questionnaire).
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Results 

Study and patient characteristics 
The systematic search identified a total of 840 records of which the titles and abstracts 
were screened. Three studies met the eligibility criteria and were included in the meta-
analysis: CHAMPION, GUIDE-HF and MONITOR-HF (Supplementary Figure 1), of which 
only aggregated data were available for CHAMPION and GUIDE-HF. The trial design 
features and study characteristics are summarized in Table 1. In short, 67.8% of patients 
were men, and 15.6%, 81.6% and 2.8% of patients were in NYHA functional class II, III, or 
IV, respectively. In CHAMPION and GUIDE-HF, all patients underwent implantation of a 
wireless PA pressure sensor and were subsequently randomized to receive standard HF 
care only or to PA pressure-guided management. In both trials, patients were blinded 
to the allocated treatment group while investigators were not. In MONITOR-HF, all en-
rolled patients were randomly allocated to either PA pressure-guided management or 
standard HF care without the implant. Both patients and investigators were unblinded 
to the allocated treatment group. All trials had an independent, masked, clinical event 
committee for adjudication of clinical endpoints.

Clinical efficacy of remote PA pressure-guided treatment
The studies included a total of 1,898 patients, and the mean follow-up was 14.7 months 
(which ranged from 10.8 months, 17.6 months and 21.4 months across the trials, re-
spectively). Only in the GUIDE-HF trial, the follow-up period was fixed at 12 months. The 
meta-analyses of all clinical endpoints are summarized in Figure 1. For the CHAMPION 
trial, no data were available on urgent visits. 

Composite of total HF hospitalizations, urgent HF visits and all-cause mortality: 
The composite endpoint of total HF hospitalization, urgent visits, and all-cause mortal-
ity occurred 644 times among 943 patients in the PA pressure monitoring group (0.56 
events per patient-year), and 889 times among 955 control group patients (0.76 events 
per patients-year), resulting in an HR of 0.75, 95% CI 0.61-0.91; p=0.0037 (moderate 
heterogeneity, I2 = 59.29%).  

Composite of total HF hospitalizations and all-cause mortality: The composite end-
point of total HF hospitalizations and mortality occurred 605 times among 943 patients 
in the PA pressure monitoring group (0.53 events per patient-year), and occurred 845 
times among 955 patients in the control group (0.73 events per patient-year), yielding 
an HR of 0.74, 95% CI 0.62-0.89; p=0.0010 (I2 = 51.05%). 
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Total HF hospitalizations and urgent HF visits: The composite endpoint HF hospital-
izations and urgent HF visits occurred 512 times among 943 patients in the PA pressure 
monitoring group patients (0.44 events per patient-year) and 743 times among 955 
control patients (0.63 events per patient-year), yielding an HR of 0.71, 95% CI 0.57-0.88; 
p=0.0018 (moderate heterogeneity, I2 = 59.60%). 

Table 1. Characteristics of included trials and patients

CHAMPION GUIDE-HF MONITOR-HF

Enrolment 
period

2007 – 2009 2018 – 2019 2019-2022

Number of 
randomized 
patients

550 1000 348

Number of 
participating 
sites

64 in 1 country (U.S.) 140 in 2 countries (U.S. 
and Canada)

25 in 1 country (the 
Netherlands)

Design Single-blind randomized 
clinical trial, all patients 
received the device 

Single-blind randomized 
clinical trial, all patients 
received the device

Open-label randomized 
clinical trial, allocation to 
CM or SC (no device)

Blinding Patients only Patients only None

Key inclusion 
criteria

NYHA III; HFH <12 
months; Treatment 
according to guidelines 
(GDMT and/or device)

NYHA II-IV; HFH <12 
months and/or elevated 
natriuretic peptides 
levels; Treatment 
according to guidelines 
(GDMT and/or device)

NYHA III; HFH <12 
months; Treatment 
according to guidelines 
(GDMT and/or device)

Key exclusion 
criteria

eGFR <25; Recurrent PE/
DVT; CRT implantation 
<3 months

eGFR <25; Intolerance 
to all neurohormonal 
antagonists; Current /
recurrent PE/DVT; CRT<3 
months

eGFR <25; Recurrent PE/
DVT; CRT implantation 
<3 months

Mean follow-up 
time 

17.6 months 10.8 months 21.4 months

Follow-up 
period

Entire study 
(randomized access 
period) 

Fixed 12 months time-
point

Entire study

Primary clinical 
endpoint 

Total HF-related 
hospitalizations (first and 
recurrent events)

Composite of total 
HF events (first and 
recurrent, including 
urgent HF visits) and 
mortality at 12 months.

Quality of life (KCCQ)
Secondary: total HFH 
(first and recurrent 
events), urgent visits, 
mortality 
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Table 1. Characteristics of included trials and patients (continued)

CHAMPION GUIDE-HF MONITOR-HF

Reports on 
the following 
clinical 
endpoints

HF hospitalizations
Death

HF hospitalizations
Urgent visits with IV 
diuretics
Death

HF hospitalizations, 
Urgent visits with IV 
diuretics, 
Death

Subgroup data 
available on 

Total HF hospitalizations 
only

Composite of HF 
hospitalizations, urgent 
HF visits and death

Composite of HF 
hospitalizations, urgent 
HF visits and death

Control group Sensor implant, but no 
monitoring

Sensor implant, but no 
monitoring

No sensor implanted

Adjudication 
of clinical 
endpoints

Independent and 
masked CEC

Independent and 
masked CEC

Independent and 
masked CEC

Baseline 
characteristics

Treatment
(N=270)

Control
(N=280)

Treatment 
(N=497)

Control 
(N=503)

Treatment 
(N=176)

Control 
(N=172)

Age, years 
(mean with SD, 
or median with 
IQR)

61 (13) 62 (13) 71 (64-76) 70 (64-77) 69 (61-75) 70 (61-75)

Male sex 194 (72%) 205 (73%) 310 (62%) 315 (63%) 138 (78%) 125 (73%)

NYHA 
functional class
  II
  III  
  IV

0 (0%)
270 (100%)
0 (0%)

0 (0%)
280 (100%)
0 (0%)

146 (29%)
322 (65%)
29 (6%)

150 (30%)
328 (65%)
25 (5%)

0 (0%)
176 (100%)
0 (0%)

0 (0%)
172 (100%)
0 (0%)

Median EF N.A. N.A. 38% (25-55) 40% (25-55) 30% (23-40) 30% (22-43)

LVEF
  ≤40%
  >40% 

222 (82%)
48 (18%)

234 (84%)
46 (16%)

273 (55%)
224 (45%)

258 (51%)
245 (49%)

134 (76%)
42 (24%)

127 (74%) 
45 (26%)

NT-proBNP (pg/
mL)

N.A. N.A. 1480 (686-
2743)

1274 (661-
2318)

2377 (837-
5153)

1905 (691-
4444)

eGFR, mean 
(SD) or median 
(IQR)

60 (23) 62 (23) 51 (39-65) 49 (38-65) 48 (35-60) 48 (38-63)

Ischaemic 
etiology

158 (59%) 174 (62%) 207 (42%) 190 (38%) 93 (53%) 81 (47%)
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Total HF hospitalizations: HF hospitalizations occurred 473 times among 943 patients 
in the PA pressure monitoring group (0.41 events per patient-year) and 699 times 
among 955 control patients (0.59 events per patient-year), yielding an HR of 0.70 (95% 
CI 0.58-0.86; p=0.0005) in favour of the PA pressure monitoring group (moderate het-
erogeneity, I2 = 53.60%).

All-cause mortality: Among 943 patients in the PA pressure monitoring group, 132 pa-
tients died (14.0%, 0.12 events per patient-year) and among 955 patients in the control 
group, 146 patients (15.3%, 0.13 events per patient-year) died, resulting in an HR of 0.92, 
95% CI 0.73-1.16; p=0.495 (I2 = 0%). 

Table 1. Characteristics of included trials and patients (continued)

CHAMPION GUIDE-HF MONITOR-HF

Guideline-
recommended 
medical 
therapy (all 
patients)

ACEi/ARB/ARNi 205 (76%) 222 (79%) 319 (64%) 320 (64%) 144 (82%) 139 (81%)

ARNI N.A. N.A. 145 (29%) 139 (28%) 81 (46%) 81 (47%)

Beta-blocker 243 (90%) 256 (91%) 444 (89%) 442 (88%) 150 (85%) 142 (83%)

MRA 117 (43%) 114 (41%) 237 (48%) 216 (43%) 143 (81%) 144 (84%)

Diuretics* 248 (92%) 258 (92%) 474 (95%) 478 (95%) 168 (96%) 167 (97%)

SGLT2 inhibitor N.A N.A. 2 (<1%) 2 (<1%) 12 (7%) 21 (12%)

Device therapy

ICD 88 (33%) 98 (35%) 213 (43%) 205 (41%) 94 (53%) 102 (59%)

CRT 91 (34%) 99 (35%) 142 (29%) 163 (32%) 46 (26%) 46 (27%)
*Loop diuretics for CHAMPION and MONITOR-HF, unknown for GUIDE-HF; Abbreviations: CEC = Clinical Event 
Committee; ACE= angiotensin-converting enzyme; ARB= angiotensin-receptor blocker; ARNI = angiotensin-
receptor-neprilysin inhibitor, MRA = mineralocorticoid receptor antagonist; ICD = implantable cardioverter de-
fibrillator; CRT = cardiac resynchronisation therapy; eGFR = estimated glomerular filtration rate; NYHA = New 
York Heart Association; EF = ejection fraction; LVEF = left ventricular ejection fraction; PE pulmonary embolism; 
DVT=  deep venous thrombosis; NT-proBNP = N-terminal pro- brain natriuretic peptide; HFH = heart failure hos-
pitalization; SGLT2 = sodium-glucose-cotransporter 2 inhibitor; SC = Standard care; GDMT = guideline-directed 
medical therapy.
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Subgroup analyses (HF hospitalizations, urgent visits, and all-cause mortality)
For the subgroup analyses, CHAMPION only included data on HF hospitalizations and 
reported on relatively few subgroups as compared to GUIDE-HF and MONITOR-HF. 
Pooled analyses of all three trials showed a consistent treatment benefit of remote PA 
pressure monitoring across the full spectrum of LVEF: among patients with LVEF ≤40% 
(n=1248, 65.8%), we calculated an HR of 0.76 (95% CI 0.63-0.91), and an HR of 0.69 (95% 
CI 0.47-0.996) among patients with LVEF >40% (n=676, 34.2%) (Figure 2) (P-value for in-
teraction 0.65). Despite the presence of moderate heterogeneity, the effects of remote 
PA pressure monitoring were found to be largely consistent across clinically relevant 
subgroups (Figure 2, Supplementary Table 2,3). 
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RE, 95% CI

Total heart failure hospitalizations, urgent visits, and all−cause mortality

N Events Rate N Events Rate Weight
PA Monitoring Standard Care

Total 943 644 0.56 955 889 0.76 100.0%

Hazard Ratio

0.75 [0.61, 0.91]
Heterogeneity: Tau2 = 0.02; Chi2 = 4.91, df = 2 (P = 0.0857); I2 = 59.29%
Test for overall effect: Z = −2.90 (P = 0.0037)
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Test for overall effect: Z = −3.12 (P = 0.0018)
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Test for overall effect: Z = −3.48 (P = 0.0005)
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Figure 1. Meta-analyses of clinical endpoints. 
PA: Pulmonary Artery; RE: Random Effects; CI: Confidence Interval. All rates are reported as events per patient-
year.*CHAMPION did not report data on urgent visits; †Calculated and included as Incidence Rate Ratio (IRR).
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P interaction = 0.65
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P interaction = 0.52

P interaction = 0.68

Heterogeneity: Tau2 = 0.00; Chi2 = 0.24, df = 1 (P = 0.6223); I2 = 0.00%
Test for overall effect: Z = −2.22 (P = 0.0265)

Heterogeneity: Tau2 = 0.07; Chi2 = 2.85, df = 1 (P = 0.0916); I2 = 64.87%
Test for overall effect: Z = −0.98 (P = 0.3266)

Heterogeneity: Tau2 = 0.12; Chi2 = 8.25, df = 2 (P = 0.0161); I2 = 75.77%
Test for overall effect: Z = −1.15 (P = 0.2521)

Heterogeneity: Tau2 = 0.13; Chi2 = 17.09, df = 2 (P = 0.0002); I2 = 88.30%
Test for overall effect: Z = −1.38 (P = 0.1670)

Heterogeneity: Tau2 = 0.00; Chi2 = 0.25, df = 1 (P = 0.6165); I2 = 0.00%
Test for overall effect: Z = −1.38 (P = 0.1673)
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Test for overall effect: Z = −1.06 (P = 0.2904)

Heterogeneity: Tau2 = 0.00; Chi2 = 1.07, df = 1 (P = 0.3016); I2 = 6.29%
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Heterogeneity: Tau2 = 0.03; Chi2 = 1.69, df = 1 (P = 0.1941); I2 = 40.70%
Test for overall effect: Z = −1.04 (P = 0.2994)

Figure 2.  Subgroup analysis - Meta-analyses of clinical endpoints (Heart failure hospitaliza-
tions, urgent visits, and all-cause mortality)
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Exploratory endpoints 

The results for these endpoints are summarized in Table 2. Freedom from DSRC was 
98.9% and freedom from sensor failure was 99.7% in the pooled analysis.
The full risk of bias assessment is included in Supplementary Figure 2. Sensitivity 
analyses incorporating only the data from the pre-COVID-19 period of the GUIDE-HF 
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Figure 2.  Subgroup analysis - Meta-analyses of clinical endpoints (Heart failure hospitaliza-
tions, urgent visits, and all-cause mortality)
All rates are reported as events per patient-year. PA: Pulmonary Artery; RE: Random Effects; CI: Confidence In-
terval. *CHAMPION did not report data on urgent visits; †Calculated and included as Incidence Rate Ratio (IRR); 
‡CHAMPION only reported data for LVEF ≥40%.
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trial (instead of all data in the main analysis) were performed. These analyses did not 
alter our overall findings (Supplementary Figures 3 and 4). Sensitivity analyses were 
performed with fixed effect models for the main and subgroup analyses, and are pre-
sented in Supplementary Tables 2 and 3. 

Table 2. Overview of exploratory endpoints

CHAMPION GUIDE-HF MONITOR-HF

Endpoint Treatment Control Treatment Control Treatment Control

Change in mean PAP 
(AUC)

-156 
mmHg.
days 
(6 months)

33 
mmHg.
days
(6 
months)

-792.7 
mmHg.
days
(12 
months)

-582.9 
mmHg.
days
(12 
months)

-1623.8 
mmHg.
days
(12 
months)

N.A.

Change in average daily 
mean PAP

-0.6 mmHg 0.1 
mmHg

-2.4 mmHg -1.8 
mmHg

-4.4 mmHg N.A.

Average mean PAP at 
twelve months

N.A. N.A. N.A. N.A. 24.9 mmHg N.A.

Mean change in KCCQ 
at 12 months (SD)

N.A. N.A. 5 (21) 4 (23) 7 (25) -1 (23)

Mean change in MLHFQ 
at 6 months (SD)*

-11 (25) -7 (25) N.A. N.A N.A. N.A.

Freedom from Device 
or System related 
complications (%)

98.6% 99% 97.7%

Freedom from sensor 
failure (%)

100% N.A. 98.8%

Medication changes 
rate/month

1.52 0.63 1.03 0.61 0.93† 0.55

*Retrieved from the Food and Drug Adminstration Executive Summary (change not reported in main article); † 
Changes in GDMT and diuretics only (until 12 months of follow-up). KCCQ = Kansas-City-Cardiomyopathy Ques-
tionnaire; MLHFQ = Minnesota Living with Heart Failure Questionnaire; PAP = pulmonary artery pressure; AUC 
= Area Under the Curve; SD = standard deviation. In combined analysis of 3 trials, the freedom from DRSC was 
98.9% and freedom from sensor failure was 99.7% in implanted patients.
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Discussion

This meta-analysis of three large randomized clinical trials including 1898 patients 
showed that adjusting treatment based on remote monitoring of PA pressures led to a 
30% reduction in total HF hospitalizations. This beneficial effect of PA pressure-guided 
treatment was apparent in patients with LVEF ≤40% and >40%. However, PA pressure-
guided treatment did not lead to a reduction in overall mortality. Importantly, the 
implantation of a PA sensor was safe and durable with a low number of device-related 
complications and sensor failures (Structured Graphical Abstract). 

Although the CHAMPION trial suggested that PA pressure-guided management could 
substantially reduce rates of HF hospitalizations, that trial included a selected high-risk 
cohort enrolled exclusively in the USA. Moreover, CHAMPION was conducted between 
2007 and 2011 when guideline-recommended therapy was different than today. 21 
GUIDE-HF, conducted between 2018 and 2021, extended the eligibility to patients in 
NYHA functional class II and patients with elevated NT-proBNP concentrations in case 
there was no HF hospitalization in the previous 12 months.7 However, the use of the 
same PA pressure-monitoring system to guide treatment did not lead to a significant 
reduction in the primary outcome or HF hospitalizations in GUIDE-HF compared to 
CHAMPION. While this may have been due to the impact of the COVID-19 pandemic on 
the conduct of GUIDE-HF, as suggested by the pre-specified COVID-19 sensitivity analy-
sis of the trial that confirmed a significant treatment benefit, there were also concerns 
that this management approach might not work in a broader and lower-risk HF popula-
tion. One of the potential reasons for the smaller difference between the treatment and 
control groups in GUIDE-HF as compared to CHAMPION, is that the control group in 
GUIDE-HF had two weekly calls with their healthcare provider, which may not properly 
reflect the usual care HF patients receive.

MONITOR-HF is the first European trial using the same implantable PA pressure monitor 
and its results were largely consistent with CHAMPION and the pre-COVID-19 data from 
GUIDE-HF. MONITOR-HF differed in that the control group did not have an implanted 
sensor that was not monitored (as in both prior trials) and did not receive two weekly 
calls (as in GUIDE-HF). Background pharmacological and device therapy in MONITOR-HF 
was excellent compared to both prior trials with high use of renin-angiotensin system 
blockers (81% versus 64% in GUIDE-HF), mineralocorticoid receptor antagonists (82% 
versus 45% in GUIDE-HF), and an ICD (56% versus 42% in GUIDE-HF). Also, the uptake 
of angiotensin receptor–neprilysin inhibitor (ARNI) (47% versus 28% in GUIDE-HF) and 
sodium-glucose cotransporter 2 inhibitors (12% versus <1% in GUIDE-HF) was high and 
increased substantially to 60% and 30%, respectively, at 12 months in MONITOR-HF 
(which enrolled longer after the guideline updates). Interestingly, MONITOR-HF also 
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showed the greatest effect of treatment on PA pressure. In GUIDE-HF, the impact on PA 
pressure was smaller, especially during the COVID-19 pandemic.22,23 In all three trials, 
there was a substantially higher number of cumulative drug changes during follow-up 
in the PA pressure monitoring arm, especially in diuretics, which likely explains the ef-
fect on PA pressure and congestion to avoid HF hospitalizations. 

The combined evidence from the three trials indicates a significant and consistently 
positive outcome of PA pressure-guided treatment in reducing HF hospitalizations. The 
effects of PA pressure-guided therapy, observed across the three trials conducted in 
different periods with evolving background guideline-recommended medical therapy 
(and during the pandemic), demonstrates strong agreement in outcomes. These find-
ings provide substantial support for PA pressure-guided HF management. Furthermore, 
this benefit remained consistent among patients with HF with reduced ejection fraction 
and those with an LVEF >40%. The aggregated data revealed a notable treatment effect 
in patients classified as NYHA class III, who are known to have high rates of HF hospi-
talizations. Based on the GUIDE-HF data, neither the NYHA class II nor IV patient groups 
exhibited a significant treatment effect on the primary outcome (HF hospitalization, 
urgent visits, and mortality), nor did NYHA class show a significant interaction of treat-
ment effect. However, in GUIDE-HF, a significant reduction in the primary outcome was 
observed when combining patients in NYHA class II and III. The accuracy of assigning 
NYHA class has its limitations, which should be kept in mind while interpreting these re-
sults. Although no reduction in mortality was observed, it is important to note that the 
overall number of deaths was relatively small, and even this meta-analysis had limited 
statistical power to detect an effect on mortality. We acknowledge that none of the trials 
were specifically designed or powered to assess mortality as a singular endpoint, and 
the follow-up time was limited.

