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Episodes of worsening heart failure (HF) are a major cause of unplanned hospitalizations. Their onset is usually preceded by an early increase
in intracardiac pressures with subsequent worsening of symptoms due to congestion. Implantable devices allowing daily remote pulmonary
artery pressure (PAP) monitoring are useful to identify early haemodynamic changes so that medical therapy can be adjusted at an early
stage, before symptom onset, and HF-related hospitalizations be prevented. Second, the use of these devices may help to maintain clinical
stability keeping PAP in the target range on a day-to-day basis. The CardioMEMS system allows remote PAP monitoring, and PAP-guided
medical therapy has reduced HF-related hospitalizations in prospective, randomized, controlled clinical trials in symptomatic patients with
HF, independent of their left ventricular ejection fraction. The safety and feasibility of other devices, like the Cordella implantable PAP
sensor, have also been demonstrated and clinical usefulness in larger patient populations is currently being assessed in several trials. Most
of the studies testing remote PAP monitoring were reported after the 2021 European Society of Cardiology HF guidelines. An update of
the clinical significance and potential implications for clinical practice of these systems seems therefore warranted. The aim of this clinical
consensus statement is to summarize current knowledge on remote PAP-guided management of patients with HF, with a special focus on
current evidence from clinical trials, potential impact on clinical practice and management aspects.
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Introduction

Although the treatment of heart failure (HF) has dramatically
improved in the last decades, patients with HF are still burdened
by a high risk of death and of episodes of worsening HF, frequently
leading to hospitalizations."? Irrespective of left ventricular ejection
fraction (LVEF), an increase in intracardiac pressures has a crucial
role in the pathophysiology of worsening HF, driving congestion
and eventually leading to overt HF decompensation.> An increase
in pulmonary artery pressure (PAP), that is, ‘haemodynamic’
congestion, usually precedes overt signs and symptoms of ‘clinical’
congestion by several days to weeks.*~® Congestion may also cause
multi-organ failure including acute kidney injury, liver congestion
and increased gut permeability and dysbiosis. Congestion may
by itself, via increasing end-diastolic volume of the ventricles,
further aggravate biventricular dysfunction and decrease lymphatic
drainage to the systemic venous circulation. All of the above
may have a central role in further clinical decompensation and is
accompanied by diuretic resistance, inflammatory and neurohor-
monal activation.”~"% Along with optimization of guideline-directed
medical therapy (GDMT) and regular follow-up, early detection
and treatment of subclinical or overt congestion may, thus, prevent
unplanned HF-related visits and hospitalizations and possibly delay
development of end-stage HF3"""

Traditional follow-up strategies in patients with HF include reg-
ular home weight control, outpatient follow-up visits, ultrasound
imaging to assess congestion (including both echocardiography,
lung ultrasonography, and non-cardiac multi-organ assessment) and
measurements of plasma concentrations of biomarkers (namely,
natriuretic peptides in clinical practice).'””'® Telemedicine is of
further help.''718 However, biomarker measurements and ultra-
sound examinations can be repeated only periodically and clinical
signs, including body weight, have poor sensitivity to detect con-
gestion at an early stage."? Thus, early detection of PAP increase
allows the identification of haemodynamic congestion several days
to weeks before the clinical onset of the overt decompensation
event. This strategy should lead to prompt adjustment of medi-
cal therapy, thus preventing worsening HF events and HF-related
hospitalizations.? Implantable systems can combine continuous PAP
measurement with daily transmission of recordings to healthcare
providers, allowing remote PAP-guided haemodynamic telemon-
itoring in patients with HF. Additionally, a more comprehensive
approach is feasible when other vital signs such as daily weights,
oxygen saturation and blood pressure are included in the remote
monitoring.

The usefulness of invasive haemodynamic monitoring was
first demonstrated in the CardioMEMS Heart Sensor Allows
Monitoring of Pressure to Improve Outcomes in New York Heart
Association (NYHA) Class Ill Heart Failure Patients (CHAMPION)
trial, and these data were included in the 2021 European Society
of Cardiology (ESC) guidelines on HF.! However, other trials were
completed after the 2021 ESC HF guidelines and could not be
included. The aim of the present clinical consensus statement
of the Heart Failure Association (HFA) of the ESC is therefore
to discuss remote PAP-guided management of patients with HF,
ranging from available published evidence to real-world application

and management of this technology in daily clinical practice, with
a major focus on currently available devices.

