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Abstract

Purpose of Review Wireless hemodynamic monitoring in heart failure patients allows for volume assessment without the need
for physical exam. Data obtained from these devices is used to assist patient management and avoid heart failure hospitalizations.
In this review, we outline the various devices, mechanisms they utilize, and effects on heart failure patients.

Recent Findings New applications of these devices to specific populations may expand the pool of patients that may benefit. In
the COVID-19 pandemic with a growing emphasis on virtual visits, remote monitoring can add vital ancillary data.

Summary Wireless hemodynamic monitoring with a pulmonary artery pressure sensor is a highly effective and safe method to
assess for worsening intracardiac pressures that may predict heart failure events, giving lead time that is valuable to keep patients
optimized. Implantation of this device has been found to improve outcomes in heart failure patients regardless of preserved or

reduced ejection fraction.
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Introduction

Heart failure (HF) is one of the most common reasons for
hospitalization in the USA [1]. Various population-based
studies have shown improvements in HF mortality from the
proliferation of guideline-directed medical therapies. The
prevalence, however, is still high with an estimated 6.5 million
Americans living with heart failure, and 26 million people
worldwide [2]. By 2030, it is predicted there will be greater
than 8 million Americans with heart failure, either with pre-
served (HFpEF) or reduced ejection fraction (HFrEF) [3]. A
heart failure hospitalization (HFH) remains a frequent sentinel
event that acts as a marker for future poor outcomes, with a
29.5% 1-year case fatality rate [4]. In a study of over 1000 HF
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patients in Minnesota for a mean follow-up of 4.7 years, 83%
of patients were hospitalized once and 43% were hospitalized
four times [5]. Yet, another study has shown that those that
have already had a HFH are hospitalized at greater rates for
subsequent heart failure episodes [6]. Highlighting this, from
2013 to 2016, the 1-month readmission rate from the Center
for Medicare and Medicaid Services data was 21.6% for pa-
tients with HF [7]. HFH has continually been shown to be a
concerning indication of disease progression and future mor-
bidity and mortality.

The health care costs attributable to HF are overwhelming.
Projected total costs related to heart failure in 2030 are $69.7
billion [3]. HFHs are often long, with a median length of stay
of 4 days [8]. The breakdown of costs related to all of cardio-
vascular disease, including HF, shows that a disproportionate
amount is due to hospitalization, as opposed to other care
delivery settings [9]. HFHs can therefore be defined as indi-
cators of future morbidity and mortality that are an enormous
economic burden. Mitigation of these hospitalizations in turn
may improve outcomes, quality of life, and keep healthcare
costs down.

However, is it possible to intervene on the natural progres-
sion of heart failure and prevent HFH? Diuretics remain a
cornerstone of therapy for HF. Guideline-directed medical
therapies in HFTEF provide an array of beneficial effects, but
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broad implementation at target doses remains elusive as
shown by the Change the Management of Patients with
Heart Failure (CHAMP-HF registry) [10]. While intuitive,
fluid and sodium restrictions have not been found to improve
HF mortality or hospitalizations as expected [11]. A wide
variety of devices have been trialed to assess their ability to
predict clinical worsening in heart failure and predict HFH.
The purpose of this review is to detail the history of HF mon-
itoring devices, describe current and emerging technologies in
remote hemodynamic assessment, and highlight the important
clinical trials in this field.

Remote Monitoring

Remote monitoring (RM) offers a unique opportunity to uti-
lize a variety of technologies to maintain a connection with
HF patients. Early initiatives focused on extra (remote) edu-
cation, nursing driven initiatives with telephone support, or
telemonitoring systems. These studies attempted to establish
atrend of various patient specific data such as heart rate, blood
pressure, weights, even self-assessment scores. However, the
majority of remote monitoring HF trials have been negative.
TELE-HF enrolled 1653 patients at 33 sites with recent HFH
and randomized to usual care or an automated telephone-
based monitoring system [12]. The primary end point was
readmission or death at 180 days. There was no difference in
the groups, although there was significant center-to-center
variability in adherence to the phone schedule. Several other
studies, such as CHAT, PHARM, and DIAL, used telephone
support and also saw negative results [13—15].