Remote monitoring triggers an interaction between patient and healthcare provider 
to proactively optimize diuretic therapy based upon invasive markers of volume status. 
The potential benefit of this technique lies in optimizing and tailoring background 
therapy in patients, which is reflected by the higher rates of medication changes in the 
PA pressure-guided group. Although an important clinical question is in which patients 
PA pressure monitoring should be considered, the present meta-analysis shows con-
sistent findings across subgroups tested including ejection fraction. While this reflects 
relative risk reductions related to PA pressure-guided treatment, higher risk groups such 
as NYHA class III patients and patients with recent HF hospitalization will most likely 
receive the larger absolute risk reductions. Despite the observed consistency in treat-
ment effect, we underline that the procedure investigated is not without risk, although 
the complication rate was very low. The few complications were all easily manageable, 
and sensor failures were few, with a high reliability of the technology over several 
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years.5-7 Similar rates of system-related adverse events were reported based upon post-
marketing surveillance data in the U.S.24

The current meta-analysis has several limitations. First, individual data were only avail-
able from MONITOR-HF and aggregate published data from CHAMPION and GUIDE-HF 
were used. Second, the overall neutral results from the full data of the GUIDE-HF trial 
were used in this meta-analysis and not the COVID-19 sensitivity analysis (Supplements). 
Third, the trials included were performed in Northern America (predominantly USA, 4 
sites Canada) and in the Netherlands and the technology and associated management 
may not be generalizable to all countries. Still, the additive effect on top of high levels 
of guideline-recommended medical therapy are reassuring for generalisability of these 
findings. Fourth, the three trials were underpowered to assess mortality, even combined 
in this meta-analysis. Fifth, moderate heterogeneity was present within the main and 
subgroup analyses. Nevertheless, the benefit of PA pressure monitoring remained con-
sistent across most subgroups. Sixth, the lack of blinding in the three trials could have 
impacted the results through performance bias. Finally, successful use of the technol-
ogy depends on two factors: 1) an adherent patient performing measurements at least 
several times a week, and 2) an involved physician or healthcare provider responding to 
these pressure measurements. 

In conclusion, the current meta-analysis of three randomized clinical trials demonstrat-
ed a substantial benefit of remote monitoring of PA pressures in patients with chronic 
HF. Total HF hospitalizations were reduced by 30%. This benefit was consistent among 
subgroups and independent of ejection fraction.



A meta-analysis of trials on pulmonary artery pressure monitoring

257

11

References

1. McDonagh TA, Metra M, Adamo M, et al. 2021 ESC Guidelines for the diagnosis and treat-
ment of acute and chronic heart failure. Eur Heart J 2021;42:3599-3726. doi: 6358045 [pii] 
10.1093/eurheartj/ehab368

2. Chioncel O, Lainscak M, Seferovic PM, et al. Epidemiology and one-year outcomes in pa-
tients with chronic heart failure and preserved, mid-range and reduced ejection fraction: an 
analysis of the ESC Heart Failure Long-Term Registry. Eur J Heart Fail 2017;19:1574-1585. doi: 
10.1002/ejhf.813

3. Ambrosy AP, Fonarow GC, Butler J, et al. The global health and economic burden of hospital-
izations for heart failure: lessons learned from hospitalized heart failure registries. J Am Coll 
Cardiol 2014;63:1123-1133. doi: S0735-1097(14)00291-5 [pii] 10.1016/j.jacc.2013.11.053

4. Adamson PB. Pathophysiology of the transition from chronic compensated and acute 
decompensated heart failure: new insights from continuous monitoring devices. Curr Heart 
Fail Rep 2009;6:287-292. doi: 10.1007/s11897-009-0039-z

5. Abraham WT, Adamson PB, Bourge RC, et al. Wireless pulmonary artery haemodynamic 
monitoring in chronic heart failure: a randomised controlled trial. Lancet 2011;377:658-666. 
doi: S0140-6736(11)60101-3 [pii] 10.1016/S0140-6736(11)60101-3

6. Abraham WT, Stevenson LW, Bourge RC, et al. Sustained efficacy of pulmonary artery pres-
sure to guide adjustment of chronic heart failure therapy: complete follow-up results from 
the CHAMPION randomised trial. Lancet 2016;387:453-461. doi: S0140-6736(15)00723-0 
[pii] 10.1016/S0140-6736(15)00723-0

7. Lindenfeld J, Zile MR, Desai AS, et al. Haemodynamic-guided management of heart 
failure (GUIDE-HF): a randomised controlled trial. Lancet 2021;398:991-1001. doi: S0140-
6736(21)01754-2 [pii] 10.1016/S0140-6736(21)01754-2

8. Mullens W, Sharif F, Dupont M, Rothman AMK, Wijns W. Digital health care solution for 
proactive heart failure management with the Cordella Heart Failure System: results of the 
SIRONA first-in-human study. Eur J Heart Fail 2020;22:1912-1919. doi: 10.1002/ejhf.1870

9. Sharif F, Rosenkranz S, Bartunek J, et al. Safety and efficacy of a wireless pulmonary artery 
pressure sensor: primary endpoint results of the SIRONA 2 clinical trial. ESC Heart Fail 
2022;9:2862-2872. doi: EHF214006 [pii] 10.1002/ehf2.14006

10. Heidenreich PA, Bozkurt B, Aguilar D, et al. 2022 AHA/ACC/HFSA Guideline for the Manage-
ment of Heart Failure: A Report of the American College of Cardiology/American Heart As-
sociation Joint Committee on Clinical Practice Guidelines. Circulation 2022;145:e895-e1032. 
doi: 10.1161/CIR.0000000000001063

11. Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 statement: an updated guideline 
for reporting systematic reviews. BMJ 2021;372:n71. doi: pagm061899 [pii] 10.1136/bmj.
n71

12. Iaconelli A, Pellicori P, Caiazzo E, et al. Implanted haemodynamic telemonitoring devices to 
guide management of heart failure: a review and meta-analysis of randomised trials. Clin 
Res Cardiol 2022:1-13. doi: 10.1007/s00392-022-02104-0 [pii] 2104 [pii] 10.1007/s00392-
022-02104-0

13. Curtain JP, Lee MMY, McMurray JJ, et al. Efficacy of implantable haemodynamic monitoring 
in heart failure across ranges of ejection fraction: a systematic review and meta-analysis. 
Heart 2023;109:823-831. doi: heartjnl-2022-321885 [pii] 10.1136/heartjnl-2022-321885



European Heart Journal 2023 

258

14. Bramer WM, de Jonge GB, Rethlefsen ML, Mast F, Kleijnen J. A systematic approach to 
searching: an efficient and complete method to develop literature searches. J Med Libr Assoc 
2018;106:531-541. doi: jmla-106-531 [pii] 10.5195/jmla.2018.283

15. Adamson PB, Abraham WT, Bourge RC, et al. Wireless pulmonary artery pressure monitoring 
guides management to reduce decompensation in heart failure with preserved ejection 
fraction. Circ Heart Fail 2014;7:935-944. doi: CIRCHEARTFAILURE.113.001229 [pii] 10.1161/
CIRCHEARTFAILURE.113.001229

16. Givertz MM, Stevenson LW, Costanzo MR, et al. Pulmonary Artery Pressure-Guided Man-
agement of Patients With Heart Failure and Reduced Ejection Fraction. J Am Coll Cardiol 
2017;70:1875-1886. doi: S0735-1097(17)39248-3 [pii] 10.1016/j.jacc.2017.08.010

17. Loh JP, Barbash IM, Waksman R. Overview of the 2011 Food and Drug Administration Cir-
culatory System Devices Panel of the Medical Devices Advisory Committee Meeting on the 
CardioMEMS Champion Heart Failure Monitoring System. J Am Coll Cardiol 2013;61:1571-
1576. doi: S0735-1097(12)05976-1 [pii] 10.1016/j.jacc.2012.08.1035

18. Sterne JAC, Savovic J, Page MJ, et al. RoB 2: a revised tool for assessing risk of bias in ran-
domised trials. BMJ 2019;366:l4898. doi: 10.1136/bmj.l4898

19. DerSimonian R, Laird N. Meta-analysis in clinical trials. Control Clin Trials 1986;7:177-188. doi: 
0197-2456(86)90046-2 [pii] 10.1016/0197-2456(86)90046-2

20. Viechtbauer W. Conducting Meta-Analyses in R with the metafor Package. J Stat Softw 
2010;36:1 - 48. doi: 10.18637/jss.v036.i03

21. Hunt SA, Abraham WT, Chin MH, et al. 2009 Focused update incorporated into the ACC/AHA 
2005 Guidelines for the Diagnosis and Management of Heart Failure in Adults A Report of 
the American College of Cardiology Foundation/American Heart Association Task Force on 
Practice Guidelines Developed in Collaboration With the International Society for Heart and 
Lung Transplantation. J Am Coll Cardiol 2009;53:e1-e90. doi: S0735-1097(08)03802-3 [pii] 
10.1016/j.jacc.2008.11.013

22. Zile MR, Desai AS, Costanzo MR, et al. The GUIDE-HF trial of pulmonary artery pressure mon-
itoring in heart failure: impact of the COVID-19 pandemic. Eur Heart J 2022;43:2603-2618. 
doi: 6546019 [pii] ehac114 [pii] 10.1093/eurheartj/ehac114

23. Cowie MR, Cleland JGF. The COVID-19 pandemic and heart failure: lessons from GUIDE-HF. 
Eur Heart J 2022;43:2619-2621. doi: 6576548 [pii] ehac226 [pii] 10.1093/eurheartj/ehac226

24. Vaduganathan M, DeFilippis EM, Fonarow GC, Butler J, Mehra MR. Postmarketing Adverse 
Events Related to the CardioMEMS HF System. JAMA Cardiol 2017;2:1277-1279. doi: 2654244 
[pii] hld170008 [pii] 10.1001/jamacardio.2017.3791



A meta-analysis of trials on pulmonary artery pressure monitoring

259

11

SUPPLEMENTARY MATERIAL

Supplementary Table 1. PICOTS criteria for screening of studies

PICOTS domain Description

Population Patients with chronic heart failure and a HF hospitalization or 
equivalent in the past twelve months.

Intervention Hemodynamically guided remote monitoring of pulmonary artery 
pressures using the CardioMEMS HF system.

Comparator A separate control group without (use of ) remote pulmonary artery 
pressure monitoring.

Outcome (1) HF events (hospitalization or urgent HF visits with need for 
intravenous diuretic therapy); (2) Mortality; (3) HF events and mortality 
as combined endpoint.

Study design Randomized Controlled Trials including at least 100 patients.
HF: Heart Failure.

Supplementary Table 2. Random- and fixed effects models for meta-analyses of clinical end-
points

Analysis Random effects model Fixed effects model

HR 95%CI p-value HR 95%CI p-value

Total HF hospitalizations, 
urgent visits, and all−
cause mortality

0.75 0.61-0.91 0.0037 0.76 0.68-0.85 <0.0001

Total HF hospitalizations 
and all−cause mortality

0.74 0.62-0.89 0.0010 0.75 0.67-0.84 <0.0001

Total HF hospitalizations 
and urgent visits

0.71 0.57-0.88 0.0018 0.73 0.64-0.82 <0.0001

Total HF hospitalizations 0.70 0.58-0.86 0.0005 0.72 0.63-0.81 <0.0001

All-cause mortality 0.92 0.73-1.16 0.4952 0.92 0.73-1.16 0.4952
HF: Heart Failure; HR: Hazard Ratio; 95% CI: 95 Confidence Interval.
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Supplementary Table 3. Random effects models for meta-analyses of subgroups including in-
teraction tests (total HFH, urgent visits, all-cause mortality)

Random effects model

Variable Subgroup analysis N, %* HR 95% CI P interaction

Age Age ≥71 656 (49) 0.76 0.60-0.97 0.65

Age <71 692 (51) 0.80 0.51-1.25

Sex Female 611 (32) 0.77 0.49-1.21 0.89

Male 1287 (68) 0.73 0.47-1.14

Etiology Ischemic 571 (45) 0.84 0.66-1.07 0.52

Non-ischemic 688 (55) 0.64 0.28-1.46

Device Device (ICD or CRT) 765 (57) 0.78 0.63-0.98 0.68

No device (ICD or CRT) 583 (43) 0.83 0.58-1.18

LVEF LVEF ≥50% 609 (67) 0.55 0.26-1.15 0.84

LVEF <50% 297 (33) 0.64 0.44-0.94

LVEF >40% 650 (35) 0.69 0.47-1.00 0.65

LVEF ≤40% 1248 (65) 0.76 0.63-0.91

NYHA NYHA II 296 (16) 0.72 0.49-1.05 0.149

NYHA III 1548 (82) 0.73 0.60-0.88

NYHA IV 54 (3) 1.68 0.88-3.20
ICD: Implantable Cardioverter defibrillator; CRT: Cardiac Reschynchronization Therapy; LVEF: Left Ventricular 
Ejection Fraction; NYHA: New York Heart Association; *Percentage based upon patients and studies with avail-
able subgroup data; HR: Hazard Ratio; 95% CI: 95 Confidence Interval. 
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Supplementary Figure 1. PRISMA flowchart of the included studies
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Supplementary Figure 3. Pre-COVID sensitivity analysis for clinical endpoints
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Figure legend (Supplementary Fig. 1)
*CHAMPION did not report data on urgent visits; †Calculated and included as Incidence Rate Ratio (IRR); PA: 
Pulmonary Artery; RE: Random Effects; 95% CI: 95% Confidence Interval; All rates are reported as events per 
patient-year.
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Supplementary Figure 4. Pre-COVID sensitivity analysis for clinical endpoints - (HF hospital-
izations, urgent visits, and mortality) – subgroup analysis 
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Supplementary Figure 4. Pre-COVID sensitivity analysis for clinical endpoints - (HF hospital-
izations, urgent visits, and mortality) – subgroup analysis (continued)
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Figure legend (Supplementary Fig. 2)
*CHAMPION did not report data on urgent visits; †Calculated and included as Incidence Rate Ratio (IRR); ‡CHAM-
PION only reported data for LVEF ≥40%; PA: Pulmonary Artery; RE: Random Effects; 95% CI: 95% Confidence 
Interval; All rates are reported as events per patient-year.
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Systematic search adapted for each database

Medline
((cardiomem* OR ((pulmonar* OR lung) ADJ9 (arter*) ADJ9 (pressur*) ADJ9 (sensor* OR 
monitor*)) OR ((intravascular) ADJ9 (haemodynamic OR hemodynamic) ADJ9 (monitor* 
OR sensor*))).ab,ti,kf.) AND (exp “Heart Failure”/ OR (((heart* OR cardiac OR cardial) ADJ3 
(fail* OR insuffic*)) OR HF).ab,ti,kf.) NOT (exp animals/ NOT humans/) NOT (news OR 
congres* OR abstract* OR book* OR chapter* OR dissertation abstract*).pt. NOT ((exp 
“Child”/ OR exp “Infant”/ OR “Adolescent”/) NOT (exp “Adult”/)) NOT (“Case Reports”.pt. 
OR “Case Reports as Topic”/ OR (case-report).ti.)

Embase 
(‘implantable pulmonary artery pressure monitoring system’/de OR ‘cardiovascular 
monitoring device’/de OR (cardiomem* OR ((pulmonar* OR lung) NEAR/9 (arter*) 
NEAR/9 (pressur*) NEAR/9 (sensor* OR monitor*)) OR ((intravascular) NEAR/9 (haemody-
namic OR hemodynamic) NEAR/9 (monitor* OR sensor*))):ab,ti,kw) AND (‘heart failure’/
exp OR (((heart* OR cardiac OR cardial) NEAR/3 (fail* OR insuffic*)) OR HF):ab,ti,kw) 
NOT ([animals]/lim NOT [humans]/lim) NOT ([Conference Abstract]/lim OR [Conference 
Review]/lim) NOT (‘child’/exp NOT (‘adult’/exp OR ‘adolescent’/de)) NOT (‘case report’/
de OR (case-report):ti) 

Web of Science
TS=(((cardiomem* OR ((pulmonar* OR lung) NEAR/9 (arter*) NEAR/9 (pressur*) NEAR/9 
(sensor* OR monitor*)) OR ((intravascular) NEAR/9 (haemodynamic OR hemodynamic) 
NEAR/9 (monitor* OR sensor*)))) AND ((((heart* OR cardiac OR cardial) NEAR/3 (fail* OR 
insuffic*)) OR HF)) NOT ((animal* OR rat OR rats OR mouse OR mice OR murine OR dog 
OR dogs OR canine OR cat OR cats OR feline OR rabbit OR cow OR cows OR bovine OR 
rodent* OR sheep OR ovine OR pig OR swine OR porcine OR veterinar* OR chick* OR 
zebrafish* OR baboon* OR nonhuman* OR primate* OR cattle* OR goose OR geese OR 
duck OR macaque* OR avian* OR bird* OR fish*) NOT (human* OR patient* OR women 
OR woman OR men OR man)))  NOT DT=(Meeting Abstract OR Meeting Summary) NOT 
TI=(case-report*) NOT TI=((child* OR baby OR infant OR infants OR babies) NOT (adult* 
OR men OR man OR woman OR women OR female* OR male*))

Cochrane Central
((cardiomem* OR ((pulmonar* OR lung) NEAR/9 (arter*) NEAR/9 (pressur*) NEAR/9 
(sensor* OR monitor*)) OR ((intravascular) NEAR/9 (haemodynamic OR hemodynamic) 
NEAR/9 (monitor* OR sensor*))):ab,ti,kw) AND ((((heart* OR cardiac OR cardial) NEAR/3 
(fail* OR insuffic*)) OR HF):ab,ti,kw) NOT ((case-report):ti) NOT ((child* OR baby OR infant 
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OR infants OR babies) NOT (adult* OR men OR man OR woman OR women OR female* 
OR male*)):ti

Google Scholar
Cardiomems “heart|cardiac|cardial failure|insufficiency” -”case report” -”case reports” 
-child -children
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Abstract

Aims: Use of left ventricular assist devices (LVADs) in older patients has increased, 
and assessing outcomes in older LVAD recipients is important. Therefore, this 
study aimed to investigate associations between age and outcomes after 
continuous-flow LVAD (cf-LVAD) implantation.

Methods and results: Cf-LVAD patients from the multicentre European PCHF-
VAD registry were included and categorized into those <50, 50–64, and ≥65 
years old. The primary endpoint was all-cause mortality. Among secondary 
outcomes were heart failure (HF) hospitalizations, right ventricular (RV) failure, 
haemocompatibility score, bleeding events, non-fatal thromboembolic events, 
and device-related infections. Of 562 patients, 184 (32.7%) were <50, 305 (54.3%) 
were aged 50–64, whereas 73 (13.0%) were ≥65 years old. Median follow-up 
was 1.1 years. Patients in the oldest age group were significantly more often 
designated as destination therapy (DT) candidates (61%). A 10 year increase in 
age was associated with a significantly higher risk of mortality (hazard ratio [HR] 
1.34, 95% confidence interval [CI] [1.15–1.57]), intracranial bleeding (HR 1.49, 
95% CI [1.10–2.02]), and non-intracranial bleeding (HR 1.30, 95% CI [1.09–1.56]), 
which was confirmed by a higher mean haemocompatibility score (1.37 vs. 0.77, 
oldest vs. youngest groups, respectively, P = 0.033). Older patients suffered from 
less device-related infections requiring systemic antibiotics. No age-related dif-
ferences were observed in HF-related hospitalizations, ventricular arrhythmias, 
pump thrombosis, non-fatal thromboembolic events, or RV failure.

Conclusions: In the PCHF-VAD registry, higher age was associated with in-
creased risk of mortality, and especially with increased risk of major bleeding, 
which is particularly relevant for the DT population. The risks of HF hospitaliza-
tions, pump thrombosis, ventricular arrhythmia, or RV failure were comparable. 
Strikingly, older patients had less device-related infections.
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Introduction

Despite tremendous developments in heart failure (HF) therapy over the past decade, it 
is estimated that up to 10% of all HF patients have advanced HF.1 Besides improvements 
in pharmacological therapy, mechanical options for advanced HF have become more 
readily available, with significant technological improvements.2 The left ventricular assist 
device (LVAD) is an established treatment option for long-term mechanical circulatory 
support in advanced HF patients. This was to some extent facilitated by the growing 
mismatch between demand and availability of donor hearts, especially in Western Eu-
rope.3 Additionally, more timely referral, improved patient selection, clinical experience, 
and technological advancement have improved outcomes after LVAD implantation, 
and LVADs are now more often used as destination therapy (DT) in older patients and 
those not deemed eligible or suited for heart transplantation.4-10 Furthermore, the use 
of LVADs as bridge to transplant (BTT) has increased in older patients as well.11 With the 
increasing use of LVADs and the expected number of patients who could benefit from 
LVAD support, risk stratification is essential for proper patient selection, especially in 
older patients. Several risk scores have been developed, but with improvements in LVAD 
technology and patient management, new insights into the impact of an aging LVAD 
population on the clinical management and outcomes are essential.12,  13  Moreover, 
outcomes other than mortality are particularly relevant for older recipients and DT, as 
they affect quality of life and costs. Therefore, this study aimed to assess the associations 
between age and cause-specific clinical outcomes after continuous-flow LVAD (cf-LVAD) 
implantation.