Evidence from randomized
controlled clinical trials

The first randomized controlled clinical trial evaluating implantable
haemodynamic monitoring in HF was the Chronicle Offers
Management to Patients with Advanced Signs and Symptoms of
Heart Failure (COMPASS-HF) study that tested the Chronicle sys-
tem (Medtronic, Minneapolis, MN, USA), a device that measures
right ventricular pressures.”®. COMPASS-HF showed that it was
feasible and safe to remotely assess right ventricular systolic and
diastolic pressures, heart rate, and pressure derivatives, but did
not demonstrate a significant benefit of this monitor-guided care
versus usual care in reducing HF-related events.2’ Several reasons
may have determined the neutral results of the COMPASS-HF trial:
the potential efficacy of pressure-guided management was greatest
in NYHA class Il patients, whereas NYHA class IV patients that
were included did not benefit from this strategy; the treatment
algorithm in the experimental arm was not detailed and established
enough, without pre-specified pressure targets; pressure-guided
management was effective only if the investigators actually modified
medical therapy in response to PAP; diuretic resistance and poor
renal function may have impaired the effectiveness of outpatient
optimization of diuretic therapy in response to PAP20:21

CardioMEMS (Abbott Laboratories, Abbott Park, IL, USA) is a
PAP sensor that allows for daily remote PAP monitoring and is
now available for clinical practice as approved by major regulatory
bodies in Europe and the United States. Three randomized con-
trolled trials tested its efficacy in patients with HF (Table 7). The
CHAMPION trial enrolled 550 patients with chronic HF, NYHA
class lll and a HF hospitalization in the previous 12 months, irre-
spective of LVEF?22® After device implantation, patients were ran-
domized to PAP-guided management (treatment arm) or standard
care with sensor data unavailable to clinicians (control arm). Device
implantation was safe with close to zero pressure-sensor failure.
The primary endpoint of total HF hospitalizations at 6 months was
significantly reduced in the treatment versus control arm, as well
as secondary endpoints including mean PAP (mPAP) change and
quality of life (QoL) at 6 months.2? Frequent adjustments in med-
ical therapy, including diuretics, vasodilators and neurohormonal
antagonists, led to the clinical benefits observed with CardioMEMS.
Changes in diuretic administration and doses played a major role
with, interestingly, both an increase and a decrease in diuretic doses
occurring more often in patients in the invasive monitoring arm.2*
At the conclusion of the randomized access period, PAP informa-
tion became available to guide medical therapy also in the former
control group (open access period), resulting in a significant reduc-
tion in HF hospitalizations as compared to the previous randomized
phase among these patients.?

The larger haemodynamic-GUIDEed management of Heart Fail-
ure (GUIDE-HF) trial enrolled 1000 patients with chronic HF,
NYHA class [1-1V, any LVEF and either a recent HF hospitaliza-
tion within 12 months or elevated natriuretic peptides.?> Similarly
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to CHAMPION, patients were randomized to treatment arm ver-
sus control arm after successful CardioMEMS implantation. The
trial had the potential to enlarge the indication to CardioMEMS
to patients at lower risk than those in CHAMPION. GUIDE-HF
was, however, affected by the ongoing COVID-19 pandemic and it
was neutral with a non-significant difference in all-cause mortality
or total HF events at 12 months (primary endpoint) between the
two arms. A pre-specified COVID-19 sensitivity analysis showed
the impact of the COVID-19 pandemic, with a significant ben-
efit of PAP-guided monitoring on the primary endpoint among
the patients enrolled before the COVID-19 period, especially in
those with elevated pressures at baseline during implantation.?>2¢
Overall, CardioMEMS use was associated with a slightly greater
(<2 mmHg) reduction in mPAP at 12 months than standard care,
and no significant differences in QoL endpoints were observed.
Many factors may have influenced neutral results, in addition to
COVID-19 pandemic: enrolment of a substantial proportion of rel-
atively ‘low-risk’ patients with baseline PAP in the target range, a
reduction in mPAP through 12 months also in the control arm,
and fewer patients received GDMT at 12months as compared
to baseline. Medication changes occurred more frequently in the
treatment arm than in the control arm, 1.031 versus 0.608 changes
per month per patient, respectively. However, changes in the cumu-
lative doses of diuretics were not described in detail.2>?’