Integrated systems to make data collection more automated
were hypothesized to be an improvement upon simple phone
support. By using devices with internet access, noninvasive
data can be collected more reliably. But even with this extra
degree of monitoring, results have been mixed. The two larg-
est studies are TIM-HF2 and BEAT-HF. Both had over 1400
patients, took patients with recent HFH and used a
telemonitoring system to collect physiologic data, including
weight, blood pressure, and heart rate, amongst others. TIM-
HF?2 study showed a reduction in the primary endpoint of
proportion of days lost from unplanned cardiovascular hospi-
tal admission or all-cause mortality (4.88% 95% CI 4.55—
5.23) [16]. Meanwhile, BEAT-HF showed no difference in
the primary endpoint of 180-day readmission after HFH, as
well as no difference in mortality [17]. There were differences
in the patient population and even the manner in which data
was collected and utilized, highlighting the challenges of de-
signing a study that can accurately assess the impact of these
management strategies. Furthermore, the reproducibility of
the TIM-HF2 intervention, employing a centralized hub and
decentralized spoke approach, to geographies outside of that
studied in Germany has been questioned.

Continuous Autonomic and Rhythm
Assessment with Cardiac Implantable
Electronic Devices

HF can stimulate sympathetic activation and parasympathetic
withdrawal arising from decreased cardiac output; hence,
heart rate variability can provide insight into HF status [18].
The most common cardiac implantable electronic devices
(CIEDs) are implantable cardioverter-defibrillators (ICDs)
and cardiac resynchronization therapy defibrillators (CRT-
Ds). These devices can record multiple physiologic variables
including tachyarrhythmia burden, heart rate variability, per-
centage of biventricular pacing, patient activity, abnormal in-
tracardiac electrocardiogram, and intrathoracic impedance (to
be discussed more in the following section). Each of these
variables is a physiologic marker that is a reflection of auto-
nomic function and can provide prognostic information about
cardiac adverse events and function as a precursor for poor
clinical outcome and HF exacerbation [19].

A study by Adamson et al. in 2004 used heart rate variabil-
ity from a CRT-D as a surrogate marker for autonomic acti-
vation and predicted cardiovascular death and HFH [20]. The
device can assess long-term heart rate variability using a mea-
suring technique called standard deviation of a 5-min median
atrial-atrial sensed interval (SDAAM). Absolute SDAAM
values are persistently lower in patients at higher risk of mor-
tality and HFH. The change in SDAAM is apparent 3 weeks
prior to HF decompensation, meaning that continuous
SDAAM measurement can serve as an early warning of clin-
ical decompensation [20]. Unfortunately, while predictive of
future events, such measured parameters have not proven to
be actionable in a manner that would keep patients well and
out of the hospital.

Intrathoracic Impedance Monitoring
with CIEDs

Electrical impedance is a circuit’s resistance to current for a
given voltage. The clinical application of electrical impedance
in HF monitoring utilizes the change in conductance when a
small and harmless alternating electrical current is passed
across the lungs. Compared to the high resistivity of thoracic
tissue (200-5000 €2), blood and fluid (65-150 Q) provide
much lower resistances to current. Thus, regions of the body
with higher blood or fluid content have lower impedance,
whereas regions with more solid tissue will show higher im-
pedance. [21]

Since the 1960s, the principles of impedance have been
applied to better understand the presence and degree of tho-
racic cavity volume [22]. Initial efforts focused on externally
measured trans-thoracic impedance via a chest wall electrode
system to estimate intrathoracic fluid volume [23]. This
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application is however limited given the impracticality of
using many external electrodes to obtain data and the con-
straints of the electrical properties of the skin [24, 25].

The location of a CIED in the thoracic cavity provides a
unique opportunity to capture this information. Intrathoracic
impedance was found to correlate inversely with left ventric-
ular end-diastolic pressure (LVEDP), pulmonary capillary
wedge pressure and fluid balance [26, 27]. A feasibility study
by Wang et al. in 2005 found that chronic measurement of
intrathoracic impedance with an implantable system effective-
ly revealed changes in thoracic congestion that correlated with
directly measured LVEDP [27]. This was one of the first ex-
aminations of using an implanted device to apply the princi-
ples of impedance to estimate changes in volume status.
(Fig. 1).