Methods

The methods and characteristics of the observational PCHF-VAD study have been de-
scribed previously.14 Briefly, cf-LVAD patients were included in 13 European HF tertiary 
referral centres, a collaborative of participants and alumni of the Postgraduate Course in 
Heart Failure (PCHF) of the Heart Failure Association of the European Society of Cardiol-
ogy and the European Heart Academy, forming the PCHF-VAD registry. All participating 
centres acquired approval from the local ethics review boards (predominantly, a waiver 
of informed consent was obtained by the individual centres). The patient data were 
recorded and managed using REDCap (Research Electronic Data Capture) electronic 
data capture tools—a secure, web-based application, hosted at the University of Zagreb 
School of Medicine, serving as the data-coordinating centre.15

At the time of analysis, 583 patients who were implanted with a durable ventricular 
assist device between December 2006 and January 2020 were included in this registry. 
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Patients with a pulsatile device (n = 4) or biventricular assist device (n = 11), as well as 
patients aged <18 years (n = 6), were excluded from this analysis, leaving 562 patients.

Patients were categorized into those younger than 50 years, patients between 50 and 
64  years, and patients aged 65  years and older. The primary endpoint was all-cause 
mortality. Secondary outcomes were rates of heart transplantation, weaning from LVAD 
support, HF hospitalization, right ventricular (RV) failure (acute and chronic), LVAD-
related infection requiring systemic antibiotics, non-fatal thromboembolic events, in-
tracranial bleeding, non-intracranial bleeding, LVAD exchange, and haemocompatibility 
score (HCS).

Haemocompatibility score
In order to analyse the aggregate burden of haemocompatibility-related adverse events 
(HRAEs), the HCS was calculated for all patients. Each HRAE received a points score, based 
on its clinical relevance (Supporting Information, Table S1). The HCS was calculated for 
each patient by summing up all points associated with all HRAEs experienced by the 
patient during the follow-up period.16

Statistical analysis
Continuous data are expressed as mean value ± standard deviation or median and in-
terquartile range [IQR], depending on the distribution of the data, and were compared 
by the ANOVA or the Kruskal–Wallis test. Categorical data are expressed as counts and 
percentages and were compared by the Pearson’s χ2 test. The probability of survival was 
calculated using the Kaplan–Meier method and was compared between age groups 
using the log-rank test. The hazard ratios (HRs) for the outcomes were assessed using 
Cox proportional hazards models and were calculated for a 10 year increase in age. For 
the survival analyses, the date of LVAD implantation was considered the index date. 
Follow-up duration was defined as time to last contact, heart transplantation, weaning 
from LVAD support, or death whichever occurred first.

In order to test whether age was independently associated with the outcomes, multi-
variable Cox proportional hazards models were constructed. The associations between 
age and outcomes were adjusted for gender, INTERMACS (Interagency Registry for 
Mechanically Assisted Circulatory Support) profile, baseline serum creatinine level, 
quartiles of LVAD implantation date, the need for mechanical circulatory support prior 
to LVAD surgery, and pre-LVAD vasopressor use.

Sensitivity analyses were performed to adjust the association between age and all-
cause mortality for several baseline characteristics. The following baseline covariates, 
with <30% missing values, were tested in a forward stepwise Cox proportional hazards 
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model: sex, cardiac implantable electronic device (CIED) status, heart rate, LVAD type, 
LVAD intention (BTT, bridge to decision [BTD], and DT), INTERMACS profile, aetiology 
of HF, known history of chronic kidney disease, atrial fibrillation/flutter, ventricular ar-
rhythmias (VAs), significant VAs pre-LVAD, prior cardiac surgery, concomitant procedure 
with the LVAD implant, type of life support prior to LVAD, diuretic use, beta-blocker use, 
ivabradine use, mineralocorticoid receptor antagonist use, vasopressor use, ultrafiltra-
tion, type of mechanical ventilation, creatinine values, left ventricular internal dimen-
sion at end-diastole, and LVAD implant date quartile. The significant baseline covariates 
were then used in the Cox regression model for the secondary outcomes. Furthermore, 
an additional forward stepwise Cox proportional hazards model was constructed using 
the baseline covariates that differed significantly between the age groups. For both 
analyses, a significance level of 0.05 and 0.10 for entry and removal thresholds was used, 
respectively.

The numbers of missing values of the variables mentioned above are shown in Sup-
porting Information,  Table  S2. Variables with <30% missing data were imputed using 
multiple imputation, whereas those with a larger proportion of missing data were not 
included in this analysis. If the missing variables showed a monotone pattern of missing 
values, the monotone method was used. Otherwise, an iterative Markov chain Monte 
Carlo method was used with a number of 10 iterations. A total of five imputations was 
performed, and the pooled data were analysed. The imputed data were only used for 
the multivariable analysis. An additional sensitivity analysis was performed to deter-
mine the consistency of the results. In this sensitivity analysis, patients were divided 
into tertiles according to their age at LVAD implantation. A two-sided  P-value of 0.05 
or lower was considered statistically significant. All statistical analyses were performed 
using Statistical Package for Social Sciences, Version 25.0 (SPSS Inc., Chicago, IL, USA).

Results

Of the 562 patients, 184 (32.7%) were younger than 50 years, 305 (54.3%) were aged 
50 to 64 years, whereas 73 (13.0%) were 65 years or older. The baseline characteristics 
of the patients stratified by age are shown in Table 1. Older patients more often had a 
HeartMate 3 (HM3) device and more often received their LVAD as DT (61.1% vs. 3.4% 
as DT, 20.8% vs. 79.9% as BTT, and 18.1% vs. 16.7% as BTD for the oldest vs. youngest 
patient groups, respectively). Additionally, older patients had more advanced comor-
bidities and were less often implanted in an acute setting, which was indicated by a 
higher (less severe) mean INTERMACS profile.
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Survival
Of the overall population, the median follow-up time on LVAD support was 1.1 [IQR 
0.5–2.2] years. Non-significant differences in follow-up time between the age groups 
were observed (patients younger than 50 years: 1.2 [0.7–2.3], patients between 50 and 
64 years: 1.1 [0.5–2.2], and patients aged 65 years or older: 1.4 [0.3–2.8], P = 0.464).

The time to event analysis for all-cause mortality is shown in Figure 1A. Patients aged 
65 years or older had a significantly higher all-cause mortality than those aged 50–64 
and <50 years (46.3% vs. 37.5% and 25.0%, respectively, P = 0.03). Pairwise comparison 
showed no significant survival differences between the 50–64 and ≥65 age groups. 
One-year mortality was notably higher in the oldest patient group, whereas the survival 
after the initial 12 months post-LVAD implantation was more comparable (Figure 1B,C). 
Furthermore, patients aged ≥65 years were significantly less often transplanted (14.3% 
vs. 55.9% and 70.5%, respectively, P < 0.001) and weaned from LVAD support (0% vs. 
1.0% and 7.7%, respectively, P = 0.021) than those aged 50–64 and <50 years. A 10 year 
increase in age was significantly associated with a higher mortality risk (HR 1.34, 95% 
confidence interval [CI] [1.15–1.57]) and lower chance of heart transplant or weaning 
from LVAD (HR 0.90, 95% CI [0.80–1.01] and HR 0.63, 95% CI [0.35–1.16], respectively) 
after adjustment for sex, INTERMACS profile, baseline serum creatinine level, quartiles 
of LVAD implantation date, the need for mechanical circulatory support prior to LVAD 
surgery, and pre-LVAD vasopressor use (Table 2). The majority of deaths in all age groups 
were due to cardiovascular-related causes (Supporting Information, Table S3).
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Competing event analysis showed that patients younger than 50 years died less often 
(19.0%) and were more often transplanted (56.4%) or weaned from LVAD support (4.2%) 
than patients aged 50–64 years (29.9%, 43.3%, and 0.7%, respectively) and patients 
aged 65 years or older (43.8%, 10.1%, and 0.0%, respectively) (Figure 2).
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Figure 1. Kaplan–Meier plots of time to all-cause mortality for (A) the complete follow-up pe-
riod, (B) the first year post-LVAD implantation, and (C) the period starting 1 year post-LVAD 
implantation. LVAD, left ventricular assist device.
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Secondary endpoints
LVAD-related infections that required systemic antibiotics occurred less often in older 
patients. As shown in the multivariable analysis, an increase of 10 years was associated 
with a significantly lower risk of infection (HR 0.88, 95% CI [0.77–0.99]; Table 2).

A 10 year increase in age was associated with a higher risk of intracranial (HR 1.49, 95% 
CI [1.10–2.02]) and non-intracranial bleedings (HR 1.30, 95% CI [1.09–1.56]; Table 2). The 
risk of incident atrial fibrillation or flutter was higher in older patients (HR 1.38, 95% 
CI [1.11–1.73]). The risk of non-fatal thromboembolic events was numerically but not 
significantly higher with increasing age. No significant differences in the rates of HF-
related hospitalizations, VAs, pump thrombosis, or RV failure were observed between 
the age groups (Table 2).

Haemocompatibility score
The mean HCS was significantly higher in older LVAD patients (patients younger than 50 
years: 0.77 ± 1.46, patients between 50 and 64 years: 1.09 ± 1.91, and patients aged 65 
years or older: 1.37 ± 1.93, P = 0.033; Figure 3). The differences between the three groups 
were most prominent in Tier I and Tier IIIB. 

Sensitivity analysis
In addition to categorizing patients into the pre-specified age groups, the study popula-
tion was stratified into tertiles by age. In the first tertile (T1), patients aged 50 years 
or younger were included, the second tertile (T2) included patients between 50.1 and 
60.1 years, whereas the third tertile (T3) consisted of patients aged 60.2 years or older. 
The baseline characteristics are shown in Supporting Information, Table S4, and differ-
ences between the age groups were similar to those observed in the main analysis. As 
reported in the main analysis, older LVAD patients had a higher risk of all-cause mortal-
ity, atrial fibrillation/ flutter, and non-intracranial bleedings and lower chance of heart 
transplantation, weaning from LVAD support, and device-related infections (Supporting 
Information, Table S5). The mean HCS was significantly higher in Tier III compared with 
Tier I and Tier II (Supporting Information, Figure S1).

Additional assessment of the associations between age and outcomes adjusted for the 
covariates that were selected in a forward stepwise Cox regression model provided 
results comparable with the fixed model (Supporting Information, Tables S6 and S7).
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Days post-LVAD surgery
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Figure 2. Competing event analysis for (A) patients aged <50 years, (B) patients aged 50–64 
years, and (C) patients aged ≥65 years. HTx, heart transplantation; LVAD, left ventricular as-
sist device.



How does age affect outcomes after left ventricular assist device implantation

285

12

Discussion

In this large European multicentre study of cf-LVAD recipients, higher age was associ-
ated with an increased risk of all-cause mortality after LVAD implantation. Older LVAD 
patients more often suffered from intracranial and non-intracranial bleedings, which 
was also consistent with a higher mean HCS in comparison with younger patients. This 
is an important consideration for patient selection at higher age, especially in the case 
of DT. Strikingly, older patients less often suffered from device-related infections requir-
ing systemic antibiotics. We provided numerous additional analyses of associations 
between age and cause-specific outcomes.

Several studies have previously investigated the effects of age on LVAD survival, but 
our results provide insights into a contemporary LVAD cohort in the European set-
ting.17-22 Earlier INTERMACS and IMACS analyses also found higher age to be associated 
with an increased mortality risk.18, 19, 22, 23 Similar findings were observed by several other 
studies18, 21 although some smaller single-centre studies reported no significant survival 
differences.17, 20 However, these earlier studies mainly included patients from the United 
States and consisted mostly of older types of LVADs. In our study, the mortality risk was 
highest in the oldest patient group, but the risk appeared to be upfront with similar 
risk of mortality beyond 12  months. Interestingly, older patients were in less severe 
INTERMACS profile prior to LVAD implantation, yet had a higher mortality. This may be 
partially explained by other factors such as higher rates of comorbidities and frailty. 
However, despite the increased mortality risk, the overall survival of older patients 
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Figure 3. Haemocompatibility score according to age.
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on LVAD support was still acceptable, in particular after the first year. Therefore, LVAD 
implantation could be considered in carefully selected elderly patients.

Interestingly, the number of patients aged ≥65 years implanted with an LVAD increased 
over recent years. This may partially be explained by the expanded indications for DT in 
Europe as well as the advent of the HM3 after the successful MOMENTUM 3 trial, which 
showed similar favourable effects of the HM3 for patients aged ≥65 years.6 The HM3 has 
been approved for DT for several years and is increasingly being used for said indication 
in older patients, which is also reflected in our study as the proportion of implanted 
HM3 devices was largest in the oldest patient category. The use of BTT LVAD has also 
increased in older patients in the recent years, suggesting that general acceptance of 
older patients for both DT and BTT indications is increasing.10, 11

Bleeding and pump thrombosis are among the most common adverse events post-
LVAD implantation. These are especially disabling in the DT setting, with the potential 
long-term risk of repeated hospitalizations and reduced quality of life. The MOMENTUM 
3 trial showed a lower risk of bleeding, stroke, and pump thrombosis for the HM3 as 
compared with the HeartMate II (HMII), underscoring the importance of studying age-
related effects in the present era.6 In our study, a 10 year increase in age was associated 
with a higher risk of both intracranial and non-intracranial bleedings (HR 1.49 and HR 
1.30, respectively). The risk of non-fatal thromboembolic events was slightly higher, 
although not significant, in older patients, despite a higher prevalence and higher risk 
of incident atrial fibrillation in older patients. No differences were found with respect 
to the occurrence of pump thrombosis. The clinical HCS was developed to analyse the 
burden of haemocompatibility-related LVAD events.16  We found that the mean HCS 
was significantly higher in older patients (1.37 vs. 0.77, P = 0.033). With the detrimental 
effects of a stroke especially at older age during LVAD support, we believe this is an im-
portant finding that warrants further research in methods to assess overall bleeding risk 
in elderly LVAD patients. One could imagine a cutoff point above which bleeding risk is 
deemed too high in order to prevent disabling events during LVAD support. Analyses 
from the INTERMACS and IMACS database reported higher risks of gastrointestinal 
bleeding for patients aged ≥70 and ≥75 years.18, 22, 23 These results suggest more vigilant 
monitoring for bleeding risk of elderly LVAD recipients. Reports on age-related stroke 
risk, on the other hand, are conflicting.18, 20, 22 Given the time points at which the studies 
were undertaken, it is likely that, compared with our study, very few patients in the 
previous studies received an HM3 LVAD. Furthermore, differences in study populations 
are important as one study only investigated DT patients, whereas another study only 
found age to be associated with higher stroke risk in the DT, but not the BTT, patients.20, 23
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Besides haemocompatibility-related complications, device-related infections are a 
major cause of morbidity and mortality, often requiring hospitalization for long courses 
of intravenous antibiotics.24 We found a significantly lower risk of LVAD-related infec-
tions among older patients (HR 0.88, 95% CI [0.78–0.99]), which underscores earlier 
work.17,  18,  20,  25 This finding is rather interesting because the immune system of older 
people is often impaired compared with younger people. A possible explanation might 
be that younger patients exhibit a more (pro)active lifestyle that includes more exercise 
and can easily lead to manipulation or irritation of the driveline causing infection or 
that younger patients may be less careful in their driveline and general post-LVAD care, 
a potential pattern also observed after heart transplantation.26 Furthermore, based on 
the INTERMACS profiles and proportion of patients on mechanical circulatory support 
prior to LVAD implant, it seems plausible that younger patients more often had their 
LVAD implanted in an acute setting and were therefore at higher risk of developing 
a driveline infection. Lastly, elderly LVAD patients had a lower body mass index (BMI) 
than the middle age group, which has also been associated with a lower risk of driveline 
infections.25, 27

Perspectives

To the best of our knowledge, this is the first study to investigate associations between 
age and detailed cause-specific clinical outcomes in a large multinational European 
population of contemporary cf-LVAD patients. LVAD DT is becoming more important 
and is expected to increase to similar numbers as BTT in Europe, especially with aging 
populations with otherwise high life expectancies in wealthy countries. Several studies 
have reported on age-related risks post-LVAD implantation. However, these studies 
almost exclusively incorporated data on US patients. The differences in HF and LVAD 
management between the United States and Europe make it difficult to extrapolate 
earlier findings to the current European setting. Furthermore, most studies were con-
ducted in an earlier era in which the older HMII (axial-flow) and HeartWare Ventricular 
Assist Device (HVAD) were mostly used. The current study contains a significant number 
of patients with an HM3, which is the predominant and contemporary ventricular as-
sist device in Europe after the successful MOMENTUM 3 trial, and particularly since the 
recent withdrawal of HVAD from the market. Our study therefore adds significantly to 
current literature and provides valuable insights into contemporary European LVAD 
management in older recipients.
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Limitations

Our analysis was limited by several factors mostly inherent to the study design. First of 
all, due to the non-randomized design, confounding might have biased our results. Even 
after adjusting for possible confounders, residual confounding cannot be excluded. 
Furthermore, selection bias and missing data, which we tried to limit by using multiple 
imputation methods, may have affected our results. Furthermore, the proportion of 
patients older than 65 years was relatively small, which may have influenced analysis of 
the secondary outcomes. Lastly, additional data on anticoagulation use, such as time in 
therapeutic range, were not available.

Conclusions

Although age was associated with increased risk of mortality and bleeding events, the 
clinical outcomes of older patients after cf-LVAD implantation were acceptable. Reflect-
ing on the poor prognosis of end-stage HF patients and the fact that survival of elderly 
patients is by definition impaired due to advanced comorbidities and frailty, we sug-
gest that age alone should not be a contra-indication for LVAD DT, which is consistent 
with European consensus recommendations. However, one should be aware of the 
increased risk of bleeding with a complicated clinical course post-LVAD implantation 
when selecting older patients. Future studies of anticoagulation regimens might also 
aid in better tailoring of these therapies in the elderly population, possibly allowing for 
less aggressive anticoagulation, particularly in the setting of a very low thrombosis rate 
in the newest generation HM3 LVAD.
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Supplementary Figure 1. Haemocompatibility score according to age tertile

Supplementary Table 1. Classification of haemocompatibility score

Intensity Clinical components Score

Tier I: Mild

≤2 gastrointestinal or other bleeding episodes (>30 days post 
implant) requiring hospitalization

1 point each
Suspected pump thrombosis episode that requires 
hospitalization, successfully medically treated

Non-stroke related neurological events

Arterial thromboembolism not resulting in organ loss

Tier II: Moderate

>2 gastrointestinal or other bleeding episodes (>30 days post 
implant) requiring hospitalization 2 points 

eachNon-disabling stroke (hemorrhagic or ischemic)

Arterial thromboembolism resulting in organ loss

Tier III A: 
Moderately severe

Pump malfunction due to pump thrombosis leading to
reoperation for removal or replacement

3 points 
each

Tier III B: Severe

Disabling stroke
4 points 
eachDeath due to a haemocompatibility etiology or inconclusive

(unknown or multiple causes)
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Supplementary Table 2. Number (percentage) of missing data

Age 0 (0.0)

Men 0 (0.0)

Geographical area 0 (0.0)

Quartiles of date of LVAD implant 0 (0.0)

ICD status 10 (1.8)

CRT status 14 (2.5)

Heart rate 65 (11.6)

SBP 72 (12.8)

DBP 72 (12.8)

BMI 66 (11.7)

LVAD type 0 (0.0)

LVAD destination 29 (5.2)

INTERMACS class 15 (2.7)

Etiology of heart failure 0 (0.0)

Comorbidities 0 (0.0)

Prior cardiac surgery 0 (0.0)

Concomitant procedure with LVAD implant 0 (0.0)

Life support prior to LVAD implant 20 (3.6)

Medications

Diuretic 63 (11.2)

Beta blocker 98 (17.4)

ACEi/ARB 88 (15.7)

MRA 125 (22.2)

Ivabradine 148 (26.3)

Inotrope 104 (18.5)

Laboratory values

Creatinine 55 (9.8)

Bilirubin 115 (20.5)

Echocardiographic data

LVIDd 76 (13.5)

LVEF 127 (22.6)

RVIDd 451 (80.2)

TAPSE 314 (55.9)

ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; CRT, 
cardiac resynchronization therapy; CRT-P, CRT-pacing; CRT-D, CRT-defibrillator; DBP, diastolic blood pressure; 
ICD, implantable cardioverter defibrillator; INTERMACS, interagency registry for mechanically assisted circula-
tory support; LVAD, left ventricular assist device; LVEF, left ventricular ejection fraction; LVIDd, left ventricular 
internal dimension end-diastolic; MRA, mineralocorticoid receptor antagonist; RVIDd, right ventricular internal 
dimension end-diastolic; SBP, systolic blood pressure; TAPSE, tricuspid annular plane systolic excursion



CHAPTER 12

294

Supplementary Table 3. Causes of death

Overall 
population
(n=156)

Patients aged 
< 50 years
(n=36)

Patients 
aged 50-64 
years
(n=91)