The recent MONITOR-HF trial enrolled 348 patients with
chronic HF, NYHA class Ill and a recent hospitalization or urgent
visit for HF in the previous 12 months, irrespective of LVEF2® They
were randomized to CardioMEMS implantation with PAP monitor-
ing or standard care without device implantation (open label). The
primary endpoint of change in Kansas City Cardiomyopathy Ques-
tionnaire overall summary score (KCCQ-OSS) from baseline to
12 months was significantly improved by CardioMEMS. The use of
CardioMEMS was associated with a mean decrease of 8.4 mmHg in
PAP and a significant reduction in N-terminal pro-B-type natriuretic
peptide levels (from 2377 to 1708 pg/ml). These changes were
accompanied by significant improvements in secondary endpoints,
including KCCQ-OSS improvement or deterioration with fixed 5-
and 10-point thresholds, total HF hospitalizations or urgent visits
(—44%), and other QoL endpoints.?®

In addition to meta-analyses evaluating the impact of differ-
ent telemonitoring systems in HF'7?’ a recent meta-analysis
pooled the CHAMPION, GUIDE-HF and MONITOR-HF trials
(n= 1898 patients), and showed a substantial benefit of PAP-guided
haemodynamic monitoring using CardioMEMS in chronic HF with
a 30% reduction in total HF hospitalizations.?® At subgroup anal-
yses, there was no evidence of heterogeneity in the treatment
effect across different subgroups based on age, sex, HF aetiology,
LVEF phenotypes and NYHA class.3® In line with the three trials
showing that PAP monitoring is effective across the whole range
of LVEF2231-3% this meta-analysis confirmed its efficacy in patients
with either preserved or reduced LVEF, with no significant interac-
tion between treatment arms and LVEF subgroups.’® Importantly,
neither the three individual trials nor this meta-analysis showed a
reduction in all-cause mortality with PAP-guided monitoring versus
standard care.?223252830 Another recent patient-level meta-analysis
pooled individual data from CHAMPION, GUIDE-HF and Left

Atrial Pressure Monitoring to Optimize Heart Failure Therapy
(LAPTOP-HF) testing a left atrial pressure (LAP) monitoring
device, and demonstrated a reduction in both all-cause mortality
and HF hospitalizations among 1350 patients with HFrEF (hazard
ratios [95% confidence intervals] 0.75 [0.57-0.99], p =0.043, and
0.64 [0.55-0.76], p < 0.0001, respectively).>

Observational studies

Major real-world studies on CardioMEMS use in patients with
HF are reported in Table 1. The prospective CardioMEMS Euro-
pean Monitoring Study for Heart Failure (MEMS-HF) enrolled 239
outpatients with NYHA class lll and a HF hospitalization in the
previous year, who underwent CardioMEMS implantation with PAP
monitoring in Europe.’® Freedom from device- or system-related
complications and from sensor failure at 12 months were 98.3%
and 99.6%, respectively. A significant reduction in annualized HF
hospitalization rate was observed in the 12 months post- versus
pre-implantation, along with reduction in PAP and improvement in
QoL endpoints.*® Clinical benefits were independent of presence
or subtype of pulmonary hypertension.’’

The larger prospective CardioMEMS Post-Approval Study
enrolled 1200 HF patients with similar characteristics in the
United States.3®3° Device safety, patient compliance and PAP
reduction were confirmed, along with reduction in adjudicated HF
hospitalizations in the 12 months after versus before implantation,
sustained up to 2 years.?®*0 Similar results were also observed in
the smaller European CardioMEMS HF System Post-Market Study
(COAST) - UK.

Retrospective studies confirmed the reduction in mPAP and
HF hospitalization rate in large US real-world cohorts as well
as small European cohorts (Table 7).“** Device-related adverse
events have been reported in the Food and Drug Administration
MAUDE database, based on a mean of 41 reports per 6-month
period from May 2014 to May 2017, to a mean of 356 reports
per 6-month period after the second half of 2017. Most adverse
event reports were for inaccurate measurements, which required
a replacement of the external CardioMEMS unit.* Although this
analysis lacks granular data to evaluate the direct association
between CardioMEMS and adverse events,* further data from
real-world long-term device registries seem needed.

Indications and contraindications
to invasive haemodynamic
monitoring

Current 2021 ESC guidelines for the diagnosis and treatment of HF
state that the CardioMEMS system may be considered to measure
and monitor PAP in symptomatic patients with HF with reduced
ejection fraction in order to improve clinical outcomes with a class
Ilb recommendation and a level of evidence B, as based on only the
CHAMPION trial." However, the ESC guidelines were published
before the results of GUIDE-HF became available and, similarly,
the 2023 ESC guideline focused update was also finalized before
MONITOR-HF was published."*
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Table 2 Indications and contraindications to invasive
haemodynamic monitoring with the CardioMEMS
system

Indications
General conditions
NYHA class Il or llI
One worsening HF event (hospitalization or unplanned visit) in the
previous 12 months or elevated high natriuretic peptide plasma
concentrations®
Additional conditions
Patients on GDMT
Difficulty in managing or assessing fluid volumes
Challenging physical assessment (e.g. COPD)
Compliance with HF medical care
Benefiting from remote monitoring (especially those living far from
clinics)
Contraindications
Inability to take dual antiplatelet or anticoagulant therapy for
1 month post-implant
Active infection
History of recurrent PE or DVT
Inability to tolerate RHC
GFR <25 ml/min, non-responsive to diuretics, or on chronic renal
dialysis
Congenital heart disease or mechanical right heart valve(s)
Coagulation disorders
Hypersensitivity or allergy to ASA and/or clopidogrel
Recent (within 3 months) implantation of a CRT
Major cardiovascular event, including pulmonary embolism, in the
last 2 months
BMI >35 kg/m?, chest circumference >165 cm at axillary level