Once correlation with intracardiac hemodynamics was val-
idated, impedance was tested to assess its ability to predict
HFH. Several studies have evaluated the ability of CIED-
obtained intrathoracic impedance to predict HF events. The
PARTNERS-HF trial was a prospective multicenter observa-
tional trial that used multiple parameters, including imped-
ance, to create a monthly score that predicts HFH [28].
Specifically, impedance in this study using Medtronic CRT
devices was displayed as a fluid index called Optivol. This
index was determined using a mathematical algorithm that
calculated the difference between the directly measured im-
pedance and a reference impedance and expressed as ohm-day
(Q2-day). (Fig. 2) A positive total score, called the Cardiac
Compass diagnostic report, had a 5.5 fold risk of HFH in

Fig. 1 Schematic illustration of the implanted electrode technique to
measure intrathoracic impedance. With permission from Elsevier,
original figure by Tang et al. Am Heart J. 2009 March; 157(3): 402-411
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1 month. Similarly, the FAST trial compared impedance mea-
surements with weights, and found that impedance had supe-
rior sensitivity to predicting episodes of worsening HF [29].
More recently, other trials have shown efficacy of composite
scores using a variety of device-obtained physiologic data to
predict HFH or clinical worsening, such as Triage-HF and
MultiSENSE Study [30, 31].

As seen with telemonitoring, it is challenging to design
a clinical trial that combines an effective diagnostic tool
with an impactful management algorithm to improve the
trajectory of the patient. Impedance monitoring has proven
to be no different. IN-TIME was a randomized, controlled,
multicenter trial of 716 patients with chronic heart failure
and NYHA class II or III symptoms with a dual chamber
implantable cardioverter-defibrillator (ICD) or cardiac
resynchronization therapy-defibrillator (CRT-D) [19].
The primary end point was a composite score of all-cause
death, HFH, change in NYHA class, and change in patient
global self-assessment. The intervention arm was signifi-
cantly better and this was overall driven by an improve-
ment in the mortality rate (Fig. 3). However, multiple other
studies using impedance fluid alerts have not shown bene-
fit in clinical outcomes, such as OptiLink-HF, MORE-
CARE, and REM-HF [32-34]. The Diagnostic Outcome
Trial in Heart Failure (DOT-HF) study showed that mea-
surement of intrathoracic impedance and impedance-
derived fluid index using ICD or CRT with an audible
patient alert did not improve outcome and counter-
intuitively increased heart failure hospitalizations and out-
patient visits in heart failure patients [35]. One explanation
for the negative findings of this study relates to the lack of
impedance-based monitoring treatment algorithms. Since
impedance measurements provide only a relative rather
than an absolute measurement of lung fluid content, the
appropriate clinical response to a change in the impedance
value is unclear. In DOT-HF, it appeared that alerting pa-
tients and clinicians without appropriate clear clinical treat-
ment response caused increased concern and a paradoxical
increased likelihood of hospital admission.

CIED impedance has some important limitations. Isolated
cor pulmonale may be less well appreciated if presenting with
predominantly right-sided signs and symptoms, without
changes in intrathoracic fluid volume. Real-world experience
with these devices dictates they are often followed by an elec-
trophysiology or device clinic. Unless appropriate infrastruc-
ture is implemented, the clinic or team following the patient’s
device measurements may be separate from the team manag-
ing the patient’s heart failure. The device data is also not
immediately available to the patient, missing out on an oppor-
tunity to generate a patient’s interest in their own heart failure
management. In addition, factors such as obstructive lung dis-
ease and pulmonary lymphatic drainage can alter the accurate
assessment of intrathoracic impedance.