Patients 
aged ≥65 
years
(n=29)

p-value

Non-cardiovascular 
death

45 (30.2)
11 (32.4) 27 (31.0)

7 (25.0)
0.79

Cardiovascular death 104 (69.8) 23 (67.6) 60 (69.0) 21 (75.0)

Heart failure death 40 (39.2) 11 (47.8) 25 (43.1) 4 (19.0)

0.075

Sudden cardiac death 3 (2.9) 1 (4.3) 2 (3.4) 0 (0.0)

Ischemic stroke 8 (7.8) 2 (8.7) 3 (5.2) 3 (14.3)

Hemorrhagic stroke 25 (24.5) 3 (13.0) 18(31.0) 4 (19.0)

Procedure related 
death

6 (5.9) 1 (4.3 2 (3.4) 3 (14.3)

Device related death 12 (11.8) 1 (4.3) 7 (12.1) 4 (19.0)

Other 8 (7.8) 4 (17.4) 1 (1.7) 3 (14.3)

Supplementary Table 4. Baseline characteristics according to age tertiles

Overall 
population
(n=562)

Patients 
aged ≤50.0 
years
(n=186)

Patients 
aged 50.1-
60.1 years
(n=188)

Patients 
aged ≥60.2 
years
(n=188)

p-value

Age, year 53±12 39±9 56±3 65±3 <0.001

Men 457 (81.3) 149 (80.1) 149 (79.3) 159 (84.6) 0.37

Geographical area

North and West Europe 
(The Netherlands, Belgium, 
Germany, Sweden)

373 (66.4) 138 (74.2) 130 (69.1) 105 (55.9)

0.001
South and East Europe 
(Croatia, Poland, Lithuania, 
Italy, Spain, Greece)

189 (33.6) 48 (25.8) 58 (30.9) 83 (44.1)

Quartiles of date of LVAD 
implant

1st quartile (6 Dec 2006 - 29 
Oct 2012)

143 (25.4) 65 (34.9) 43 (22.9) 35 (18.6)

0.001

2nd quartile (30 Oct 2012 - 4 
Aug 2015)

143 (25.4) 46 (24.7) 50 (26.6) 47 (25.0)

3rd quartile (5 Aug 2015 - 16 
Apr 2017)

139 (24.7) 45 (24.2) 38 (20.2) 56 (29.8)

4th quartile (17 Apr 2017 - 28 
Jan 2020)

137(24.4) 30 (16.1) 57 (30.3) 50 (26.6)
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Supplementary Table 4. Baseline characteristics according to age tertiles

Overall 
population
(n=562)

Patients 
aged ≤50.0 
years
(n=186)

Patients 
aged 50.1-
60.1 years
(n=188)

Patients 
aged ≥60.2 
years
(n=188)

p-value

ICD status

No ICD 294 (53.3) 108 (58.7) 101 (55.2) 85 (45.9)

0.14Primary prevention 180 (32.6) 53 (28.8) 55 (30.1) 72 (38.9)

Secondary prevention 78 (14.1) 23 (12.5) 27 (14.8) 28 (15.1)

CRT status

No CRT 406 (74.1) 146 (82.5) 135 (73.0) 125 (67.2)

0.015CRT-P carrier 14 (2.6) 4 (2.3) 5 (2.7) 5 (2.7)

CRT-D carrier 128 (23.4) 27 (15.3) 45 (24.3) 56 (30.1)

Heart rate, b.p.m. 83.3±19.0 89.6±21.7 83.3±17.9 78.0±15.7 <0.001

SBP, mmHg 99.5±13.9 96.6±13.5 100.0±13.7 101.7±14.1 0.004

DBP, mmHg 64.2±10.9 64.3±11.0 65.0±11.5 63.3±10.0 0.32

BMI, kg/m2 25.9±4.6 25.1±5.2 26.4±4.3 26.0±4.4 0.031

NYHA class

II 15 (3.0) 6 (3.8) 4 (2.3) 5 (2.8)

0.56
IIIa 152 (30.0) 48 (30.6) 46 (26.7) 58 (32.6)

IIIb 134 (26.4) 34 (21.7) 50 (29.1) 50 (28.1)

IV 206 (40.6) 69 (43.9) 72 (41.9) 65 (36.5)

LVAD type

HeartMate II 265 (47.2) 104 (55.9) 82 (43.6) 79 (42.0)

<0.001
HeartWare HVAD 119 (21.2) 36 (19.4) 47 (25.0) 36 (19.1)

HeartMate 3 157 (27.9) 44 (23.7) 56 (29.8) 57 (30.3)

Other 21 (3.7) 2 (1.1) 3 (1.6) 16 (8.5)

LVAD destination

BTT 356 (66.8) 140 (80.0) 130 (73.0) 86 (47.8)

<0.001BTD 90 (16.9) 29 (16.6) 31 (17.4) 30 (16.7)

DT 87 (16.3) 6 (3.4) 17 (9.6) 64 (35.6)

INTERMACS profile

1 90 (16.5) 41 (23.0) 37 (20.1) 12 (6.5)

<0.001
2 150 (27.4) 57 (32.0) 49 (26.6) 44 (23.8)

3 176 (32.2) 53 (29.8) 53 (28.8) 70 (37.8)

4-7 131 (23.9) 27 (15.2) 45 (24.5) 59 (31.9)

Aetiology of heart failure
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Supplementary Table 4. Baseline characteristics according to age tertiles

Overall 
population
(n=562)

Patients 
aged ≤50.0 
years
(n=186)

Patients 
aged 50.1-
60.1 years
(n=188)

Patients 
aged ≥60.2 
years
(n=188)

p-value

Dilated cardiomyopathy 247 (44.0) 112 (60.2) 67 (35.6) 68 (36.2)

<0.001Ischemic cardiomyopathy 256 (45.6) 44 (23.7) 112 (59.6) 100 (53.2)

Other 59 (10.5) 30 (16.1) 9 (4.8) 20 (10.6)

Comorbidities

Arterial hypertension 128 (22.8) 22 (11.8) 43 (22.9) 63 (33.5) <0.001

Diabetes mellitus 114 (20.3) 19 (10.2) 39 (20.7) 56 (29.8) <0.001

Chronic kidney disease 137 (24.4) 20 (10.8) 53 (28.2) 64 (34.0) <0.001

Coronary artery disease 139 (24.7) 26 (14.0) 56 (29.8) 57 (30.3) <0.001

Prior MI 211 (37.5) 38 (20.4) 88 (46.8) 85 945.2) <0.001

Prior coronary 
revascularization

170 (30.2) 29 (15.6) 73 (38.8) 68 (36.2) <0.001

COPD 44 (7.8) 3 (1.6) 17 (9.0) 24 (12.8) <0.001

Atrial fibrillation/flutter 173 (30.8) 41 (22.0) 52 (27.7) 80 (42.6) <0.001

Ventricular arrhythmias 153 (27.2) 53 (28.5) 47 (25.0) 53 (28.2) 0.70

Cerebrovascular events 41 (7.3) 10 (5.4) 15 (8.0) 16 (8.5) 0.46

Significant ventricular 
arrhythmias prior to LVAD 
implant

None 308 (65.5) 96 (70.1) 107 (65.2) 105 (62.1)

0.51

1 episode 78 (16.6) 21 (15.3) 27 (16.5) 30 (17.8)

2 episodes 34 (77.2) 10 (7.3) 12 (7.3) 12 (7.1)

3 episodes 18 (3.8) 3 (2.2) 4 (2.4) 11 (6.5)

≥4 episodes 32 (6.8) 7 (5.1) 14 (8.5) 11 (6.5)

Prior cardiac surgery 75 (13.3) 19 (10.2) 26 (13.8) 30 (16.0) 0.26

Concomitant procedure with 
LVAD implant

99 (17.6) 27 (14.5) 34 (18.1) 38 (20.2) 0.34

Life support prior to LVAD 
implant

None 401 (74.0) 122 (68.9) 121 (66.9) 158 (85.9)

0.012

ECMO 40 (7.4) 14 (7.9) 19 (10.5) 7 (3.8)

Temporary LVAD 5 (0.9) 3 (1.7) 1 (06.) 1 (0.5)

Temporary RVAD 1 (0.2) 1 (0.6) 0 (0.0) 0 (0.0)

Temporary BiVAD 2 (0.4) 1 (0.6) 1 (0.6) 0 (0.0)

IABP 73 (13.5) 27 (15.3) 30 (16.6) 16 (8.7)

Other 20 (3.7) 9 (5.1) 9 (5.0) 2 (1.1)
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Supplementary Table 4. Baseline characteristics according to age tertiles

Overall 
population
(n=562)

Patients 
aged ≤50.0 
years
(n=186)

Patients 
aged 50.1-
60.1 years
(n=188)

Patients 
aged ≥60.2 
years
(n=188)

p-value

Medications

Diuretic 454 (91.0) 132 (86.3) 151 (88.8) 171 (97.2) 0.001

Beta blocker 299 (64.4) 87 (63.5) 103 (64.0) 109 (65.7) 0.92

ACEi/ARB 213 (44.9) 68 (47.6) 77 (46.7) 68 (41.0) 0.44

MRA 315 (72.1) 80 (63.5) 109 (71.7) 126 (79.2) 0.013

Ivabradine 45 (10.9) 14 (11.6) 12 (8.2) 19 (12.9) 0.42

Inotrope 305 (66.6) 101 (73.2) 103 (66.9) 101 (60.8) 0.075

Vasopressor 53 (12.2) 18 (14.2) 26 (17.3) 9 (5.7) 0.006

Ultrafiltration 15 (3.5) 5 (4.0) 8 (5.3) 2 (1.3) 0.15

Mechanical ventilation

None 403 (92.0) 115 (89.8) 134 (88.7) 154 (96.9)

0.062NIV/cPAP 5 (1.1) 1 (0.8) 3 (2.0) 1 (0.6)

Intubation 30 (6.8) 12 (9.4) 14 (9.3) 4 (2.5)

Laboratory values

Creatinine, umol/L 127.1±56.0 123.6±67.8 121.8±50.4 135.2±48.7 0.052

Bilirubin, umol/L 24.3±20.5 27.6±21.0 25.0±25.5 20.9±13.3 0.016

Echocardiographic data

LVIDd, mm 70.7±12.5 69.3±12.4 71.4±13.5 71.5±11.6 0.21

LVEF, % 19.4±7.5 18.9±8.6 18.8±6.8 20.3±7.0 0.13

ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BiVAD, 
biventricular assist device; BMI, body mass index; b.p.m, beats per minute; BTD, bridge to decision; 
BTT, bridge to transplant; COPD, chronic obstructive pulmonary disease; cPAP, continuous 
positive airway pressure; CRT, cardiac resynchronization therapy; CRT-P, CRT-pacing; CRT-D, 
CRT-defibrillator; DBP, diastolic blood pressure; DT, destination therapy; ECMO, extracorporeal 
membrane oxygenation; IABP, intra-aortic balloon pump; ICD, implantable cardioverter 
defibrillator; INTERMACS, interagency registry for mechanically assisted circulatory support; LVAD, 
left ventricular assist device; LVEF, left ventricular ejection fraction; LVIDd, left ventricular internal 
dimension end-diastolic; MI, myocardial infarction; MRA, mineralocorticoid receptor antagonist; 
NIV, non-invasive ventilation; NYHA, New-York Heart Association; RVAD, right ventricular assist 
device; SBP, systolic blood pressure
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Supplementary Table 5. Numbers of patients reaching the endpoints according to age tertiles

Overall 
population

(n=562)

Patients 
aged < 
50.0 years
(n=186)

Patients 
aged 50.1-
60.1 years
(n=188)

Patients 
aged ≥60.2 
years
(n=188)

p-value

All-cause mortality 156 (27.8) 37 (19.9) 53 (28.2) 66 (35.1) 0.004

Weaning from LVAD 9 (1.6) 7 (3.8) 1 (0.5) 1 (0.5) 0.016

Heart transplantation 218 (38.8) 97 (52.2) 73 (38.8) 48 (25.5) <0.001

HF hospitalisation 108 (20.8) 35 (20.8) 40 (23.1) 33 (18.6) 0.59

Atrial fibrillation/ flutter 79 (14.8) 17 (9.9) 27 (15.1) 35 (19.2) 0.047

Ventricular arrhythmia 155 (28.4) 46 (26.1) 61 (33.2) 48 (25.8) 0.21

Device-related infections 
requiring AB

196 (36.1) 78 (44.8) 63 (34.8) 55 (29.3) 0.008

Pump thrombosis 41 (7.6) 11 (6.3) 18 (10.0) 12 (6.5) 0.34

Non-fatal thromboembolic 
events

56 (10.4) 13 (7.5) 18 (10.1) 25 (13.4) 0.18

Non-cerebral bleeding 118 (22.1) 30 (17.4) 34 (19.0) 54 (29.5) 0.011

Intracranial bleeding 46 (8.6) 10 (5.7) 18 (10.1) 18 (9.8) 0.26

RV-failure 116 (21.4) 33 (18.9) 43 (23.9) 40 (21.5) 0.51

LVAD exchange 22 (4.1) 12 (6.9) 8 (4.6) 2 (1.1) 0.02

AB, antibiotics; HF, heart failure; HR, hazard ratio; LVAD, left ventricular assist device; RV, right 
ventricle
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Abstract

Aims: Data on sex and left ventricular assist device (LVAD) utilization and out-
comes have been conflicting and mostly confined to US studies incorporating 
older devices. This study aimed to investigate sex-related differences in LVAD 
utilization and outcomes in a contemporary European LVAD cohort.

Methods and results: This analysis is part of the multicentre PCHF-VAD registry 
studying continuous-flow LVAD patients. The primary outcome was all-cause 
mortality. Secondary outcomes included ventricular arrhythmias, right ven-
tricular failure, bleeding, thromboembolism, and the haemocompatibility score. 
Multivariable Cox regression models were used to assess associations between 
sex and outcomes. Overall, 457 men (81%) and 105 women (19%) were analysed. 
At LVAD implant, women were more often in Interagency Registry for Mechani-
cally Assisted Circulatory Support (INTERMACS) profile 1 or 2 (55% vs. 41%, P = 
0.009) and more often required temporary mechanical circulatory support (39% 
vs. 23%, P = 0.001). Mean age was comparable (52.1 vs. 53.4 years, P = 0.33), and 
median follow-up duration was 344 [range 147–823] days for women and 435 
[range 190–816] days for men (P = 0.40). No significant sex-related differences 
were found in all-cause mortality (hazard ratio [HR] 0.79 for female vs. male sex, 
95% confidence interval [CI] [0.50–1.27]). Female LVAD patients had a lower risk 
of ventricular arrhythmias (HR 0.56, 95% CI [0.33–0.95]) but more often experi-
enced right ventricular failure. No significant sex-related differences were found 
in other outcomes.

Conclusions: In this contemporary European cohort of LVAD patients, far fewer 
women than men underwent LVAD implantation despite similar clinical out-
comes. This is important as the proportion of female LVAD patients (19%) was 
lower than the proportion of females with advanced HF as reported in previous 
studies, suggesting underutilization. Also, female patients were remarkably more 
often in INTERMACS profile 1 or 2, suggesting later referral for LVAD therapy. 
Additional research in female patients is warranted.



Sex-related differences in left ventricular assist device utilization and outcomes

305

13

Introduction

Both men and women are frequently affected by heart failure (HF), and in both sexes, 
HF is strongly associated with morbidity and mortality.1, 2 However, several sex-related 
differences exist, such as the distribution of HF phenotypes and the aetiology of 
HF.2-4 Although the overall lifetime risk of developing HF is comparable between men 
and women, women are underrepresented in HF trials.1, 5-7 Additionally, women are less 
likely to be treated with guideline-recommended drugs. Reports on potential under-
utilization of device therapies such as implantable cardioverter-defibrillator or cardiac 
resynchronization therapy in women have been inconsistent.7-14 Even though it is sug-
gested that women make up approximately one-third of the advanced HF population, 
several studies have shown lower utilization of left ventricular assist devices (LVADs) in 
women.15-18 Furthermore, studies investigating sex-related differences in LVAD outcomes 
provided conflicting results. Analyses of large US and European LVAD registries demon-
strated worse clinical outcomes in women, whereas a smaller study and a meta-analysis 
showed similar survival for women and men.15, 16, 19-21 However, these previous studies 
contained only a very small proportion of the newest and currently predominant Heart-
Mate 3 LVADs and primarily included data on US patients. Improving our understanding 
of sex differences in present-day European LVAD management is necessary to further 
enhance LVAD care. Therefore, this analysis aimed to assess sex-related differences in 
LVAD utilization and outcomes in a contemporary European cohort of LVAD patients.

Methods

The methods of the observational PCHF-VAD registry have been described previ-
ously.22  Briefly, continuous-flow LVAD patients were included from 13 European HF 
tertiary referral centres by HF specialists—alumni of the Postgraduate Course in Heart 
Failure (PCHF) of the Heart Failure Association of the European Society of Cardiology 
and the European Heart Academy, forming the PCHF-VAD registry. All participating 
centres acquired approval from the local ethics review boards (predominantly, a waiver 
of informed consent was obtained by the individual centres). The patient baseline 
(time of implantation) and outcome data were recorded and managed using REDCap 
(Research Electronic Data Capture) electronic data capture tools—a secure, web-based 
application,23  hosted at the University of Zagreb School of Medicine, serving as the 
data-coordinating centre.

At the moment of this analysis, 583 patients implanted with a durable ventricular as-
sist device between December 2006 and January 2020 were included in the registry. 
Patients with a pulsatile device (n = 4) or biventricular assist device (n = 11), as well as 
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patients aged <18 years (n = 6), were excluded from this analysis. In total, 562 patients 
were included in this analysis.

The primary outcome was all-cause mortality. Secondary outcomes included heart 
transplantation, weaning from LVAD support, hospitalization for HF, right ventricular 
(RV) failure (acute and chronic), LVAD-related infection requiring systemic antibiotics, 
non-fatal thromboembolic events, intracranial bleeding, non-intracranial bleeding, 
LVAD exchange, and the haemocompatibility score (HCS).

Haemocompatibility score
To analyse the aggregate burden of haemocompatibility-related adverse events (HRAEs), 
the HCS was calculated for all patients. Each HRAE received a points score, based on its 
clinical relevance (Table S1). The HCS was calculated for each patient by summing up all 
points associated with all HRAEs experienced by the patient during the follow-up period.24

Statistical analysis
Continuous data are expressed as mean  ±  standard deviation or median and inter-
quartile range (IQR) for non-normally distributed data and were compared between 
men and women by the Student’s t-test or the Mann–Whitney U test. Categorical data 
are expressed as counts and percentages and were compared by the Pearson’s χ2 test. 
Cumulative survival was assessed using the Kaplan–Meier method and was compared 
between men and women using the log-rank test. Cox proportional hazards models 
were used to calculate hazard ratios (HRs) and corresponding 95% confidence intervals 
(CIs) for female vs. male sex for the different outcomes. For the survival analyses, the 
time of LVAD implantation was considered as the index date. The follow-up duration 
was defined as time to last contact, heart transplantation, weaning from LVAD support, 
or death, whichever occurred first.

For the main analysis, a multivariable Cox regression model was used to test whether 
sex was associated with the outcomes. The association between sex and outcomes was 
adjusted for age, Interagency Registry for Mechanically Assisted Circulatory Support 
(INTERMACS) profile, baseline creatinine serum levels, need for mechanical circulatory 
support prior to LVAD implantation, need for vasopressor use prior to LVAD implanta-
tion, and the LVAD implant date quartile.

Additionally, a sensitivity analysis was performed to adjust the association between all-
cause mortality and sex for baseline covariates that were selected in a forward stepwise 
Cox proportional hazards model. Age, cardiac implantable electronic devices (including 
implantable cardioverter-defibrillator or cardiac resynchronization therapy) status; 
heart rate, LVAD type, LVAD intention, INTERMACS profile, aetiology of HF, known history 
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of chronic kidney disease, atrial fibrillation/flutter, or ventricular arrhythmias, significant 
ventricular arrhythmias pre-LVAD surgery, prior cardiac surgery, concomitant proce-
dure with LVAD implant, life support pre-LVAD surgery, diuretic use, beta-blocker use, 
ivabradine use, mineralocorticoid receptor antagonist use, vasopressor use, ultrafiltra-
tion, mechanical ventilation, creatinine values, left ventricular (LV) internal dimension at 
end-diastole, and LVAD implant date quartile were assessed in a forward stepwise selec-
tion process with a significance level of 0.05 and 0.10 for entry and removal thresholds, 
respectively. Following this process, the baseline covariates that came out significant 
were used in a Cox proportional hazard model for the secondary outcomes.