ASA, aspirin; BMI, body mass index; BNP, B-type natriuretic peptide; COPD,
chronic obstructive pulmonary disease; CRT, cardiac resynchronization therapy;
DVT, deep vein thrombosis; GDMT, guideline-directed medical therapy; GFR,
glomerular filtration rate; HF, heart failure; LVEF, left ventricular ejection fraction;
NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart
Association; PE, pulmonary embolism; RHC, right heart catheterization.

2BNP >250pg/ml or NT-proBNP >1000pg/ml with threshold correc-
tions for LVEF and BMI (4% reduction per BMI unit over 25kg/m?):

o LVEF <40%: NT-proBNP >1000 pg/ml (or BNP >250 pg/ml)
o LVEF >40%: NT-proBNP >700 pg/ml (or BNP >175 pg/ml).

The CardioMEMS HF system represents a significant advance in
HF management, offering a tailored treatment for patients with HE.
However, it is crucial to consider both medical indications and con-
traindications, as well as the patient’s overall health profile, compli-
ance with medical care, and the potential benefits of remote moni-
toring (Table 2). Higher risk groups, such as NYHA class lll patients
and patients with a recent HF hospitalization, will most likely
receive the larger absolute risk reductions. Results demonstrate
consistent benefits from PAP-guided remote patient management
across the LVEF spectrum with elevated PAP despite being already
on GDMT.22252830 §ubgroup analyses have demonstrated that the
CardioMEMS system has beneficial effects across different sub-
groups, including patients with left ventricular assist device (LVAD),
patients with cardiac resynchronization therapy (CRT), and patients
with pulmonary hypertension, regardless of the subtype. Both male
and female patients experienced similar reductions in HF-related

hospitalizations, which is reassuring given known disparities in HF
treatment by sex.3”#-50 The efficacy was also independent of LVEF.

Contraindications include patients who cannot take antiplatelet
or anticoagulant therapy post-implantation and those with con-
ditions like active infections, history of recurrent pulmonary
embolism or deep vein thrombosis. Additionally, the treatment is
not advised for patients with severe kidney dysfunction, congeni-
tal heart disease, coagulation disorders, hypersensitivity to certain
medications, recent CRT implantation, or those who present cer-
tain physical parameters such as a high body mass index and chest
circumference.”’

Based on the available data, the CardioMEMS system is useful
for patients with symptomatic HF at moderate to high risk of new
worsening HF events as shown by one or more worsening HF
events in the previous year (Figure 7). The characteristics of the
ideal candidate for remote invasive PAP monitoring are depicted in
Figure 2.

Practical management

Before CardioMEMS implantation, patients with HF should receive
optimal or maximum tolerated GDMT according to ESC guide-
lines and be evaluated for an implantable cardioverter-defibrillator
(ICD) or CRT if indicated.” Of note, practical management strate-
gies before, during and after CardioMEMS implantation are derived
from available clinical trials, but no randomized trials comparing
different PAP monitoring practices have been performed so far.

A right heart catheterization is performed during device implan-
tation (Figure 3). It is important to accurately measure pulmonary
capillary wedge pressure (PCWP), PAP, cardiac output, and vascu-
lar resistances at baseline as they will be the reference for further
changes in treatment and are used to calibrate the sensor. The
diastolic PAP is crucial, as it is the primary management param-
eter. The difference between diastolic PAP and PCWP must be
carefully noted, and a diastolic pressure gradient >5 mmHg may
indicate pre-capillary pulmonary hypertension, which is essential
for establishing PAP thresholds to avoid over-diuresis.