Curr Heart Fail Rep (2021) 18:12-22

Impedance (Q2)
....... reference

!
|

&
.
ol

T
September
2004

T T T
November January
2004 2005

82; ‘
50<’

ol

November January
2004 2005

-

T
March May July
2005 2005 2005

C
70
60
50
40— T T T T
February April June
2005 2005 2005

Fig. 2 Examples of different alert events. a True-positive alert in a 39-
year-old female who received the device because of DCM, EF of 20%,
complete heart block, and NYHA class III symptoms. In February 2005,
an unscheduled follow-up was triggered by an alert that had first sounded
the previous day. The patient denied worsening of HF symptoms, but
admitted incompliance with regard to fluid intake in the last weeks. Her
body weight had increased by 4 kg since the preceding visit, and chest X-
ray revealed signs of acute pulmonary congestion. Diuretic doses were
increased and fluid intake was restricted. Six days later, her body weight
had normalized and daily impedance was above the reference. Note that
transiently the fluid index threshold had been programmed empirically
from 60 to 70 in this patient. b False-positive alert in a 59-year-old male
who received the device because of DCM, EF of 15%, LBBB, and
NYHA class III symptoms. In July 2005, the alert triggered an
unscheduled follow-up (|) when no evidence of HF deterioration was

Wireless Hemodynamic Monitoring

A fundamental shift in remote monitoring began with the ad-
vent of devices that directly and wirelessly measured intracar-
diac hemodynamics. Ambulatory pulmonary artery (PA)
monitoring as a concept is far from new, with initial studies
in humans dating back to the early 1980s [36]. Since then,
there have been successive iterations of PA monitors, typical-
ly small feasibility studies [37-40]. The Chronicle device was
comprised of a pectoral area memory device and transvenous
electrode containing a pressure sensor which was deployed in
the right ventricular outflow tract. A 2003 study of this device
showed a clear signal of increased PA pressures at least 4 days
prior to HFH [41]. This is a fundamental difference in
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found. Note that daily impedance had increased, returning close to the
reference at the time of follow-up visit. ¢ False-negative alert in a 57-year-
old male with ICM, EF 0f20%, LBBB, and NYHA class II symptoms at
the time the resynchronization device was exchanged because of battery
depletion. In June 2005, the patient was hospitalized for global HF
decompensation (|). Device interrogation revealed that daily impedance
had decreased below the reference, but the accumulated difference
between daily impedance and reference impedance (fluid index) was
not sufficient to trigger the alert. Note the rapid increase in intrathoracic
impedance during hospitalization and intensified diuretic therapy. DCM,
dilative cardiomyopathy; EF, LV ejection fraction; ICM, ischaemic
cardiomyopathy; LBBB, complete left bundle branch block. With
permission from Oxford University Press-Journals, original figure from
Vollmann et al. European Heart Journal (2007) 28, 1835-1840

hemodynamic data as compared to more generalized data such
as weight or blood pressure. The pressure rises often several
days prior to an event, and during this time, weight may re-
main unchanged.

While promising, the Chronicle device was evaluated in
the Compass-HF trial and did not meet its primary endpoint.
It was a single-blinded, prospective, multicenter study of 274
patients with HFpEF or HFrEF and NYHA class III or IV
symptoms. The primary endpoint of heart failure events was
21% lower in the intervention cohort but this was not statisti-
cally significant (= 0.33) [42]. Evaluation of the trial suggests
it was underpowered, the usual care arm did better than ex-
pected, and the guidance for how to manage changes in
device-derived pressures was not optimal.

@ Springer
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Another device was created which acted as a left atrial pres-
sure sensor. The LAPTOP-HF trial was a prospective, multicen-
ter, randomized controlled trial with HFH in the preceding
12 months and NYHA class III symptoms [43]. This device
was implanted via trans-septal puncture to position the lead tip
(sensor) into the left atrium. Patients received 150 mg aspirin
daily and at least 6 months of clopidogrel 75 mg daily, and
measured pressures at home twice daily using a handheld device.
The study enrollment was stopped prematurely due to complica-
tions involving the trans-septal puncture. However, a follow-up
study of those patients in the intervention arm who did complete
the trial had a 41% reduction in HFH at 1 year [44].