The number of missing data in the variables mentioned above is shown in Table S2. Variables 
with <30% missing data were imputed using multiple imputation, whereas those with a 
larger proportion of missing data were not included in this analysis. If the missing variables 
showed a monotone pattern of missing values, the monotone method was used. Otherwise, 
an iterative Markov chain Monte Carlo method was used with a number of 10 iterations. A 
total of five imputations was performed, and the pooled data were analysed. The imputed 
data were only used for the multivariable analysis. A two-sided P-value of 0.05 or lower was 
considered statistically significant. All statistical analyses were performed using Statistical 
Package for Social Sciences, Version 25.0 (SPSS Inc., Chicago, IL, USA).

Results

In this analysis, a total of 562 patients with a mean age of 53.1 ± 12.0 years were included. 
The cohort included 457 (81.3%) male and 105 (18.7%) female patients. The baseline 
characteristics are shown in Table 1. A higher proportion of women were critically ill at 
the time of LVAD implantation as women were more often in INTERMACS profile 1 or 2 
(55.3% vs. 41.2%, P = 0.009) and more often in need of mechanical circulatory support 
pre-LVAD implantation (39.2% vs. 23.0%, P = 0.001). Serum creatinine levels were lower 
and LV size was smaller in women. Additionally, women less often had diabetes mellitus 
or atrial fibrillation or flutter at baseline.

Survival
Women and men were followed for a median period of 344 [IQR 147–823] and 435 
[IQR 190–816] days, respectively (P = 0.40). No differences were observed in the crude 
all-cause mortality between men and women, as shown in Figure 1. During the entire 
follow-up period, 29% of the male and 21% of the female patients died (P  =  0.084). 
Female patients were numerically less likely to die during follow-up, but this difference 
was not statistically significant after adjustments for age, INTERMACS profile, creatinine 
serum levels, preoperative need for mechanical circulatory support or vasodilator use, 
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and the quartiles of date of LVAD implantation (HR 0.79, 95% CI [0.50–1.27];  Table 2). 
The causes of death were not different between men and women and are presented 
in Figure 2.

Table 1. Baseline characteristics 

Overall 
population
(n=562)

Men

(n=457)

Women

(n=105)

p-value

Age, year 53±12 53±12 52±12 0.33

Geographical area

Northwest Europe (The Netherlands, 
Belgium, Germany)

373 (66.4) 292 (63.9) 81 (77.1)
0.01

Southeast Europe (Croatia, Poland, 
Lithuania, Italy, Spain, Greece)

189 (33.6) 165 (36.1) 24 (22.9)

Quartiles of date of LVAD implant

1st quartile (6 Dec 2006 - 29 Oct 2012) 143 (25.4) 110 (24.1) 33 (31.4)

0.41
2nd quartile (30 Oct 2012 - 4 Aug 2015) 143 (25.4) 121 (26.5) 22 (21.0)

3rd quartile (5 Aug 2015 - 16 Apr 2017) 139 (24.7) 114 (24.9) 25 (23.8)

4th quartile (17 Apr 2017 - 28 Jan 2020) 137 (24.4) 112 (24.5) 25 (23.8)

ICD status

0.34
  No ICD 294 (53.3) 235 (52.2) 59 (57.8)

  Primary prevention 180 (32.6) 147 (32.7) 33 (32.4)

  Secondary prevention 78 (14.1) 68 (15.1) 10 (9.8)

CRT status

  No CRT
  CRT-P carrier
  CRT-D carrier

406 (74.1) 325 (72.9) 81 (79.4)

0.1214 (2.6) 14 (3.1) 0 (0.0)

128 (23.4) 107 (24.0) 21 (20.6)

Heart rate, b.p.m. 83.3±19.0 82.5±17.8 87.1±23.3 0.072

SBP, mmHg 99.5±13.9 100.0±14.1 97.7±13.0 0.16

DBP, mmHg 64.2±10.9 64.4±10.5 63.2±12.2 0.32

BMI, kg/m2 25.9±4.6 26.1±4.5 24.9±5.3 0.025

LVAD type

Heart Mate II 265 (47.2) 215 (47.0) 50 (47.6)

0.82
HeartWare HVAD 119 (21.2) 94 (20.6) 25 (23.8)

Heart Mate 3 157 (27.9) 130 (28.4) 27 (25.7)

Other 21 (3.7) 18 (3.9) 3 (2.9)
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Table 1. Baseline characteristics  (continued)

Overall 
population
(n=562)

Men

(n=457)

Women

(n=105)

p-value

LVAD destination

BTT 356 (66.8) 292 (67.1) 64 (65.3)

0.081BTD 90 (16.9) 67 (15.4) 23 (23.5)

DT 87 (16.3) 76 (17.5) 11 (11.2)

INTERMACS profile 

1 90 (16.5) 61 (13.7) 29 (28.2)

0.004
2 150 (27.4) 122 (27.5) 28 (27.2)

3 176 (32.2) 149 (33.6) 27 (26.2)

4-7 131 (23.9) 112 (25.2) 19 (18.4)

Aetiology of heart failure

Dilated cardiomyopathy 247 (44.0) 204 (44.6) 43 (41.0)

<0.001

Ischemic cardiomyopathy 256 (45.6) 211 (46.2) 45 (42.9)

Hypertrophic cardiomyopathy 9 (1.6) 7 (1.5) 2 (1.9)

Toxic cardiomyopathy 15 (2.7) 6 (1.3) 9 (8.6)

Non-compaction cardiomyopathy 3 (0.5) 3 (0.7) 0 (0.0)

Valvular disease 6 (1.1) 6 (1.3) 0 (0.0)

Myocarditis 12 (2.1) 9 (2.0) 3 (2.9)

Peripartum cardiomyopathy 2 (0.4) 0 (0.0) 2 (1.9)

Congenital/genetic 6 (1.1) 6 (1.3) 0 (0.0)

Other 6 (1.1) 42 (9.2) 17 (16.2)

Comorbidities

Arterial hypertension 128 (22.8) 105 (23.0) 23 (21.9) 0.81

Diabetes mellitus 114 (20.3) 100 (21.9) 14 (13.3) 0.049

Chronic kidney disease 137 (24.4) 117 (25.6) 20 (19.0) 0.16

Coronary artery disease 139 (24.7) 120 (26.3) 19 (18.1) 0.080

Prior MI 211 (37.5) 178 (38.9) 33 (31.4) 0.15

Prior coronary revascularization 170 (30.2) 141 (30.9) 29 (27.6) 0.52

COPD 44 (7.8) 40 (8.8) 4 (3.8) 0.089

Atrial fibrillation/flutter 173 (30.8) 155 (33.9) 18 (17.1) 0.001

Ventricular arrhythmias 153 (27.2) 127 (27.8) 26 (24.8) 0.53

Cerebrovascular events 41 (7.3) 34 (7.4) 7 (6.7) 0.78
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Table 1. Baseline characteristics  (continued)

Overall 
population
(n=562)

Men

(n=457)

Women

(n=105)

p-value

Significant ventricular arrhythmias pre-
LVAD implant

None 308 (65.5) 242 (63.2) 66 (75.9)

0.093

1 episode 78 (16.6) 64 (16.7) 14 (16.1)

2 episodes 34 (7.2) 30 (7.8) 4 (4.6)

3 episodes 18 (3.8) 17 (4.4) 1 (1.1)

≥4 episodes 32 (6.8) 30 (7.8) 2 (2.3)

Prior cardiac surgery 75 (13.3) 65 (14.2) 10 (9.5) 0.20

Concomitant procedure with LVAD 
implant

99 (17.6) 82 (17.9) 17 (16.2) 0.67

Mechanical circulatory support pre-LVAD implant

None 401 (74.0) 339 (77.0) 62 (60.8)

0.007

ECMO 40 (7.4) 30 (6.8) 10 (9.8)

Temporary LVAD 5 (0.9) 5 (1.1) 0 (0.0)

Temporary RVAD 1 (0.2) 1 (0.2) 0 (0.0)

Temporary BiVAD 2 (0.4) 2 (0.5) 0 (0.0)

IABP 73 (13.5) 51 (11.6) 22 (21.6)

Other 20 (3.7) 12 (2.7) 8 (7.8)

Medications

Diuretic 454 (91.0) 374 (91.7) 80 (87.9) 0.26

Beta blocker 299 (64.4) 252 (65.5) 47 (59.5) 0.31

ACEi/ARB 213 (44.9) 176 (44.8) 37 (45.7) 0.88

MRA 315 (72.1) 265 (73.8) 50 (64.1) 0.08

Ivabradine 45 (10.9) 38 (11.1) 7 (9.7) 0.73

Inotrope 305 (66.6) 243 (65.1) 62 (72.9) 0.17

Laboratory values

Creatinine, umol/L 127.1±56.0 131.4±55.2 108.1±55.8 <0.001

Bilirubin, umol/L 24.3±20.5 24.8±21.0 22.2±18.5 0.30

Echocardiographic data

LVIDd, mm 70.7±12.5 72.3±12.3 63.9±11.3 <0.001

LVIDd/BSA ratio 36.5±6.8 36.4±6.9 36.9±6.6 0.61

LVEF, % 19.4±7.5 19.2±7.6 20.3±6.8 0.24
ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BiVAD, biventricular assist device; BMI, 
body mass index; b.p.m, beats per minute; BTD, bridge to decision; BTT, bridge to transplant; COPD, chronic obstructive 
pulmonary disease; CRT, cardiac resynchronization therapy; CRT-P, CRT-pacing; CRT-D, CRT-defibrillator; DBP, diastolic blood 
pressure; DT, destination therapy; ECMO, extracorporeal membrane oxygenation; IABP, intra-aortic balloon pump; ICD, 
implantable cardioverter-defibrillator; INTERMACS, interagency registry for mechanically assisted circulatory support; LVAD, 
left ventricular assist device; LVEF, left ventricular ejection fraction; LVIDd, left ventricular internal dimension end-diastolic; MI, 
myocardial infarction; MRA, mineralocorticoid receptor antagonist; NYHA, New-York Heart Association; RVAD, right ventricular 
assist device; MI, myocardial infarction;  SBP, systolic blood pressure
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Years post-LVAD surgery

Men
Women

p=0.210
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%
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Figure 1. Kaplan–Meier plots of time to (A) all-cause mortality, (B) heart transplantation 
(censored for death), and (C) weaning from left ventricularassist device (LVAD) (censored for 
death) according to sex
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Secondary endpoints
No sex-related differences were observed in the proportion of patients undergoing 
heart transplantation (HR 1.01, 95% CI [0.70–1.46]; Figure 1). Numerically, women were 
significantly more often weaned from LVAD support, but this was not statistically signifi-
cant after multivariable adjustments (HR 3.10, 95% CI [0.68–14.1]; Table 2). Peripartum 
cardiomyopathy and dilated cardiomyopathy were the most frequent causes of HF in 
women who recovered from LVAD support (Table S3). The results from the competing 
outcome analysis are shown in Figure 3.

29%

71%

Non-cardiovascular death Cardiovascular death

36%

64%

Non-cardiovascular death Cardiovascular death

39%

2%6%
27%

4%

14%

8%

Heart failure death Sudden cardiac death Ischemic stroke

Hemorrhagic stroke Procedure-related death Device-related death

Other

43%

7%
22%

7%

14%

7%

Heart failure death Sudden cardiac death Ischemic stroke

Hemorrhagic stroke Procedure-related death Other

Men Women

p=0.495

p=0.098

CV deaths CV deaths

Figure 2. Detailed causes of death stratified by sex. CV, cardiovascular.
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Alive with LVAD support
All-cause mortality

Heart transplantation
Weaning from LVAD support

Figure 3. Competing event analysis in (A) men and (B) women. HTx, heart transplantation; 
LVAD, left ventricular assist device
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Female sex was associated with a significantly lower crude and adjusted risk of ven-
tricular arrhythmias post-LVAD implant (adjusted HR 0.56, 95% CI [0.33–0.95]; Table 2). 
Female patients had a higher incidence of RV failure, although without statistically 
significant increase in risk thereof (HR 1.57, 95% CI [1.00–2.49], P = 0.053).

No significant differences between men and women were found in the occurrence of 
pump thrombosis, non-fatal thromboembolic events, or bleeding (Table  2). A small, 
non-significant difference between men and women was found in the median HCS, as 
shown in Figure 4. Furthermore, the risk of HF hospitalizations, new-onset atrial fibrilla-
tion or flutter, and LVAD-related infections requiring antibiotics was similar for men and 
women (Table 2).

Sensitivity analysis
The results of the sensitivity analysis, in which the association between sex and the 
primary and secondary outcomes was adjusted using a forward stepwise Cox regres-
sion model, are shown in Table S4. Similar to the main analysis, there was no significant 
difference in all-cause mortality. However, female sex was significantly associated with 
RV failure post-LVAD implantation and weaning from LVAD support.
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Figure 4. Haemocompatibility score according to sex
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Discussion

In this contemporary European LVAD registry reflecting real-world clinical practice at 
multiple HF tertiary referral centres, we demonstrated that fewer women than men un-
derwent LVAD implantation (19% vs. 81%, respectively). Also, women were implanted at 
a more advanced stage and were more critically ill pre-LVAD surgery; nevertheless, no 
significant survival differences were observed between men and women. Furthermore, 
only minor sex-related differences in LVAD-related outcomes were observed, with 
women less often at risk of ventricular arrhythmias, more often suffering from RV failure, 
and more often having explant for recovery (albeit rarely altogether).

Previous studies have investigated sex differences in the utilization and outcomes 
of LVAD therapy. However, most of these studies have been performed in the United 
States, reflected an earlier period, and included almost exclusively HeartWare HVAD 
or HeartMate 2 devices.15, 16, 19-21 As opposed to these earlier studies, the current study 
included a relatively large number of patients with a HeartMate 3 device, and this reg-
istry therefore provides unique insights into the contemporary LVAD management at 
European tertiary referral centres using state-of-the-art LVADs.25-27

Potential left ventricular assist device underutilization
Women remain underrepresented in large pharmacological clinical HF trials, as well as 
in LVAD clinical trials.7, 25 Currently, less women than men receive an LVAD, as demon-
strated in this registry as well as in other studies, with the proportion of female patients 
spanning from 20.8% to 23.2%.15-17 Despite several large registries showing that women 
make up approximately one-third of the advanced and worsening HF populations, only 
19% of our cohort were female, suggesting potential LVAD underutilization in female 
patients.18,  28  Several reasons might contribute to the lower utilization of LVADs in 
women. Firstly, women are more frequently diagnosed with HF with preserved ejection 
fraction, in whom LVAD support is not indicated.29 Secondly, the lower inclusion rate of 
women in LVAD trials has led to a gap of evidence in the effectiveness of LVAD support 
in women, which might have caused a difference in the utilization of LVAD therapy. Ad-
ditionally, in the pulsatile-flow device era, female patients were deemed less suited for 
implantation of the larger pumps due to their smaller intrathoracic volume.15, 20 Thus, for 
this and potentially other reasons, LVAD therapy may be less often utilized in women. 
Furthermore, it has been suggested that women are more likely to decline LVAD support 
than men.30, 31 In a multinational European screening study, women were somewhat less 
likely to be eligible for LVAD and/or heart transplantation but considerably less likely to 
accept LVAD and/or transplantation if indicated.32 Additionally, it could be that physi-
cians and patients wait too long with the decision to proceed towards LVAD implanta-
tion, as reflected by the strikingly high proportion of women in the worst INTERMACS 
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profile and the higher need for mechanical circulatory support in women.20  Another 
explanation for the worse INTERMACS profile and high need for mechanical circulatory 
support in women might be that they are more often affected by acute disease, which 
possibly explains their better renal function, lower prevalence of atrial fibrillation and 
ventricular arrhythmias prior to LVAD implantation, and smaller LV size, which possibly 
reflects less time for remodelling due to acuteness of disease. Finally, the inconsistencies 
in current literature on sex-related differences in LVAD outcomes might have influenced 
LVAD implantation rates in women.15, 16, 19-21

Outcomes after left ventricular assist device implantation
Survival differences between male and female LVAD patients have previously been 
investigated and inconsistent results have been reported.15, 16, 19-21 The two largest data-
bases, the United Network for Organ Sharing (UNOS) and INTERMACS registry, included 
a combined total of 32  173 LVAD patients, and both studies demonstrated a higher 
adjusted mortality risk for women.15, 16 A smaller European sex-specific analysis from the 
European Registry for Patients with Mechanical Circulatory Support (EUROMACS) also 
demonstrated worse survival in women.20 Conversely, a sub-analysis from the Mechani-
cal Circulatory Support Research Network as well as a recently published meta-analysis 
did not show survival differences between male and female LVAD recipients.19, 21

In contrast to most of the earlier studies, survival for women in our study was at least as 
good as for men despite a more critically ill state prior to LVAD implantation. This was 
reflected by lower INTERMACS profile and higher need for mechanical circulatory sup-
port, which have been associated with worse outcome.33, 34 The observed discrepancy 
regarding survival differences may partially be attributed to differences in the devices 
studied. Earlier studies including pulsatile-flow LVADs predominantly demonstrated 
worse survival in women.17 Later studies on sex differences in the continuous-flow LVAD 
era mainly incorporated older devices, whereas 28% of our overall study population 
had a HeartMate 3 device implanted. This is a relatively large proportion compared with 
the UNOS and EUROMACS studies in which 2.7% and 0.1% of the overall population re-
ceived a HeartMate 3, respectively, while the INTERMACS study did not incorporate any 
data from HeartMate 3 LVADs.15, 16, 20 This is important as the MOMENTUM 3 trial demon-
strated superiority of the HeartMate 3 LVAD in terms of a lower risk of disabling stroke or 
reoperation for replacement or removal due to malfunction and is considered the most 
contemporary LVAD in Europe.25 An additional subgroup analysis of the MOMENTUM 3 
trial showed comparably favourable outcomes for men and women, both on the short 
and long terms.35,  36 The higher proportion of HeartMate 3 devices in our study may 
further explain why the risk of bleeding and thromboembolic events was comparable 
for men and women in our study as opposed to earlier studies reporting an increased 
risk of major bleeding events.16, 20 The HVAD and HeartMate 2 have been associated with 
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higher stroke, pump thrombosis, and major bleeding rates, which may translate into a 
higher mortality risk, as bleeding events and pump thrombosis have been associated 
with higher risk of mortality.20, 25, 37, 38 Several studies did not find a difference in bleeding 
risk, and inconsistent results have been reported on whether women are at an increased 
risk for thromboembolic events.16,  20,  21,  39,  40 To the best of our knowledge, we are the 
first to investigate sex differences with regard to HRAE by using the HCS and found no 
significant differences between men and women in our cohort.