Pre-implant the patient or caregiver must be trained to take
daily readings, emphasizing the clinical importance of these mea-
surements, since patients who will be non-compliant to the
measurement will not benefit from pressure-guided management.
Patients with elevated intravascular volume and increased PAP
benefit from increased doses of loop diuretics, combined diuretic
therapy, optimization of GDMT and direct vasodilators. Of note,
although neurohormonal antagonists are usually titrated based on
well-known titration schemes and target doses are derived from
pivotal randomized trials and recommended in guidelines, there
are no specific recommendations for titration of diuretics and
direct vasodilators in HF, and PAP guidance offers a useful way
to tailor these medications. In this regard, although changes in
diuretic doses are the most common drug intervention in response
to changes in PAP, the addition or titration of direct vasodilators
was also part of the treatment algorithm used in randomized trials
on PAP-guided management.?222>2 However, further studies
specifically investigating the optimal algorithms for treatment
optimization in response to PAP monitoring are awaited.
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/Advice TO DO Evidence| Strength
CardioMEMS is useful in patients with symptomatic HF at RCT
moderate to high risk of new worsening HF events as shown ..'|
by a hospitalization for HF in the previous year

Reference table:

DEFINITION SYMBOL
Clinical advice, based on robust published evidence > ."
([ ]
w
I8 Clinical advice, based on uniform consensus of the writing group '
> )
[a]
g
'S
o May be appropriate, based on published evidence
= ol
2
E May be appropriate, based on consensus within
'u-) the writing group °
Area of uncertainty >
Figure 1 Table of advice. HF, heart failure; RCT, randomized controlled trial.
Ideal candidate for remote invasive PAP monitoring
/ . . .
Symptomatic HF irrespective of LVEF (NYHA 11l > I1)
Optimal medical / device treatment
V?; At least 1 unplanned HF hospitalization in the last year *
— and/or
clear signs of congestion (imaging / elevated NTproBNP) E] = = DEJ O
Optimal compliance to treatment
Without end-stage HF or severe primary lung disease

Figure 2 ldeal candidate for remote invasive pulmonary artery pressure monitoring. HF, heart failure; LVEF, left ventricular ejection fraction;
NYHA, New York Heart Association; NTproBNP, N-terminal pro-B-type natriuretic peptide; PAP, pulmonary artery pressure. *Further
evidence needed in NYHA class Il patients. **Contraindications to CardioMEMS implantation include intolerance to antiplatelet or anticoagulant
therapy post-implantation, active infections, history of recurrent pulmonary embolism or deep vein thrombosis.
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Pre-Implant:
Patient selection

Indications

* NYHAclass Il orlll

* 1 HFH or HFE in the previous
year and/or elevated
natriuretic peptides

Contraindications

* Contraindication to
antithrombotics

* Active infection

* History of recurrent PE or

Optimal GDMT and ICD/CRT if indicated

DVP

* Major CV event in the last 2 RHC measurements
months e PCWP

* CRTimplant < 3 months * PAP .

* Intolerance to a RHC « CO

¢ eGFR<25ml/min «  Vascular resistances

* Congenital heart disease or
mechanical right heart valve

e Coagulation disorders

*  BMI>35 or chest .
circumference > 165 cm

27mmID —

f

During implant

Target implant site

5-8mm ID—f !

Calculate DPG (dPAP-PCWP)
Stablish dPAP goal and
thresholds

IN

Post-implant

1. Optimization phase

Physical exam, TTE, RHC

Optimize volume status and
vascular resistance

2. Maintenance phase

Daily PAP
readings

2

0

Adjust treatment if persistent
elevated/low PAP for > 3 days
. Diuretics

*  Vasodilators or GDMT

@ 8%

Reevaluate in 2-3 days

1 month DAPT / anticoagulation (if indicated) = Chronic ASA / anticoagulation

Figure 3 ‘What-to-do’ steps for implementation of CardioMEMS. ASA, aspirin; BMI, body mass index; BNP, B-type natriuretic peptide; CO,
cardiac output; CRT, cardiac resynchronization therapy; CV, cardiovascular; DAPT, dual antiplatelet therapy; dPAP, diastolic pulmonary artery
pressure; DPG, diastolic pulmonary gradient; DVT, deep vein thrombosis; eGFR, estimated glomerular filtration rate; GDMT, guideline-directed
medical therapy; HF, heart failure; HFE, heart failure event; HFH, heart failure hospitalization; ICD, implantable cardioverter-defibrillator; LVEF,
left ventricular ejection fraction; NYHA, New York Heart Association; NT-proBNP, N-terminal pro-B-type natriuretic peptide; PAP, pulmonary
artery pressure; PCWP, pulmonary capillary wedge pressure; PE, pulmonary embolism; RHC, right heart catheterization.

After optimizing medical treatment, monitoring should be
aimed at maintenance of target diastolic PAP (Table 3). Achieving
and maintaining long-term stability by keeping PAP in the target
range on a day-to-day basis is the crucial intervention to improve
patients’ QoL and reduce the risk of HF-related hospitalizations.
Treatment aims to maintain diastolic PAP within normal values,
with a usual upper target of 16-20 mmHg and an ideal target
range between 8 and 20 mmHg, by adjusting medications, mainly
diuretics and GDMT and also vasodilators in some cases.>%
Conversely, persistently low PAP might lead to a dose reduction
or discontinuation of diuretic therapy with further reassessment
to ensure no rise occurs in the following days. Likely, a part of the
success of PAP-guided optimization of GDMT lies within timely
down-titration of diuretics and other drugs, preventing forward
failure and renal dysfunction. The personalized up-titration or
down-titration of diuretics and/or vasodilators offers additional
room for careful titration of HF-modifying drugs, specifically
renin—angiotensin—aldosterone system inhibitors, beta-blockers,
and mineralocorticoid receptor antagonists, allowing even further
optimal titration in vulnerable HF patients.