The Cardiac Microelectromechanical system
(CardioMEMS™) is a passive wireless pressure sensor of pul-
monary artery pressure. CardioMEMS™, first introduced in
2006, consists of an implantable pressure sensor, an external
communication antenna, and an intravenous delivery system
to deploy the sensor in the pulmonary artery. The sensor design
is simple; it consists of membrane and a sealed cavity. The
membrane responds to and deflects under pressure. Within the
sealed cavity, a coil and capacitor transduce the membrane de-
flection into an electrical signal. The pressure sensor capitalizes
on microelectromechanical system technology that can scale
these deformable membranes into a small form that measures
3.5 x 15 x 2 mm, suitable for endovascular delivery and perma-
nent implantation [45]. The sensors are interrogated with an
external communication antenna which is held against the pa-
tient’s side or back in the approximate area of deployment of the
sensor and a real-time waveform of the pressure environment is
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extracted. This device is battery free and the external antenna
provides power to the implanted device by inductive coupling,
that is when change in current through one wire (the external
antenna) induces a voltage across the ends of the other wire
(pressure sensor) through electromagnetic induction [46].

The system is calibrated for atmospheric pressure using a
built-in sensor on the external antenna. Calibration is done at
the time of device implantation with Swan-Ganz method for
pulmonary artery pressure measurement as reference for cali-
bration. On each scheduled visit, pulmonary artery pressure
should be noninvasively determined using the external mea-
surement antenna [47].

The wireless CardioMEMS™ pulmonary artery monitor-
ing device was approved by the US Food and Drug
Administration (FDA) in 2014 to monitor pulmonary artery
pressure and heart rate in heart failure patients (heart failure
with preserved ejection fraction or reduced ejection fraction)
with NYHA class III symptoms who have been hospitalized
during the previous year. The pressure sensor has a small size,
good safety profile, simple implantation procedure, and pro-
vides an accurate pulmonary artery pressure measurement
comparable to the Swan Ganz method (Fig. 4) [47, 48].

FDA approval was based on the CardioMEMS™ Heart
Sensor Allows Monitoring of Pressure to Improve Outcomes
in NYHA Class III Heart Failure Patients (CHAMPION) trial
[48]. This multicenter randomized controlled trial enrolled
patients with NYHA class III symptoms with any LVEF and
a HFH in the prior year and implanted device in the interven-
tion arm. The primary endpoint was rate of HFH at 6 months.
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Fig. 4 Cardio-MEMS™ monitoring system. a CardioMEMS sensor. b
Transcatheter is implanted into a distal branch of the left pulmonary
artery. ¢ Patient is instructed to take daily pressure readings from home
using the home electronics. d Information transmitted from the
monitoring system to the database is immediately available to the

Patients were considered hypervolemic when pulmonary ar-
tery systolic pressure, pulmonary artery diastolic pressure, or
mean pulmonary artery were above the range of 15 to
35 mmHg, 8 to 20 mmHg, and 10 to 25 mmHg respectively.
Treatment involved initiation or intensification of diuretic
agents, long-acting nitrates, and/or education regarding die-
tary salt and fluid restrictions. CardioMEMS™ guided thera-
py led to a 37% reduction in heart failure hospitalizations at
1 year [48]. The extended efficacy of pressure-directed heart

9»60 11-I25 13-|50 15-I75 18-l00

Time (s)

clinical team for review. e Transmitted information consists of pressure
trend information and individual pulmonary artery pressure waveforms.
With permission from Elsevier, original figure from Abraham et al.
Lancet 2011 Feb 19;377(9766):658-66

failure therapy was demonstrated using CHAMPION trial da-
ta. Heart failure hospitalizations were reduced by 33% over
the randomized access process and 48% over the open access
process over 31 months follow-up (Fig. 5) [49]. Reductions in
HFH were observed regardless of reduced or preserved ejec-
tion fraction [50]. An observational study also showed that
patients with CardioMEMS™ had an even more pronounced
improvement in PA pressures over time as compared to
CHAMPION data [51].
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Long-term safety is excellent with no sensor failures report-
ed. During the first 6 months of the CHAMPION trial, 0.02
events per patient-year device-related or system-related com-
plications were reported. CardioMEMS™ safety profile com-
pares favorably to that of right heart catheterization [49]. In
heart failure patients with comorbid COPD, CardioMEMS™-
directed heart failure management showed a reduction in re-
spiratory hospitalizations due to pneumonia and COPD exac-
erbations [52]. One possible explanation is avoidance of vol-
ume overload by using pressure-guided therapy can decrease
risk for pulmonary vascular stress, thus also preventing respi-
ratory hospitalizations in addition to HFHs.