In very carefully selected patients with cardiac recovery after LVAD surgery, weaning 
from LVAD support can be a viable option.41  Similar to a recent INTERMACS registry 
analysis, our results demonstrate that women were more likely to recover from LVAD 
support.16 This might be explained by the observed difference in the aetiology of HF, 
especially due to the (partial) reversibility of peripartum cardiomyopathy.42  Addition-
ally, it has been demonstrated that women have more favourable reverse remodelling 
on LVAD support compared with men.43

In line with earlier studies, female LVAD patients showed a trend towards increased risk 
of RV failure.19, 20 It has been suggested that ventricular arrhythmias might explain the 
increased risk of RV failure in women, but in our study, women were less often affected 
by ventricular arrhythmias post-LVAD implant.20,  44  However, a higher proportion of 
women were in INTERMACS profile 1 (28.2% of female vs. 13.7% of male patients) and 
supported with extracorporeal membrane oxygenation (ECMO), which may explain 
the higher incidence of RV failure. Furthermore, the smaller LV size of women has been 
associated with RV failure through leftward shifting of the interventricular septum, 
which increases RV wall stress and reduces RV contractility, and may therefore also have 
contributed to the increased risk of RV failure.45, 46

Limitations

This study has some limitations. Firstly, data missing not at random might have intro-
duced bias to our results, although we have used the multiple imputation method to 
account for this in the multivariable Cox proportional hazard models. Secondly, due to 
its retrospective design, causality could not be investigated. Thirdly, due to the small 
number of patients weaned from LVAD support, our findings on recovery from LVAD 
support should be interpreted with caution. Finally, selection bias or misclassification of 
data might have occurred.
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Conclusions

In this cohort of contemporary LVAD patients from multiple European HF tertiary refer-
ral centres, fewer women underwent LVAD implantation as compared to men. This is 
important as the proportion of female LVAD patients was lower than the proportion of 
females with advanced HF as reported in previous studies, suggesting underutilization. 
Furthermore, female patients were referred for LVAD implantation in an inferior INTER-
MACS profile, suggesting later referral for LVAD therapy. Despite a more critically ill state 
prior to implantation, LVAD therapy appears at least as beneficial in terms of survival 
and clinical outcomes in women as in men. This should reduce the hesitance of refer-
ring female patients for LVAD implantation, thus providing opportunities for improved 
outcome similar to male patients. Additional research is needed to investigate whether 
LVAD utilization in women is lower than required, why it occurs, and whether this trend 
can be diverted to a more upstream use of LVAD therapy in women.
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Supporting Information

Supplementary Table 1. Classification of haemocompatibility score

Intensity Clinical components Score

Tier I: Mild

≤2 gastrointestinal or other bleeding episodes (>30 days post-
implant) requiring hospitalization

1 point each
Suspected pump thrombosis episode that requires 
hospitalization, successfully medically treated

Non-stroke related neurological events

Arterial thromboembolism not resulting in organ loss

Tier II: Moderate

>2 gastrointestinal or other bleeding episodes (>30 days post-
implant) requiring hospitalization 2 points 

eachNon-disabling stroke (hemorrhagic or ischemic)

Arterial thromboembolism resulting in organ loss

Tier III A: 
Moderately severe

Pump malfunction due to pump thrombosis leading to
reoperation for removal or replacement

3 points 
each

Tier III B: Severe

Disabling stroke
4 points 
eachDeath due to a haemocompatibility etiology or inconclusive

(unknown or multiple causes)

Supplementary Table 2. Number (percentage) of missing data

Age 0 (0.0)

Men 0 (0.0)

Geographical area 0 (0.0)

Quartiles of date of LVAD implant 0 (0.0)

ICD status 10 (1.8)

CRT status 14 (2.5)

Heart rate 65 (11.6)

SBP 72 (12.8)

DBP 72 (12.8)

BMI 66 (11.7)

LVAD type 0 (0.0)

LVAD destination 29 (5.2)

INTERMACS class 15 (2.7)
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Supplementary Table 2. Number (percentage) of missing data (continued)

Etiology of heart failure 0 (0.0)

Comorbidities 0 (0.0)

Prior cardiac surgery 0 (0.0)

Concomitant procedure with LVAD implant 0 (0.0)

Life support prior to LVAD implant 20 (3.6)

Medications

Diuretic 63 (11.2)

Beta blocker 98 (17.4)

ACEi/ARB 88 (15.7)

MRA 125 (22.2)

Ivabradine 148 (26.3)

Inotrope 104 (18.5)

Laboratory values

Creatinine 55 (9.8)

Bilirubin 115 (20.5)

Echocardiographic data

LVIDd 76 (13.5)

LVEF 127 (22.6)

ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body 
mass index; CRT, cardiac resynchronization therapy; CRT-P, CRT-pacing; CRT-D, CRT-defibrillator; 
DBP, diastolic blood pressure; ICD, implantable cardioverter defibrillator; INTERMACS, interagency 
registry for mechanically assisted circulatory support; LVAD, left ventricular assist device; LVEF, 
left ventricular ejection fraction; LVIDd, left ventricular internal dimension end-diastolic; MRA, 
mineralocorticoid receptor antagonist; SBP, systolic blood pressure

Supplementary Table 3. Etiology of heart failure in patients who were weaned from LVAD sup-
port

Overall population
(n=9)

Men
(n=4)

Women
(n=5)

Dilated cardiomyopathy 3 (33.3) 1 (25.0) 2 (40.0)

Ischemic cardiomyopathy 2 (22.2) 1 (25.0) 1 (20.0)

Toxic cardiomyopathy 1 (11.1) 1 (25.0) 0 (0.0)

Myocardial necrosis 1 (11.1) 1 (25.0) 0 (0.0)

Peripartum cardiomyopathy 2 (22.2) 0 (0.0) 2 (40.0)

LVAD, left ventricular assist device
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General Discussion

Heart failure (HF) is a complex clinical syndrome and is considered a global health 
problem due to its high prevalence. Despite advances in therapy, the prognosis of HF 
patients is poor with high morbidity and mortality. (1-7) As shown in this thesis, HF 
therapy is comprised of several important components and may vary from drug treat-
ment to long-term mechanical circulatory support. Heart failure research has resulted 
in significant advances in patient management in the last decade. This thesis aimed to 
study heart failure treatment and advances in HF therapy, and discusses future perspec-
tives for HF care. 

Insight into heart failure care: lessons learned in clinical practice (part A) 

Background 
The cornerstone of HF therapy is pharmacological treatment, which should precede all 
other interventions. In daily practice, clinicians mostly adhere to guideline recommen-
dations for the prescription of drug therapy. (1) Up to publication of the most recent 
guidelines in 2021, the core of pharmacotherapy for HF with a reduced ejection fraction 
(HFrEF) consisted of a renin-angiotensin system (RAS) inhibitor, beta-blocker and miner-
alocorticoid receptor antagonist (MRA). (8) Earlier publications from the U.S. CHAMP-HF 
and Dutch CHECK-HF registries already showed that prescription rates of guideline-
recommended drugs are suboptimal, and, especially, that the guideline-recommended 
target doses are prescribed rather infrequently. (9, 10) Furthermore, subanalyses from 
the CHECK-HF registry have shown differences in prescription rates and doses by age, 
sex and comorbidities such as atrial fibrillation. (11-14) Diabetes mellitus (DM) is com-
monly seen in patients with chronic HF, and is associated with worse prognosis. (15, 16) 
Guidelines do not specifically address patients with HF and concomitant DM, and data 
on pharmacological HF treatment of these patients in Europe are lacking. This topic was 
of specific interest because sodium-glucose cotransporter-2 inhibitors (SGLT2 inhibi-
tors), an antidiabetic drug by origin, were paving their way into HF treatment. (16, 17) 

Findings 
In Chapter 2, we studied differences in HF treatment between patients with and with-
out diabetes mellitus and an LVEF <50%. We found that diabetes was prevalent in ap-
proximately 30% of our national HF cohort, and that patients with diabetes had a worse 
renal function. Slight differences in prescription rates were found between diabetics 
and non-diabetics, and especially diuretics were more often prescribed in diabetics. 
Furthermore, diabetic HF patients more often received the guideline-recommended 
target dose of beta-blockers, RAS inhibitors and MRAs. In general, patients with HF and 
concomitant DM were well treated, which is reassuring considering their impaired prog-
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nosis. However, the results also indicated that there is still room for improvement. This 
analysis was conducted in an era in which two placebo-controlled randomized clinical 
trials, DAPA-HF and EMPEROR-Reduced, showed for the first time that the SGLT2 inhibi-
tors dapagliflozin and empagliflozin were effective in reducing HF hospitalizations in 
patients with HFrEF, regardless of the presence of DM. (16, 18) We aimed to assess the 
potential impact of SGLT2 inhibitors in our real-world HF population by applying the 
enrollment criteria of both trials to our cohort. We showed that up to 64% of our HF 
population would be eligible for treatment with SGLT2 inhibitors, based upon trial entry 
criteria without the NT-proBNP criterion. This analysis was performed prior to uptake of 
this drug class in the most recent European HF guidelines. Currently, SGLT2 inhibitors 
are strongly recommended (class IA) for patients with HFrEF, and their positive impact 
on HF patients is expected to be large.  (1) 

In Chapter 3, differences in HF treatment between patients with and without obesity 
were examined. Obesity is considered a pandemic and is associated with an increased 
risk of many diseases, including HF. In international literature, it has been hypothesized 
that patients with obesity and HFrEF have a better prognosis than those without 
obesity, a concept referred to as the “Obesity paradox”. (19-21) Despite the fact that 
obesity and HF often co-exist, data on drug treatment in this subgroup are lacking. Our 
study is novel as it specifically focused on treatment differences between BMI groups. 
Again, the CHECK-HF registry was used to create a cohort of patients with an LVEF <50%. 
Obesity was prevalent in 16.7% of the study population, confirming the relevance of the 
research questions posed. We showed that patients with obesity more often received 
guideline-recommended drugs, and more often at the recommended daily dose. There 
is still debate on whether the obesity paradox is a valid concept or mainly the result of 
methodological shortcomings. (22) Treatment differences have been postulated as a 
possible explanation for the paradox, and our results show that this is indeed plausible. 
However, it should be noted that the obesity paradox mainly exists in patients who are 
overweight or in class I obesity (BMI 30-35), whereas our study showed that patients 
with a BMI ≥35 in general were also treated better. (21, 23) These results are novel and 
important as they provide insight into drug treatment of this high-risk HF population, 
which may be used to create new strategies for improved patient management. Future 
longitudinal studies with data on clinical outcomes are needed to accurately investigate 
the prognosis of HF patients with obesity. These types of studies will enable assessment 
of the titration process in relation to clinical outcome, not only for patients with obesity, 
but also for patients with diabetes and other comorbidities, which may result in further 
therapy optimization of these high-risk patients.

The emphasis of this part was on pharmacological treatment of patients with a reduced 
ejection fraction, but heart failure with preserved ejection fraction (HFpEF) constitutes 
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an important proportion of chronic HF and the associated hospital admissions. (5, 24) 
While guideline-recommendations for the treatment of HFpEF patients are limited, 
the future seems more promising, for instance with the demonstrated beneficial ef-
fects of SGLT2 inhibitors in two large RCTs. (25, 26) In general, management of HFpEF 
is centered around recognition and treatment of the underlying risk factors, aetiology 
and comorbidities. (1) Among these risk factors are obesity and atrial fibrillation (AF). 
(27, 28) Interestingly, obesity is associated with the development of AF as well. (29) The 
interplay between obesity and AF in HFpEF is important as AF is associated with worse 
prognosis. (30) In Chapter 4, we showed in a large cohort of HFpEF patients derived 
from the CHECK-HF registry, that atrial fibrillation was more prevalent in patients with 
obesity than in patients without obesity. Furthermore, patients with obesity were more 
likely to suffer from AF after adjusting for potential confounders in multivariable regres-
sion models as well. The results of this study are important, as they raise awareness for 
the potential role of obesity in the onset of AF in patients with HFpEF. This should trigger 
clinicians to consider concomitant AF as a cause of underlying signs and symptoms, 
and may result in improved and earlier detection of AF in patients with HFpEF. This is 
particularly important as a structured weight reduction program has been shown to 
reduce AF events and symptom burden. (31)

As demonstrated in Chapters 2 and 3, implementation of GDMT is suboptimal. Un-
fortunately, the barriers to initiation and up-titration of guideline-recommended drugs 
have not yet been sufficiently identified in prospective manner. One of the potential 
reasons for suboptimal prescription of HF drugs is hyperkalemia (serum potassium level 
>5.0 mmol/L), which has been associated with MRA discontinuation, dose reduction 
and prescription of lower than recommended doses. (32-34) Hyperkalemia is observed 
frequently in HF patients, but the association with the full target dose has not been ex-
amined. (34-38) This information is important to further improve guideline adherence, 
and therefore, Chapter 5 aimed to investigate the association between serum potas-
sium and prescription of the guideline-recommended MRA dose. MRAs are of particular 
interest as the multinational EVOLUTION HF cohort study (2023) recently showed that, 
of all guideline-recommended HFrEF drugs, MRAs were most likely to be discontinued 
and were least often prescribed at the recommended target dose. (39) The relatively low 
prescription rates of MRAs were also observed in the earlier CHAMP-HF and CHECK-HF 
registries. (9, 10) For our analysis, patients with an LVEF ≤40% and available information 
on serum potassium level were selected from the CHECK-HF registry and included in 
this analysis. Mean serum potassium in this cohort was 4.4 mmol/L (Standard Devia-
tion 0.49) and hyperkalemia was present in 7.5% of the patients. Prescription rates of 
MRAs were comparable between the three groups, but patients with hyperkalemia 
significantly less often received the target dose. Importantly, after adjusting for poten-
tial confounders in multivariable logistic regression analyses, both a one-unit increase 
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in serum potassium and hyperkalemia were associated with a significantly lower odds 
of receiving the target dose (OR 0.69, 95% CI [0.49-0.98], and OR 0.38, 95% CI [0.15-
0.97], respectively). These findings were important in light of the recently published 
DIAMOND trial which investigated the impact of the potassium binding drug patiromer 
in HFrEF. (40) The DIAMOND investigators showed that patiromer resulted in a smaller 
increase in serum potassium levels, and, more importantly, that it significantly reduced 
the risk of hyperkalemia (serum potassium >5.5 mmol/L, HR 0.63, 95% CI [0.45-0.87]) 
and the risk of MRA dose reduction (HR 0.62, 95% CI [0.45-0.87]). (40) DIAMOND was 
originally designed to study the efficacy of patiromer on clinical outcomes, but due to 
the COVID-19 pandemic, endpoints were adjusted during the course of the study. (40) 
To date, the impact of potassium binding drugs on clinical outcomes still needs to be 
assessed in prospective studies, but we expect that this drug class may have a role in a 
subset of patients with HFrEF, in whom optimization of GDMT is limited by increases in 
serum potassium. 

Chapter 6 elaborates on the concept of GDMT optimization by discussing a newly 
proposed initiative from the European Heart Failure Association (HFA), led by Rosano 
et al. (41) In 2021, the newest ESC HF guidelines were published, and these surprised 
many as they introduced significant changes compared to the previous edition. (1) Most 
importantly, SGLT2 inhibitors were added with a level 1A recommendation for patients 
with HFrEF. As a result, the treatment algorithm for HFrEF now consists of a beta blocker, 
ACE inhibitor/ARB or ARNi, MRA and SGLT2 inhibitor. Furthermore, the guidelines cur-
rently recommend simultaneous initiation of all four drug classes as early as possible, 
whereas a traditional sequencing strategy based upon the chronological order of the 
trials was standard of care for many years. (1, 8) However, the guidelines use a one size 
fits all approach, and do not provide specific recommendations for tailored treatment 
strategies. 

In their consensus document (published in 2021), the HFA proposed to apply pheno-
typic profiling in an attempt to personalize drug treatment. (41) In short, they created 
eleven patient profiles based upon heart rate, blood pressure, atrial fibrillation, kidney 
function and hyperkalemia. We used the HFrEF subset of the CHECK-HF cohort with 
complete data on these parameters (N=4,455) to assess the prevalence of these eleven 
patient profiles. A total of 1,640 patients (36.8% of the total study population) could be 
classified into the profiles, indicating the relevance and potential added benefit of this 
approach. Phenotype-specific recommendations may be used to achieve a personal-
ized treatment plan as close to GDMT as possible. In this study, we also compared the 
HFA’s phenotype-specific recommendations to the actual treatment of our chronic HF 
patients. This indicated the potential benefit of this approach by showing that there is 
ample room for optimization of HF therapy according to the phenotype-specific recom-



General Discussion

335

14

mendations. Currently, there is a trend towards rapid drug sequencing in the literature 
as combined use of the different drug classes seems superior to other combinations, 
regardless of whether the target dose has been achieved, and because drugs have been 
shown effective shortly after initiation. (42-51) Tailoring titration steps to phenotypic 
characteristics may be beneficial in the process of rapid drug sequencing, especially 
since the guidelines do not provide specific recommendations to target certain pheno-
types. 

Limitations of Part A
Part A provided valuable insights into pharmacological treatment in real-world setting. 
However, several important limitations from epidemiological and clinical point of view 
need to be addressed. First, the CHECK-HF registry was a cross-sectional registry without 
data on clinical outcomes. Therefore, it was not possible to study causality, and all as-
sociations described were likely to be affected by (residual) confounding, even after ad-
justments in multivariable regression analysis. Furthermore, as commonly encountered 
in registry-based research, missing data and information bias may have influenced the 
results. Moreover, our findings would have been more valuable and would potentially 
have greater impact if we were able to study clinical outcomes. At last, data collection in 
the CHECK-HF registry was conducted between 2012-2016, and therefore, data on ARNi 
and SGLT2 inhibitor use were not registered as these drugs were not yet recommended 
in international guidelines. However, the findings in Part A are clinically relevant, based 
upon large numbers of patients, and they contribute to our knowledge on HF care in 
daily clinical practice from a broad perspective. The chapters in Part A of this thesis may 
raise awareness for the need for new studies, and they may serve as a basis for future 
research. 

Remote monitoring of chronic heart failure patients: important advances in 
HF management (part B)

Background 
In general, HF therapy is aimed at reducing mortality and reducing the risk of hospital-
ization for acute decompensated HF. As discussed in Part A, pharmacotherapy is the 
cornerstone of treatment for patients with HFrEF, but despite medical therapy, hospital 
admission rates for HF remain unacceptably high, both in HFrEF and HFpEF. (5, 52-54) 
One of the main challenges in HF management is timely detection of imminent cardiac 
decompensation. From a pathophysiological point of view, signs and symptoms mostly 
develop shortly before HF hospitalization and therefore, clinicians are often unable to 
avert hospital admission. (55) HF care, and recurrent HF hospitalizations in particular, 
put enormous stress on hospital resources and personnel, and have a negative impact 
on prognosis. (54, 56-59) Both from a patient and caregiver perspective, it is important 
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to prevent HF hospitalizations and to reduce healthcare utilization, and this may par-
tially be achieved by moving part of the HF care outside the hospital. The necessity of 
this has become even more evident during the COVID-19 pandemic. This concept, also 
known as remote monitoring or health telemonitoring, has been around for more than 
two decades. Several methods for remote monitoring have been investigated, and this 
journey started with structured telephone support (STS) in the late 2000’s. (60) Follow-
ing, non-invasive telemonitoring strategies (home measurements of weight and vital 
parameters), ICDs with monitoring properties, and invasive sensors capable of monitor-
ing haemodynamic parameters were developed and investigated in clinical studies. In 
2015, Inglis et al. showed in their meta-analysis of RCTs that both STS and non-invasive 
telemonitoring significantly reduced the risk of all-cause mortality and HF-related 
hospitalizations (risk of first hospitalization). (61) Important insights were provided in 
this meta-analysis, but heterogeneity and the moderate quality of evidence should be 
taken into account when interpreting the findings and placing them in broader context. 
(61) In 2021, Veenis et al. performed a thorough literature review, and showed that data 
on non-invasive remote monitoring showed some inconsistencies, but that in general, 
there appeared to be a small beneficial effect with regard to overall survival and re-
duction in HF-related hospitalizations. (62) As discussed, strategies may vary widely, 
and non-invasive monitoring currently hold a class IIb recommendation in the ESC HF 
guidelines, indicating that telemonitoring may be considered. (1) Monitoring with ICDs 
may rely on measurements of different parameters and their combinations, such as in-
trathoracic impedance, heart rate and detection of arrhythmias. (63-67) Several device 
trials have been conducted over the years, but as thoroughly explained by Theuns et al., 
there is little to none evidence for the benefit of ICD monitoring in reducing mortality 
and HF-related hospital admissions. (63-68) Therefore, the current ESC HF guidelines 
do not contain recommendations for device monitoring. Initial results of a multisensor 
device algorithm (HeartLogicTM) seemed promising, but future studies are required to 
assess its efficacy with regard to clinical outcomes. (69)

Findings
In Chapter 7, the more advanced invasive sensors were discussed from both a safety 
and efficacy perspective. While right ventricular and left atrial pressure sensors lacked 
either efficacy or safety, the CardioMEMS pulmonary artery pressure (PAP) sensor was 
shown to be both safe and effective in the reduction of HF hospitalizations. However, 
as explained thoroughly in Chapter 8, findings from randomized clinical trials on Car-
dioMEMS are confined to Northern American setting. Due to structural differences in 
organization and quality of HF care compared to Europe, it is important to conduct an 
RCT in European setting as well, both from clinical point of view as well as in terms of 
cost-effectiveness. Therefore, the design of our national multicenter RCT is presented 
in Chapter 9. This study, the MONITOR HF trial, aimed to assess the efficacy of the Car-
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dioMEMS HF system on top of usual HF care in improving quality of life and reducing 
the risk of HF hospitalizations.  

Results from the MONITOR-HF trial are reported in Chapter 10. A total of 348 patients 
were randomized, of whom 176 to CardioMEMS and 172 to Standard care. Mean follow-
up time was 1.8 years, and the randomized groups were similar in terms of baseline 
characteristics. For the primary outcome, which was quality of life (QoL), Kansas City 
Cardiomyopathy Questionnaire (KCCQ) scores were assessed and the change in scores 
between both groups from baseline up to 12 months of follow-up was compared. 
The mean change in the KCCQ overall summary score (OSS) was an improvement of 
7.05 points (SD 23.0) in the CardioMEMS group versus a deterioration of 0.08 points in 
the Standard care group, with a statistically significant mean difference of 7.13 points 
(p=0.013) favouring CardioMEMS. Importantly, five of the six KCCQ domains significantly 
improved in the CardioMEMS group, whereas this was not the case in the Standard Care 
group. Additionally, in the responder analysis, CardioMEMS guided HF care resulted in a 
significantly higher likelihood of a clinically relevant improvement of ≥5 points in KCCQ 
OSS (OR 1.69, 95% CI 1.01-2.83), which was mainly driven by patients who experienced 
an improvement of ≥15 points, which is considered a large improvement in current liter-
ature (70). Likewise, CardioMEMS led to a significantly lower odds of relevant deteriora-
tion of KCCQ OSS (OR 0.45, 95% CI 0.26-0.77 for ≥5 point deterioration). These results on 
QoL are important, as this is the first randomised clinical trial to show an improvement 
in QoL as measured by the KCCQ, which is the recommended questionnaire to study 
quality of care. In CHAMPION, the Minnesota Living with Heart Failure Questionnaire 
was used, and in GUIDE-HF, no significant difference in KCCQ scores was found between 
CardioMEMS and the control group. Interestingly, the observed improvement in QoL in 
our study was of greater magnitude than in recent drug trials (71-73)

Next, CardioMEMS guided HF management resulted in a 44% reduction of the total HF 
hospitalisation rate in comparison to Standard care (0.381 events/patient-year in the 
CardioMEMS group vs. 0.678 events/patient-year in Standard Care; HR 0.56, 95% CI 0.38-
0.84). Patients in the CardioMEMS group also experienced a lower risk of first HF hospi-
talisation (HR 0.67, 95% CI 0.49-0.93), and the composite of first HFH and cardiovascular 
mortality (HR 0.71, 95% CI 0.52-0.97). No significant effect was found with regard to 
mortality (HR for all-cause mortality 0.96 [95% CI 0.63-1.46], HR for cardiovascular mor-
tality 0.83 [95% CI 0.49-1.39]), but the direction of the effect was in favor of CardioMEMS. 
The study was not powered to detect a difference in mortality, which is in line with the 
two earlier clinical trials.