Since PAP typically rises several days before patients exhibit
overt congestion,* ¢ it is advised to intervene once the patient is
noted to have a 3—5 mmHg change in diastolic PAP over 2-3 days
or a change of 5 mmHg or more in a single day, with a re-evaluation
in 2—3 days. It is important to look for the precipitating factors
that might have contributed to a change in PAP. If PAP remains
high, other causes such as dietary transgression, sleep apnoea,
anaemia, arrhythmias (atrial fibrillation), new valvular heart disease,
or HF progression should be investigated. Finally, it is important to
understand that the relationship between PAP and volume status
may be different in each patient and volume assessment via other
means may be advised in some patients.>*>5

Specific settings
Patients with cardiac implantable
electronic devices

Pacemakers, ICDs, and LVADs are designed to be compatible with
the pulmonary artery sensor used in the CardioMEMS system
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Table 3 How to monitor and treat patients during
follow-up after pulmonary artery pressure monitoring
device implantation

Telemonitoring with daily check (5/7 days) by HF personnel®

Carefully establish baseline values corresponding to absence of
congestion and clinical stability in the first weeks after
implantation

Monitor trends over 3—5 days

Have telephone calls when meaningful increase in trend

Treat targeting the cause of increase

e Pressure without volume increase

e Titrate neurohormonal modulators, vasodilators, SGLT2
inhibitors
e Pressure with volume increase

e Titrate neurohormonal modulators, vasodilators, SGLT2
inhibitors

o Titrate loop diuretics (X2 for 3 days)

o Adopt combined diuretic therapy (metolazone, thiazides,
acetazolamide, etc.)

o Persistent pressure increase

o Consider additional therapies when indicated (valve
interventions, PV isolation for AF, LVAD, etc.)

AF, atrial fibrillation; HF, heart failure; LVAD, left ventricular assist device; PV,
pulmonary vein; SGLT2, sodium—glucose cotransporter 2.
2Not all European countries have nurses available.

and do not hinder its performance. Additionally, patients who
have received a CRT can also be considered for the CardioMEMS
system, provided at least 3 months have passed since the CRT
implantation.®’

The simultaneous use of the CardioMEMS system with ICD
and CRT devices can significantly enhance patient management
in HE. Continuous monitoring by CardioMEMS may provide early
indications of haemodynamic changes that require adjustments in
therapy or device settings, enhancing patient outcomes with more
personalized device adjustments. Additionally, CardioMEMS can aid
arrhythmia management by offering early signals that might precede
arrhythmias. On the other hand, CRTs and ICDs may give data
on current heart rhythm showing, for instance, new-onset atrial
fibrillation that may cause haemodynamic worsening.

By integrating the active management features of CardioMEMS
with the therapeutic actions of ICDs and CRTs, hospitalizations due
to HF or related complications may be reduced, thus establishing
a more integrated and effective approach to care.

Patients with cardiac transplantation
and left ventricular assist device

Despite maximal GDMT and haemodynamic-guided care, clinical
disease progression occurs in HF patients, in many cases requiring
LVADs or heart transplant. LVAD has been an increasingly uti-
lized therapy for advanced HF and resulted in improvements in
patient functional status and Qol, in addition to improved clini-

56,57

cal outcomes relative to medical therapy.”®>” There is a potentially

important clinical role for remote haemodynamic monitoring in
clinical decision-making and patient management before and after
LVAD implantation.>®

A sub-analysis of the CHAMPION trial suggested utility in
using these devices to improve the timing of LVAD implantation,
although further information is needed in this area.*® These
patients who are not yet sick enough to warrant an LVAD but
have an elevated PAP may require more frequent monitoring and
medical adjustments in order to prevent decompensation and/or
consider earlier LVAD implantation.

Using haemodynamic information leads to better optimization
and better decongestion and unloading of the right ventricle,
potentially reducing the risk of right ventricular failure after LVAD
implantation. Also, changes in diastolic PAP after LVAD implanta-
tion might indicate potential post-operative complications.’® The
ability to remotely and non-invasively monitor PAP is attractive in
a population of HF patients who are not only on anticoagulation,
but also supported by mechanical circulatory support with a
propensity for bleeding. Moreover, early detection of changes in
PAP and heart rate by CardioMEMS can alert clinicians to the
pre-clinical phase of complications like gastrointestinal bleeding,
common in LVAD patients.®® Another advantage of remote mon-
itoring is the ability to distinguish a subset of patients who may
have reversible pulmonary hypertension from those who have
a fixed component that does not respond to pharmacological
or mechanical interventions. This may be especially valuable for
patients receiving an LVAD as a bridge to transplant eligibility in
the presence of pulmonary hypertension.®’

In the largest, prospective observational study of patients with
continuous-flow LVAD and implantable haemodynamic PAP moni-
toring devices, the CardioMEMS system was able to provide a lon-
gitudinal haemodynamic profile with a high degree of patient com-
pliance. Relatively modest reductions in diastolic PAP (3—5 mmHg)
were associated with significant improvements in functional
capacity. Furthermore, among patients whose diastolic PAP was
maintained less than 20 mmHg, fewer HF hospitalizations were
observed.®? Additional studies have demonstrated that haemo-
dynamic optimization using ramp protocols is associated with
reduced hospitalizations and improved functional capacity in LVAD
patients.3-¢7 However, ramp studies reflect conditions at a single
time point. By contrast, the CardioMEMS system can provide a lon-
gitudinal haemodynamic profile of patients supported with LVADs.

Heart failure team organization
and telemonitoring pathways

The management of HF has significantly evolved with the advent
of telemonitoring technologies like CardioMEMS. This system
requires a reorganization of the HF care units to effectively inte-
grate PAP monitoring in the team’s protocol, which represents a
paradigm shift with a more proactive approach. The team should
include cardiologists and dedicated nurses or technicians trained in
interpreting pulmonary artery data. These professionals must col-
laborate to ensure continuous monitoring and timely interventions
before clinical deterioration occurs. The provision of such staff is
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a requirement for the implementation of PAP monitoring systems,
such as CardioMEMS. This process requires a precise identification
of the specific tasks of all staff members, guidelines on their train-
ing (which need to be incorporated into the respective country’s
education and training scheme), and a clear definition of the job
positions along with the corresponding reimbursements.
Dedicated nurses play a pivotal role, regularly reviewing data
from the CardioMEMS system and communicating with patients to
adjust medications or lifestyle recommendations as needed, with
the support of the cardiologist for challenging cases. There is a
need to check PAP several days a week but PAP usually rise days
to 2 weeks before HF decompensation occurs. A notification tool
showing only patients out of optimal range and with missing read-
ings is available within the CardioMEMS system, and can be used to
optimize the time dedicated to data reviewing. This constant feed-
back loop ensures that patients receive personalized care, tailored
to their specific needs and changes in their condition. Additionally,
this model promotes patient engagement and self-management,
essential components of successful chronic disease management.
The cost-effectiveness of CardioMEMS is another critical consid-
eration. Previous studies have shown that while the initial invest-
ment in the technology may be significant, the long-term sav-
ings from reduced hospitalizations and emergency visits are sub-
stantial.®®-7" Moreover, improved QoL and patient satisfaction
are benefits that complement the financial advantages.?® Of note,
reimbursement policies for device implantation and subsequent
follow-up vary in different countries, and this might have relevant
implications for the adoption of this technology in the real world.
For the implementation of CardioMEMS,
a clear ‘what-to-do’ guide is essential. This includes a

successful

pre-procedural assessment to evaluate patient suitability, intra-
and peri-procedural management to ensure safe and effective
implantation, and comprehensive post-procedural care focus-
ing on patient education and regular monitoring. Such a guide
would serve as a valuable resource for HF teams, ensuring stan-
dardized, high-quality care for patients undergoing CardioMEMS
implantation (Figure 2). Future dedicated studies are needed to
further refine the pre-, peri- and post-procedural management
and optimize the treatment algorithms in these patients.

New devices for invasive
haemodynamic monitoring

In the first-in-human SIRONA study, the commercially-available
Cordella Heart Failure System was combined to the novel investi-
gational Cordella PAP Sensor (Endotronix Inc, Chicago, IL, USA)
to remotely monitor vital signs and PAP, and the feasibility of
this comprehensive telemonitoring strategy was evaluated in 15
patients with HF and NYHA class 1Il.7> The sensor combined
with the Cordella Heart Failure System (remote monitoring of
weight, heart rate, oxygen saturation, and blood pressure) allows
a more comprehensive patients’ telemonitoring. Sensor implan-
tation was feasible and safe, and the device accurately measured
PAP in combination with daily transmission of vital signs.”? Subse-
quently, the SIRONA?2 trial confirmed device safety and efficacy