In essence, the CardioMEMS HF system is merely a monitoring device that provides 
haemodynamic information, but the technique still requires the treating physician or 
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HF nurse to take appropriate measures and truly optimize filling pressures to avert 
cardiac decompensation and hospitalisation. In our trial, we showed that the mean 
pulmonary artery pressures (PAP) decreased markedly (1624 mmHg.days in the area 
under the curve analysis; baseline mean PAP 33.3 mmHg vs. 24.9 mmHg at 12 months), 
which was accompanied by a significant decrease in median NT-proBNP levels in the 
CardioMEMS group, whereas no significant decrease was observed in the Standard Care 
group. To explain the mechanism underlying the demonstrated effects, we also per-
formed in-depth analyses on medication changes during the study, and showed that 
there were far more modifications of GDMT and diuretics in the CardioMEMS group. 
Importantly, the majority of these changes consisted of treatment intensification, which 
was also observed more frequently in the CardioMEMS patients. Additional analyses 
showed that the proportion of patients on GDMT at 12 months of follow-up was higher 
in the CardioMEMS group, which indicates that PA pressure monitoring may also in aid 
in optimization and implementation of GDMT. This was especially the case for ARNIs. 
Safety data were reassuring, and in line with earlier studies. 

The MONITOR-HF trial has a number of characteristics that set it apart from other stud-
ies, which contributes to its significance and relevance. This is the first randomised clini-
cal trial assessing the CardioMEMS HF system in European setting, which is important 
because of major differences between the U.S. and Europe in terms of healthcare orga-
nization, insurance structure, and quality of HF care (better GDMT implementation in 
Europe, as shown in the CHECK-HF registry compared to CHAMP-HF). (9, 10) The results 
may have important consequences for the use of CardioMEMS-guided haemodynamic 
monitoring in European countries with comparable HF care systems. Next, we incorpo-
rated a true control group which consisted of standard HF care according to prevailing 
international guidelines. This is a novel feature of our study as all patients in the earlier 
trials received the device, which may have affected the comparison with a true standard 
care arm. Background HF care in our trial was contemporary and of very high quality 
with >80% implementation of beta-blockers, RAS-inhibitors and MRAs at baseline. On 
top of that, >50% of the patients with HFrEF used an ARNI, and nearly 10% of all patients 
used an SGLT2-inhibitor, which is a first for HF trials. To illustrate, CHAMPION did not 
include any patients on ARNI or SGLT2-inhibitor, whereas GUIDE-HF had <30% ARNI and 
<1% SLGT2-inhibitor implementation at baseline. (74, 75) MONITOR HF was primarily 
powered to detect a difference in quality of life and met its power calculation. Because 
of randomization and adequate data availability, our crude KCCQ analysis was the most 
pure to present. Sensitivity analyses to explore the potential influence of missing data 
showed similar results, which is  reassuring. At last, we included a relatively ill population 
with elevated baseline NT-proBNP levels and PA pressures, which indicated that study 
participants were indeed at increased risk of HF hospitalisation with sufficient room for 
improvement of HF therapy. This was confirmed by demonstrating a decrease in both 
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natriuretic peptide levels and PA pressures, which was linked to drug therapy optimiza-
tion. This was an important critique point of the GUIDE-HF trial, in which patients had 
PA pressures in the target range, and the interventions did not markedly led to lowering 
of PA pressures throughout the study, indicating that there was a little possibility of 
short-term improvement. (76) At last, MONITOR-HF was the first investigator-initiated 
CardioMEMS trial.

In Chapter 11, which is the closing chapter of Part B, we performed a meta-analysis 
of the CHAMPION, GUIDE-HF and MONITOR-HF trials, which was warranted consider-
ing the uncertainty after the GUIDE-HF trial and the novel evidence now provided 
by MONITOR-HF. In this pooled analysis that included 1898 patients, we showed that 
treatment adjustment based upon remote monitoring of PA pressures resulted in a 30% 
reduction in total HF hospitalizations. Importantly, this beneficial effect was observed 
in patients with an LVEF ≤40% and above 40%, as well as important subgroups. Despite 
the differences between the three trials with regard to the study eras with changing 
background therapy (ARNI, SGLT2 inhibitors), and the effects of the COVID-19 pandemic, 
the concordance of outcomes is reassuring and supportive of PA pressure guided HF 
management.

Limitations of Part B
While randomised clinical trials are considered the gold standard for evaluating the 
effects of an intervention, some limitations of the MONITOR-HF trial deserve mention-
ing. First, it was an unblinded trial without a sham procedure, but from an ethical point 
of view, exposing patients to the risks of an invasive procedure without the chance of 
benefit was undesirable. Furthermore, for the first time, patients in the control group 
received actual standard HF care, allowing us to analyse the true additional benefit of 
remote monitoring. The high-quality standard care in our study, as reflected by the large 
proportion of patients receiving GDMT and device therapy at baseline, reinforces our 
findings even further. The open-label aspect of our trial also enabled us to investigate 
the CardioMEMS HF system in a conventional healthcare system, rather than just the 
technique. Secondly, the study was rather small, but met its power calculation for the 
assessment of both the primary and secondary clinical endpoints. Unfortunately, we 
were unable to detect differences in mortality, which is in line with earlier studies. At 
last, there was missing data on the primary efficacy outcome, but exploratory sensitivity 
analyses showed that missing data did not alter our main conclusions. Several limita-
tions of the meta-analysis need to be addressed as well. First, patient-level data were 
only available for MONITOR-HF. Second, differences between the three trials existed, for 
example in geographic area, study era and reported outcomes for each trial. At last, the 
meta-analysis lacked power to demonstrate a reduction in mortality. However, it should 
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be acknowledged that none of the trials were powered to assess mortality as singular 
endpoint.

Optimizing left ventricular assist device implementation (part C)

Background 
Despite the improvements in HF management as discussed in this thesis, approximately 
10-15% of HF patients suffer from advanced heart failure, which is characterized by 
severe and persistent symptoms despite optimal therapy. (77, 78) As treatment is im-
proving and the population is ageing, it is believed that the impact of advanced heart 
failure will also increase. (1) Left ventricular assist device (LVAD) therapy has emerged as 
an important therapeutic option for patients with advanced HF, partially caused by the 
scarcity of donor hearts for heart transplantation, which is still considered the golden 
standard for treatment of advanced heart failure. (77, 79, 80) Therefore, the need for 
other therapies for advanced HF is very high. Technological advances in LVAD therapy 
over the past decades have truly changed this field of care, especially since the intro-
duction of the newest HeartMate 3 (HM3) LVAD, which is a fully magnetically levitated 
centrifugal-flow LVAD that has been associated with a  lower risk of important adverse 
events as compared to its predecessor, the HeartMate II device. (81)

Due to significant improvements in LVAD technology and the expanded indications for 
destination therapy (DT), the average age of patients receiving an LVAD is expected to 
increase. (82, 83) The use of LVADs as bridge to transplant (BTT) has also increased in 
older patients. (84) Higher age has been associated with worse outcomes post-LVAD im-
plantation in earlier studies. (85-88) Another interesting topic in international literature 
is the suggestion of sex-related differences. Previous reports have shown lower utiliza-
tion of LVAD therapy in women and worse outcome post-LVAD implantation for female 
patients. (89-93) However, studies on both age and sex-related effects were mainly 
based upon U.S. data and incorporated patients with older, less advanced devices that 
were predisposed to a higher risk of adverse clinical events. (85-93) Therefore, it was im-
portant to study age and sex-related effects on LVAD outcomes in a more contemporary 
European setting,

Findings
In order to investigate this more thoroughly, we used data from the PCHF-VAD 
(Postgraduate Course in Heart Failure – Ventricular Assist Device) registry, which is a 
multicenter registry composed of 13 tertiary referral HF centres. (94) In Chapter 12, 
age-related effects on LVAD outcomes were studied. In order to do so, we stratified 562 
patients with a continuous-flow LVAD (cf-LVAD) by age in the following groups: <50 
years (32.7%), 50-64 years (54.3%) and ≥65 years (13.0%). Importantly, almost 30% of 
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the study population received a HM3 device, with the highest proportion in the oldest 
patient group, which is novel in comparison to earlier reports. Time to event analysis 
showed that patients aged 65 years or older had a significantly higher three-year all-
cause mortality than those aged 50–64 and <50 years (46.3% vs. 37.5% and 25.0%, 
respectively, P = 0.03). After adjusting for potential confounders in multivariable regres-
sion analysis, a 10-year increase in age was associated with a higher mortality risk (HR 
1.34, 95% CI [1.15-1.57]). Furthermore, a 10-year increase in age was associated with 
higher risks of intracranial (HR 1.49, 95% CI [1.10–2.02]) and non-intracranial bleeding 
(HR 1.30, 95% CI [1.09–1.56]). No statistically significant differences were found with 
regard to the occurrence of HF-related hospitalizations, ventricular arrhythmias, pump 
thrombosis or RV failure, while higher age was associated with a lower risk of LVAD-
related infections. 

These findings are important as they provide insights into age-related effects in a 
contemporary European LVAD cohort incorporating the latest device technology in an 
era of increasing LVAD recipient age. In our study, mortality was highest in the oldest pa-
tient group, but appeared to be upfront with similar risk of mortality beyond 12 months. 
Importantly, survival after the first year was comparable to the younger patient groups. 
Therefore, LVAD implantation could be considered in carefully selected older patients. 
The risk of mortality and other outcomes as found in our study is difficult to compare 
to other studies due to differences in definitions, setting (BTT or DT), age cut-offs and 
follow-up duration. Furthermore, reports from other studies on, for instance stroke risk, 
have been conflicting. (85, 87, 88) However, we believe that the overall clinical outcome 
after LVAD implantation will improve further after the successful implementation of the 
HM3 device, as findings from both the pivotal MOMENTUM 3 trial as well as its subse-
quent observational five-year follow-up study favored the HM3 device when compared 
to the older axial-flow LVAD. (81, 95) Furthermore, the beneficial effects of the HM3 were 
similar for patients aged <65 and those aged ≥65 years in MOMENTUM 3 (p for interac-
tion 0.54). (81) Nevertheless, one should not overlook the increased risk of bleeding as 
found in our study when selecting older patients, especially because these events can be 
disabling and may have great impact on quality of life and prognosis. Additional data on 
bleeding events in HM3 recipients in relation to anticoagulation regimens are needed 
to study whether low-intensity anti-coagulation can be safely applied in older patients 
as well, especially considering the low thrombosis rate of the HM3. The MAGENTUM-1 
pilot study suggested this was achievable and safe on the short-term, but larger studies 
are needed to draw firmer conclusions for better tailoring of anticoagulation therapy. 
(96) 

In Chapter 13 of this thesis, potential sex-differences in LVAD utilization and outcomes 
were studied in the PCHF-VAD registry. Women may comprise up to one-third of the 
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advanced HF population. (78, 97) Due to significant advances in technology and patient 
selection, and potential differences between the U.S. and Europe, we aimed to investi-
gate potential sex-differences in contemporary European setting.  

First, we showed that women (18.7% of the cohort) were in worse INTERMACS profile 
and more often on mechanical circulatory support as compared to men, which is an 
important finding. However, despite their more critically ill state prior to LVAD implanta-
tion, overall survival was at least as good for women as for men (adjusted HR for all-cause 
mortality: 0.79, 95% CI [0.50–1.27]). Women had a significantly lower risk of ventricular 
arrhythmia, and a higher risk of RV failure, although not statistically significant. The risk 
of thromboembolic events, bleeding and other secondary outcomes was similar women 
and men. Although rare and statistically non-significant, women were more likely to 
have recovered from LVAD support. 

In short, our findings from Chapter 13 demonstrated that women were in more critically 
state prior to LVAD implantation, which may reflect delayed referral for VAD therapy. 
Furthermore, women comprised a mere 19% of the total cohort whereas they may make 
up one third of the advanced HF population, which suggests potential underutilization. 
Most importantly, LVAD therapy appears at least as beneficial in terms of survival and 
clinical outcome in women. 

Potential reasons for lower utilization of LVADs in women are discussed thoroughly in 
Chapter 13. Interestingly, overall survival for women was at least as good as for men in 
our study, which is in contrast to some earlier studies reporting increased mortality in 
women. One of the potential reasons for similar survival may be the comparable risk of 
bleeding events and pump thrombosis in our cohort, whereas female sex has been as-
sociated with an increased risk of these events in previous reports. (90, 93, 98) In a 2018 
study by Magnussen et al., major bleeding, cerebral bleeding, ischemic stroke, pump 
thrombosis and RV failure were significantly associated with mortality, with a stronger 
association between pump thrombosis and mortality in women. An explanation for 
the similar risk of bleeding events and pump thrombosis for men and women in our 
study may be found in the higher proportion of HM3 LVADs in our study (28% overall, 
evenly distributed between men and women), which is novel in comparison to previous 
work. As discussed, the HM3 was shown superior to the HeartMate II with respect to the 
incidence of bleeding, among other endpoints, both in men and women (p for interac-
tion for gender 0.58). (81) The comparable mortality between women and men in our 
study may be mediated through similar risk of clinical adverse events, which may be the 
result of higher utilization of the HM3 device. Our study was therefore important as it 
was a better reflection of contemporary LVAD care with higher utilization of the most 
advanced device in comparison to earlier work. (93) Another explanation for better sur-
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vival in women in our registry as compared to earlier reports could be the gain in experi-
ence and improvement of LVAD management in general. It is important to emphasize 
that the similar outcomes for women should be interpreted with the understanding 
that they were in significantly more critically ill state prior to LVAD implantation.  

Our findings are important and warrant attention from cardiologists as they may impact 
clinical decision making with regard to LVAD therapy. The hesitance to refer women 
for LVAD therapy should be reduced, and while additional data are needed to further 
investigate whether and why LVAD utilization in women is lower than required, it is to 
be hoped that the use of LVAD therapy in women will be scaled upwards in order to 
improve outcomes of female advanced HF patients. 

Limitations of Part C
In Part C of this thesis, important topics in LVAD management were studied, and 
novel valuable insights were provided. However, is it important to recognize some of 
the shortcomings of the provided analyses. Selection bias and information bias may 
have been introduced, for example with regard to (mis)classification and recording of 
adverse clinical events and missing data (not at random). Furthermore, confounding has 
potentially affected the results. Even after adjusting for certain variables in multivari-
able regression analysis, the possibility of residual confounding cannot be excluded. 
At last, the sample size was rather small, for instance the relatively low proportion of 
patients aged 65 years and older, but robustness of the data was shown in numerous 
sensitivity analyses.
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Future Perspectives

In this thesis, insights and advances in HF treatment were thoroughly discussed: start-
ing with pharmacological treatment as foundational therapy for HF, transitioning into 
remote hemodynamic monitoring, which is a promising strategy that is currently ex-
panding, and ending with optimization of left ventricular assist device implementation 
for those patients suffering from advanced HF. The main findings from each Chapter 
were placed in context of recent literature in the General Discussion of the thesis. The 
implications of the work performed in this thesis for forthcoming research, and the 
future perspectives of HF management will be further elucidated in this final section. 

It is known from several registries that implementation of guideline directed medical 
therapy (GDMT) in real-world setting is suboptimal. (1, 2) Unfortunately, it is not fully 
clear why clinicians deviate from guideline recommendations. New strategies such as 
phenotypic profiling and potassium binding drugs have been proposed to improve 
guideline adherence. (3, 4) However, in order to truly improve GDMT implementation, 
it is essential to expose the barriers faced by physicians in daily clinical practice. This 
has become even more important after addition of SGLT2 inhibitors to the HFrEF treat-
ment algorithm, which means that a minimum of four drugs should now be prescribed 
to patients with reduced LVEF, and thus imposes an extra challenge. (5) Furthermore, 
the paradigm shift from the traditional serial and sequential approach to early paral-
lel application of the four drug classes gave rise to an additional challenge, especially 
since tools and evidence for implementation of this new strategy were limited in the 
guidelines. After publication of the guidelines, several studies showed the benefit 
of simultaneous drug use on clinical outcomes, although some of these were based 
upon retrospective data. (6-9) Interestingly, results from STRONG-HF were recently 
published. (10) In this randomized clinical trial, the investigators showed that a strat-
egy composed of rapid up-titration was tolerated by patients and reduced the risk of 
all-cause death or heart failure readmission at 180 days as compared to usual HF care. 
(10) I believe that additional large prospective studies are needed to investigate the 
barriers to implementation. Additionally, it is important to study titration strategies in 
real-world practice to explore possibilities for better implementation of GDMT. These 
studies should also record clinical events over a long period to allow for analyses of 
the association between treatment combinations, sequencing strategies and outcomes. 
Large studies would also allow for subgroup analyses, for instance stratified by age, 
sex or comorbidity, which may shine light on treatment differences and may provide 
valuable data to decide on optimal treatment strategies and sequencing patterns for 
different patients in an attempt to change the “one size fits all approach” towards a 
more personalized and tailored approach, which is in line with the HFA’s aim. (3) Several 
studies have now shown a clear benefit from combined use of HFrEF drugs, regardless 
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of the dose achieved, and it is known that the positive effects are apparent shortly after 
initiation. (6-9, 11) Therefore, in clinical practice, the aim of HF pharmacotherapy should 
be to implement combination therapy consisting of all four proven effective HF drugs 
as soon as possible, and achievement of the guideline-recommended target dose must 
be of less importance. 

Optimal use of pharmacotherapy is directly related to remote monitoring, and I believe 
that with all emerging evidence, remote monitoring may be integrated in a multimodal 
approach with usual care for patients with chronic HF in the near future. Certain non-
invasive monitoring strategies may be beneficial for a group of patients at lower risk for 
worsening HF, for example those patients in NYHA class I-II. (12) In contrary, the role for 
monitoring with cardiac implantable electronic devices is currently limited due to a lack 
of evidence, but certain algorithms are in development and, if deemed positive, may 
be applied in clinical practice. (13, 14) Hemodynamic monitoring with the CardioMEMS 
HF system is very promising as studies have shown that it is safe and effective for those 
patients at higher risk for hospitalization (e.g. NYHA class III with a recent HF hospitaliza-
tion). For a long time, data from randomised clinical trials were limited to Northern-
American setting, but since effectiveness of the CardioMEMS HF system in Dutch setting 
has now been shown (this thesis), remote PA pressure monitoring can truly take flight 
in Europe as well. This is further reinforced by the meta-analysis of the CHAMPION, 
GUIDE-HF and MONITOR-HF trials in which PA pressure monitoring was shown to result 
in a significant and substantial reduction in HF hospitalizations (this thesis). However, 
additional aspects such as costs will be subject of discussion and evaluation prior to Car-
dioMEMS implementation in Europe. Pre-specified cost-effectiveness analyses from the 
MONITOR HF trial will provide the much-needed information for decision making from 
an economical point of view. As the reduction in HF hospitalisations was substantial 
in MONITOR HF (44% reduction compared to Standard HF care), and previous studies 
have calculated incremental cost effectiveness ratio’s well within European willingness 
to pay thresholds, I expect the cost-effectiveness data to be positive. Future studies may 
then investigate whether the CardioMEMS HF system is also effective in patients with 
NYHA class II HF, or in patients without a recent HF hospitalization but with elevated 
NT-proBNP levels, as was the case in a sensitivity analysis from the GUIDE-HF trial. (15) If 
shown positive, patients over a broader range may benefit from this technique, which 
is especially important considering the large number of HF patients who are prone to 
hospitalization. With all available options for remote monitoring, strategies should be 
carefully customized to the specific needs of a patient and the treating physician. For ac-
tual application of a remote monitoring strategy, several aspects need to be considered. 
Costs, invasiveness, adherence and patient preference should be carefully integrated to 
achieve a tailored monitoring plan. Next, the burden on healthcare professionals may 
increase as the use of remote monitoring expands, and this should be avoided as much 
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as possible.  Several approaches may aid in upscaling of remote monitoring in daily 
clinical practice, such as patient self-insight into hemodynamic and vital parameters 
combined with treatment algorithms for optimization of drug therapy, for instance with 
self-adjustments of diuretics. Later onwards, artificial intelligence and machine learning 
may too further reduce the anticipated burden on hospital resources by taking over 
certain steps in healthcare management.  

At last, I believe there is a need for more real-world HeartMate 3 data as it currently is 
the only available LVAD for long-term MCS. Most reports have been based upon U.S. 
patients supported by older, less advanced devices. Real-world data are especially im-
portant as results from clinical trials may deviate from those observed in daily practice. 
Earlier INTERMACS analyses showed that up to 44% of the implanted patients would 
not have been eligible for enrollment in the MOMENTUM 3 trial, and that these patients 
also had a higher risk of mortality. (16, 17) To the best of my knowledge, there is just 
one large European non-randomized prospective study, the ELEVATE registry, that is 
studying HM3 outcomes outside clinical trial setting. In the two-year report, the EL-
EVATE investigators reported 83% survival after two years, which corresponds very well 
with MOMENTUM 3 and thus is a reassuring finding. (18) Currently, the five-year results 
are eagerly awaited. Real-world registries, such as INTERMACS and EUROMACS, should 
also focus specifically on outcomes after HM3 implantation. Larger volumes of data will 
allow for subgroup analyses, for example on age and sex, and prediction analysis, which 
may aid in improving patient selection. It is expected that long-term mechanical circula-
tory support may play an even larger role in the near future due to improved device 
durability and LVAD outcomes, increasing destination therapy indication, increasing 
number of patients with advanced HF, and the mismatch between donor heart demand 
and availability. (5, 18-22) Survival rates of patients supported with an LVAD as reported 
in the observational follow-up study from MOMENTUM 3 (58.4% at 5 years, HM3 only), 
ELEVATE registry (83% at two years, HM3 only) and INTERMACS report (51.9% at 5 years 
in the most recent era) are promising and emphasize the value of LVAD therapy for ad-
vanced HF. (18, 19, 23) Scientific efforts in the upcoming years should therefore match 
the clinical need for data on HeartMate 3 outcomes in order to improve LVAD utilization 
and outcomes. Other strategies that may result in better outcome include development 
of newer devices that are associated with a lower risk of adverse events and devices that 
do not require external drivelines. Less-invasive implant techniques may also favorably 
impact post-LVAD outcomes. 
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Summary 

Heart failure (HF) is a complex clinical syndrome and is considered a major global health 
problem with a prevalence of 1-2% among adults which is expected to increase even 
further. The prognosis of HF patients has been improving, but is still seriously affected 
with detrimental effects on survival and quality of life. The cornerstone treatment of HF 
with a reduced ejection fraction (HFrEF) consists of pharmacotherapy, for which health-
care professionals adhere to international guidelines based upon clinical evidence. It 
is known from previous research that, overall, implementation of guideline-directed 
medical therapy is suboptimal. Another emerging option for the management of HF 
patients is remote monitoring, which aims to reduce the risk of mortality and HF hos-
pitalization. There have been important advances in this area, and emphasis has lately 
been on remote hemodynamic monitoring with the CardioMEMS HF system, which is 
a sensor developed for measurement of pulmonary artery pressures as a surrogate of 
intracardiac filling pressures. Currently, there is a high need for European data from a 
randomized controlled trial. Finally, despite all possible treatment options, 10-15% of all 
HF patients are believed to suffer from advanced HF, which is a state characterized by 
severe and persistent symptoms, and is associated with high morbidity and mortality. 
The prognosis of advanced HF patients is poor, but left ventricular assist device (LVAD) 
therapy is emerging as a beneficial treatment option for this subgroup of high-risk HF 
patients. The general aim of this thesis was to study heart failure treatment and ad-
vances in HF therapy in an attempt to further improve the management of HF patients. 

Insight into heart failure care: lessons learned in clinical practice (part A) 
In Chapter 2, we studied differences in HF treatment between patients with and with-
out diabetes mellitus and a left ventricular ejection fraction (LVEF) <50% in the Dutch 
national CHECK-HF registry, and we found that diabetes was prevalent in approximately 
30% of the patients. Diabetics significantly more often received RAS inhibitors and 
diuretics in comparison to non-diabetics. Furthermore, diabetic HF patients more 
often received the guideline-recommended target dose of beta-blockers, RAS inhibi-
tors and MRAs. This analysis was performed prior to uptake of SGLT2 inhibitors in the 
latest guidelines. We showed that, based upon enrollment criteria from DAPA-HF and 
EMPEROR-REDUCED, up to 64% of our cohort fulfilled the trial entry criteria. 

In Chapter 3, differences in HF treatment between patients with an LVEF <50% and 
either with or without obesity were examined. Obesity was prevalent in 16.7% of the 
population. We showed that patients with obesity more often received guideline-
recommended drugs, and more often at the recommended daily dose. These treatment 
differences may in part explain the “Obesity Paradox”, which refers to the concept of 
patients with obesity and HFrEF having better prognosis than those without obesity. 
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Chapter 4 studied the association between obesity and the prevalence of atrial fibrilla-
tion in patients with HFpEF. We showed that patients with HFpEF and obesity had a sig-
nificantly higher prevalence of AF than patients without obesity. Furthermore, obesity 
was associated with a significantly higher likelihood of AF in multivariable regression 
analysis. 

The association between serum potassium levels and prescription of the guideline-
recommended dose of MRAs in patients with an LVEF <40% was studied in Chapter 5. 
We showed, for the first time, that both a one-unit increase in serum potassium as well 
as hyperkalemia (serum potassium >5.0 mmol/L) were associated with a substantial 
and significantly lower likelihood to receive guideline-recommended doses, which may 
be important for future strategies to improve guideline adherence, such as potassium 
binding drugs. 

In Chapter 6, which is the final chapter of part A, we applied the concept of phenotypic 
profiling as proposed by the European Heart Failure Association (HFA) to our national 
cohort of HFrEF patients. We showed that 36.8% of the total population could be 
distributed over the eleven proposed profiles. Furthermore, we compared the HFA’s 
phenotype-specific drug recommendations to the actual treatment of our chronic HF 
patients. This indicated the potential benefit of this approach by showing that there is 
ample room for optimization of HF therapy according to the phenotype-specific recom-
mendations.

Remote monitoring of chronic heart failure patients: important advances in 
HF management (part B)

In Chapter 7, advanced invasive sensors were discussed from both a safety and efficacy 
perspective. The CardioMEMS pulmonary artery pressure (PAP) sensor was shown to be 
both safe and effective in the reduction of HF hospitalizations. However, as explained 
thoroughly in Chapter 8, findings from randomized clinical trials (RCT) on CardioMEMS 
are confined to Northern American setting, and there is a high need for European RCT 
data, both from clinical point of view as well as in terms of cost-effectiveness. Therefore, 
the design of our national multicenter MONITOR HF randomized clinical trial is pre-
sented in Chapter 9. The results of the MONITOR-HF trial are presented in Chapter 10, 
in which we showed that remote haemodynamic monitoring with the CardioMEMS HF 
system significantly and substantially improved quality of life, and that it significantly 
reduced the risk of heart failure hospitalisations as compared to high-level standard HF 
care by 44%.  In Chapter 11, the final chapter of part B, we performed a meta-analysis of 
the CHAMPION, GUIDE-HF and MONITOR-HF trials in which we showed that treatment 



Summary

359

14

adjustment based upon remote PA pressure monitoring resulted in a 30% reduction in 
total HF hospitalizations.

Optimizing left ventricular assist device implementation (part C)

In Part C of this thesis, effects of age and sex on LVAD outcomes were studied in an 
attempt to further improve LVAD implementation. To address these research questions, 
the multicenter European PCHF-VAD registry was used. In Chapter 12, we showed that 
LVAD recipients aged 65 years and older experienced significantly higher all-cause 
mortality than those aged 50-64 and <50 years. Furthermore, in multivariable regres-
sion analysis, a 10-year increase in age was associated with a significantly higher risk of 
bleeding events, including intracranial bleeding. Mortality in older patients was highest 
upfront with comparable survival after the first year. Therefore, LVAD implantation can 
be considered in carefully selected older patients. Sex differences in LVAD utilization 
and outcomes were studied in Chapter 13. We found that women were more critically 
ill prior to LVAD implantation, but that their survival was at least as good as in men. 
In multivariable regression analysis, women and men had similar risk of mortality, 
thromboembolic events and bleeding, and lower risk of ventricular arrhythmia. The 
relatively low proportion of female patients in our study (19%) may suggest potential 
LVAD underutilization in women. 

The general discussion in Chapter 14 summarizes all the work described in this thesis, 
and places the major findings in perspective of international literature. Methodological 
limitations of each part of the thesis are provided as well. At last, future perspectives 
and suggestions for forthcoming research are discussed in the final part of this thesis. 
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Samenvatting

Hartfalen (HF) is een chronische aandoening en wordt beschouwd als een wereldwijd 
gezondheidsprobleem met een prevalentie van 1-2% onder volwassenen welke wordt 
geacht nog verder door te stijgen. De prognose van HF is verbeterende, maar is nog 
steeds serieus beperkt met nadelige gevolgen voor de overleving en kwaliteit van leven. 
De hoeksteen behandeling van patiënten met hartfalen en een verminderde ejectiefrac-
tie (HFrEF) bestaat uit medicamenteuze therapie, zoals vastgelegd in de internationale 
richtlijnen gebaseerd op klinische studies waar  zorgverleners zich aan houden. Vanuit 
eerder onderzoek weten wij dat implementatie van medicamenteuze therapie, zoals 
aanbevolen in de richtlijnen, in algemene zin suboptimaal is. Een andere optie voor de 
management van HF patiënten is monitoring op afstand (“remote monitoring”) met als 
doel vermindering van het risico op sterfte en hartfalen-gerelateerde ziekenhuisopna-
mes. Er zijn grote ontwikkelingen geweest binnen het gebied van remote monitoring, 
en de aandacht is recentelijk vooral gevestigd op monitoring van hemodynamiek met 
het CardioMEMS HF systeem. Dit is een kleine sensor die speciaal ontwikkeld is voor het 
meten van de bloeddruk in de longslagader als afgeleide van de vullingsdrukken in het 
hart. Er is momenteel een grote behoefte aan data uit Europees gerandomiseerd gecon-
troleerd onderzoek. Tot slot wordt gedacht dat, ondanks alle mogelijke behandelopties, 
ongeveer 10-15% van alle HF patiënten lijdt aan geavanceerd hartfalen. Dit type hart-
falen wordt gekenmerkt door ernstige en aanhoudende symptomen en is geassocieerd 
met een hoge ziektelast en sterfte. De prognose van patiënten met geavanceerd HF 
is slecht, maar het mechanisch steunhart (in het Engels ‘Left Ventricular Assist Device’, 
afgekort LVAD) komt op als waardevolle behandeloptie voor deze groep hoog-risico 
HF patiënten. De algemene doelstelling van dit proefschrift was het bestuderen van HF 
behandeling en ontwikkelingen in HF therapie in een poging de behandeling van HF 
patiënten verder te verbeteren. 

Inzicht in hartfalen zorg: lessen geleerd in de klinische praktijk (deel A)
In Hoofdstuk 2 hebben we de verschillen in HF behandeling tussen patiënten met en 
zonder diabetes met een linker ventrikel ejectie fractie (LVEF) <50% onderzocht in de 
Nederlandse nationale CHECK-HF registratie. Diabetes kwam voor bij ongeveer 30% van 
de patiënten. Patiënten met diabetes werden significant vaker behandeld met RAS inhi-
bitoren en diuretica dan niet-diabeten. Ook ontvingen HF patiënten met diabetes vaker 
de door de richtlijn aanbevolen dagelijkse dosering van bètablokkers, RAS inhibitoren 
en MRA’s. Deze analyse was uitgevoerd voordat de SGLT2 remmers werden opgenomen 
in de laatste richtlijn. We lieten zien dat tot 64% van ons cohort in aanmerking kwam 
voor behandeling met SGLT2 remmers op basis van de criteria voor deelname aan de 
DAPA-HF en EMPEROR-REDUCED studies. 
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In Hoofdstuk 3 werden verschillen in HF behandeling tussen patiënten met een LVEF 
<50% met en zonder obesitas onderzocht. Obesitas kwam voor in 16.7% van de HF 
populatie. We lieten zien dat patiënten met obesitas niet alleen vaker werden behandeld 
met de aanbeloven HF medicijnen, maar ook vaker met de door de richtlijn aanbevolen 
dosering. Deze behandelverschillen ten faveure van patiënten met obesitas verklaren 
wellicht gedeeltelijk de “Obesitas Paradox” die refereert naar het concept dat patiënten 
met obesitas en HFrEF een betere prognose hebben dan patiënten zonder obesitas. 
Hoofdstuk 4 onderzocht de associatie tussen obesitas en de prevalentie van atriumfi-
brilleren (AF) in patiënten met HFpEF (hartfalen met een behouden ejectiefractie). In dit 
hoofdstuk lieten we zien dat AF vaker voorkwam bij patiënten met HFpEF en obesitas 
dan bij patiënten zonder obesitas. Ook was obesitas geassocieerd met een significant 
hogere waarschijnlijk op AF in multivariabele regressie analyse. 

De associatie tussen serum kalium spiegels en het voorschrijven van de door de richtlijn 
aanbevolen doseringen van MRA’s in patiënten met een LVEF <40% werd onderzocht in 
Hoofdstuk 5. Onze resultaten waren nieuw, en toonden aan dat zowel een verhoging 
van één eenheid in serum kalium als hyperkaliëmie (serum kalium >5.0 mmol/L) geas-
socieerd waren met een substantieel en significant lagere waarschijnlijkheid op het 
ontvangen van de aanbevolen dosering hetgeen belangrijk kan zijn voor toekomstige 
strategieën om adherentie aan de richtlijn te verbeteren, bijvoorbeeld in de vorm van 
kaliumbinders. 

In Hoofstuk 6, het laatste hoofdstuk van Deel A, hebben we het concept van feno-
typisch profileren toegepast op ons nationale cohort bestaande uit HFrEF patiënten. Dit 
concept werd geïntroduceerd door de Europese Hartfalen Vereniging (HFA). We lieten 
zien dat 36.8% van onze HF populatie kon worden ingedeeld in de elf voorgestelde 
profielen. Verder hebben we fenotype-specifieke aanbevelingen voor medicamenteuze 
behandeling van de HFA vergeleken met de daadwerkelijke behandeling van onze 
chronische HF patiënten. Dit liet het potentiële voordeel van deze aanpak zien door aan 
te tonen dat er veel ruimte is voor optimalisatie van HF therapie volgens de fenotype-
specifieke aanbevelingen.

Monitoring op afstand van patiënten met chronisch hartfalen: belangrijke 
innovaties in de behandeling van hartfalen (deel B)
In Hoofdstuk 7 werden de geavanceerde invasieve sensoren voor hemodynamische mo-
nitoring op afstand uitgebreid besproken, zowel vanuit een veiligheids- als effectiviteits-
perspectief. De CardioMEMS longslagader druksensor bleek zowel veilig als effectief te zijn 
in het reduceren van HF ziekenhuisopnames. Zoals grondig wordt uitgelegd in Hoofstuk 
8, zijn de bevindingen van gerandomiseerd gecontroleerd onderzoek naar CardioMEMS 
echter beperkt tot de Noord-Amerikaanse setting, en is er een grote behoefte aan Euro-



Samenvatting

363

14

pese data, zowel vanuit klinisch oogpunt als economisch perspectief met betrekking tot 
kosteneffectiviteit. Derhalve worden het ontwerp en de methoden van onze landelijke 
gerandomiseerde MONITOR-HF studie gepresenteerd in Hoofstuk 9. 

De resultaten van de MONITOR-HF trial werden belicht in Hoofstuk 10. We toonden 
aan dat hemodynamische monitoring op afstand met het CardioMEMS systeem de 
kwaliteit van leven significant en substantieel verbeterde, en dat deze techniek ziek-
enhuisopnames voor hartfalen significant verminderde met 44% in vergelijking met 
kwalitatief hoogstaande hartfalen zorg zonder monitoring met de CardioMEMS sensor. 
In Hoofstuk 11, het laatste hoofdstuk van deel B, hebben we een meta-analyse van 
de CHAMPION, GUIDE-HF en MONITOR-HF studies uitgevoerd. In deze analyse hebben 
we aangetoond dat aanpassing van de hartfalen behandeling op basis van monitoring 
van pulmonaal drukken resulteerde in een vermindering van 30% in het totale aantal 
hartfalen-gerelateerde ziekenhuisopnames.

Optimaliseren van de implementatie van het steunhart (deel C)
In het laatste gedeelte van dit proefschrift werden de effecten van leeftijd en geslacht 
op de uitkomsten na LVAD implantatie onderzocht in een poging de implementatie van 
LVAD therapie verder te verbeteren. Hiertoe werd gebruik gemaakt van de multicenter 
Europese PCHF-VAD registratie. In Hoofstuk 12 lieten we zien dat LVAD ontvangers 
van 65 jaar en ouder een significant hoger sterfterisico hadden dan patiënten tussen 
de 50-64 en jonger dan 50 jaar. Verder toonden we middels multivariabele regressie 
analyse aan dat een 10-jaars stijging in leeftijd geassocieerd was met een significant 
hoger risico op sterfte en bloedingen, inclusief intracraniële bloedingen. Het sterfteri-
sico in de oudere patiënten was het hoogst in de vroege fase na LVAD implantatie, maar 
de overleving na het eerste jaar was vergelijkbaar met de jongere patiënten. Derhalve 
zou LVAD implantatie overwogen kunnen worden in zorgvuldig geselecteerde oudere 
patiënten. Geslachtsverschillen in LVAD gebruik en uitkomsten werden bestudeerd in 
Hoofstuk 13. We vonden dat vrouwen vaker kritiek ziek waren voor LVAD implantatie, 
maar dat hun overleving minstens zo goed was als dat van mannelijke patiënten. In 
multivariabele regressie analyse hadden vrouwen en mannen een vergelijkbaar risico 
op sterfte, trombo-embolieën en bloedingen, en een significant lager risico op ventri-
culaire ritmestoornissen. De relatief lage proportie vrouwelijke patiënten in onze studie 
(19%) suggereert potentiële onderbenutting van LVAD therapie in vrouwen.  

De algemene discussie in Hoofdstuk 14 vat al het werk beschreven in dit proefschrift 
samen en plaatst de belangrijkste bevindingen in het perspectief van de internationale 
literatuur. Methodologische beperkingen van elk deel van het proefschrift worden 
hierin ook benoemd. Ten slotte worden toekomstperspectieven en suggesties voor 
toekomstig onderzoek besproken in het laatste deel van dit proefschrift. 
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Conferences and symposia

Presentations

Oral presentation NVVC autumn congress 2020 0.5

ePoster presentation ESC Heart Failure Congress 2020 0.5

ePoster presentation ESC Heart Failure Congress 2021 0.5

ePoster presentation ESC Heart Failure Congress 2021 0.5

Oral presentation NVVC spring congress 2022 0.5
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Oral presentation ESC Heart Failure Congress 2022 0.5

Attendance

Hartfalen spreekuur 2019 0.3 

NVVC autumn congress 2019 2019 0.6

Symposium Networked Sciences 2019 0.2

NVVC autumn congress 2020 2020 0.6

ESC Heart Failure Congress 2020 2020 1.2

European Society of Cardiology congress 2020 2020 1.2

Rijnmond heart failure evening 2020 0.3

Abbott 9th edition of Future of Heart Failure 2020 0.9

3rd National CHECK-HF meeting 2020 0.3

NVVC spring congress 2021 2021 0.6

ESC Heart Failure Congress 2021 2021 1.2

CVOI ESC Webcast 2021 0.2

National heart failure day 2021 0.3

Abbott heart failure day 2021 0.3

NVVC spring congress 2022 2022 0.6

ESC Heart Failure Congress 2022 2022 1.2

Radcliffe Cardiology Heart Failure online 2022 0.9

Cardiogenic Shock Symposium 2022 0.3

Cardiovascular Biomechanics course 2022 0.5

e-SPACE Heart Failure 2022 2022 0.6

TEACH Refreshers course Rotterdam 2022 0.5

Teaching activities

Supervising systematic review 2nd year medical students 2019-2020 0.3

Supervising systematic review 2nd year medical students 2020-2021 0.3

Minor teaching Cardiology 2019 0.5

Journal Club department of Cardiology 2019 0.5

Journal Club department of Cardiology 2021 0.5

Cathlab nurse CardioMEMS training 2020 0.3

Cathlab nurse CardioMEMS training 2021 0.3

Cathlab nurse CardioMEMS training 2022 0.3

Supervising master thesis, 4th year medicine student 
‘CardioMEMS – MONITOR HF trial’ 

2020 1.0 

National investigator meetings 2019-2023 3.0 

Total: 31.6
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