in measuring mPAP among 70 HF patients.”> Recently, the results
of the single-arm, open-label PROACTIVE-HF study enrolling 456
HF patients with NYHA class Il have been reported, showing that
remote monitoring of seated PAP with the Cordella sensor, com-
bined with assessment of vital signs with the Cordella Heart Failure
System, was safe, reduced 6-month incidence of death or HF hos-
pitalization compared to a performance goal, improved QoL and
functional capacity, and enabled significant PAP reduction among
patients with elevated PAP at baseline.”*’> These findings were
hypothesis-generating and the ongoing PROACTIVE-HF-2 random-
ized trial will further assess the safety and efficacy of the Cordella
system, along with a dedicated evaluation of a clinician-directed
patient self-management strategy (NCT05934487).

The first-in-human V-LAP Left Atrium Monitoring systEm for
Patients With Chronic sysTOlic & Diastolic Congestive heart
Failure (VECTOR-HF) study demonstrated the safety, feasibility
and technical performance of the novel V-LAP system (Vectori-
ous Medical Technologies, Tel-Aviv, Israel).”®”” V-LAP is a leadless
implantable sensor that is positioned in the interatrial septum and
is able to measure and remotely transmit LAP. Device implan-
tation was safe and sensor-calculated LAP had a good correla-
tion with invasive PCWP7%77 The ongoing VECTOR-HF Il study
will further test this technology coupled with a dedicated patient
self-management app.”’

Other haemodynamic monitoring devices have been previously
tested in HF. The Chronicle implantable haemodynamic monitor
consists of a transvenous single-lead connected to a programmable
device, that is able to continuously measure and store right ven-
tricular pressure and estimated diastolic PAP, and that was tested
in HF either alone or combined with an ICD.2°787% The HeartPOD
device (St. Jude Medical, Minneapolis, MN, USA) is a LAP monitor-
ing system consisting of a transvenous transseptal left atrial lead
connected to a subcutaneous antenna coil.® Despite a reduction
in HF hospitalizations with HeartPOD, the LAPTOP-HF trial
was prematurely stopped due to an excess of procedure-related

complications.®’

Gaps in knowledge and future
perspectives

Although it has been tested in randomized trials, 22232528 fyr-

ther real-world assessment of CardioMEMS safety and perfor-
mance, especially in the long-term follow-up, is warranted. Fur-
thermore, the identification of the clinical profile of ‘respon-
ders’ who may benefit the most from PAP monitoring could
avoid futile implantation procedures, enhance cost-effectiveness
and optimize outcomes. Some randomized trials are ongoing to
test CardioMEMS in specific settings, such as NYHA class llI
HF (NCT04398654), advanced HF (NCT05284955), cardiogenic
shock survivors (NCT04419480), or HF management in the con-
text of a virtual HF clinic (NCT04441203). Beyond CardioMEMS,
rigorous clinical trials testing and validating other haemodynamic
monitoring devices, including Cordella and V-LAP, are needed.
Pressure-based monitoring systems can detect volume over-
load above the stressed blood volume threshold, whereas other
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strategies may be more sensitive in capturing modest increases
in unstressed blood volume, that is before causing any increase
in circulatory filling pressure.®? Early pre-clinical studies evaluated
the safety and performance of the novel implantable FIRET Sys-
tem (Foundry Innovation & Research 1 Ltd., Dublin, Ireland), that
allows real-time remote monitoring of inferior vein cava (IVC) area
and may therefore be particularly useful in HE88* Interestingly,
changes in IVC area were more sensitive than changes in filling
pressures.®% However, this strategy needs to be properly tested
in the clinical setting.

The development of novel technologies may also expand the
armamentarium of remote haemodynamic monitoring devices.
However, beyond the performance of the individual device, a multi-
parametric approach combining different systems might be partic-
ularly useful to refine the home-based HF management.®> Impor-
tantly, the clinical performance of these new technologies, such
as PAP-guided or LAP-guided management and IVC measurement,
should be closely monitored in dedicated nationwide or European
monitoring registries.

Conclusions

Randomized trials and observational studies have demonstrated
that remote PAP-guided management with CardioMEMS reduces
HF-related hospitalizations in patients with chronic HF. Implanta-
tion of this device may be appropriate in patients with HF (NYHA
class Il or lll), who have had one or more HF event in the previ-
ous year and/or elevated natriuretic peptides. Standardization of
the procedure, of pre-, peri- and post-procedural care, and of
a pharmacological algorithm are key aspects to deliver remote
PAP-guided management safely and effectively in the real world.
Additional studies are needed to further explore the usefulness
of this strategy, refine its management, and test novel devices for
haemodynamic monitoring.
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