The CardioMEMS™ HF system has been shown to have
other benefits and roles as well. Rathman and colleagues re-
ported that patients relayed improvements in perception of
disease control and symptom reduction, while being satisfied
with use of the system [53]. A small pilot study in left ven-
tricular assist device (LVAD) patients demonstrated that none
of the patients who received a CardioMEMS™ device and
associated optimization before LVAD surgery had the occur-
rence of the primary endpoint of mortality, right-sided HF, or
renal replacement therapy [54]. Another population of interest
is pulmonary hypertension (PH). A 2015 study by Benza and
colleagues retrospectively evaluated the CHAMPION trial pa-
tients and identified those with WHO Group II PH, about 59%
of the cohort [55]. As compared to non-PH patients, PH
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patients had higher mortality and HFH rates. PH patients in
the CardioMEMS™ arm had a significant reduction in HFH
rates. Expanding to the diagnosis of pulmonary arterial hyper-
tension (PAH), a small study of 26 patients with PAH and
NYHA class III or IV symptoms had CardioMEMS™ im-
plantations. The device was found to be safe and feasible to
use in this population. Patients experienced a reduction in PA
pressures, an increase in cardiac output, and an improvement
in NYHA class and quality of life assessments [56].

There are a few limitations to the CardioMEMS™ HF sys-
tem. Systolic pulmonary artery pressure, as determined with
CardioMEMS™, tends to be higher than Swan Ganz mea-
surements. This is because the systolic parameter is derived
from the highest frequency part of the waveform, the most
sensitive parameter to differences in measurement method
and sampling rate [47]. While it is FDA approved to reduce
HFH, its use has not been validated in other heart failure states
such as congenital heart disease, isolated right heart failure,
and patients with advanced kidney disease or requirement of
renal replacement therapy. There are some contraindications
to device placement, such as chest circumference > 165 cm,
history of recurrent pulmonary embolism, mechanical tricus-
pid or pulmonic valve replacements, or any contraindication
to right heart catheterization [48]. Interference may come from
household items such as an electric blanket or metal near the
antenna. As new intracardiac devices are FDA approved, such
as the new cardiac contractility modulator, it is not clear if they
will lead to interference. CardioMEMS™ is also only ap-
proved for NYHA III patients, although the upcoming
GUIDE-HF trial is set to answer this issue as it included
NYHA classes Il and IV [57].

Additional data supporting the effectiveness of the
CardioMEMS HF System has been published. The 1-year
results of the CardioMEMS™ Post-Approval Study, a multi-
center, prospective, open-label, observational, single-arm trial
of 1200 patients enrolled across 104 US sites, demonstrated a
57% reduction in HFH at 1 year compared with the year be-
fore device implantation [58]. Adherence rate to daily pressure
transmission was 76 +24% and PAP declined significantly.
The rate of all-cause hospitalization was also significantly
reduced. The results were consistent across multiple pre-
defined subgroups, including by LVEF subgroup. Similarly,
the CardioMEMS European Monitoring Study for Heart
Failure (MEMS-HF) demonstrated a significant 62% reduc-
tion in the rate of HF hospitalization, comparing the 12 months
post- versus pre-implant [59].

Finally, there have been mixed conclusions on the
cost/benefit calculations for the CardioMEMS™ system.
Sandhu and colleagues created a model that suggested a cost
of $71,462 per quality-adjusted life year (QALY) gained for a
CardioMEMS™-implanted patient [60]. An accompanying
editorial suggested this is in the intermediate-value zone, and
even this was questioned by the authors given the singular
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trial, single-blinding, and the impact of deviations from pro-
tocol approved management algorithms [61]. They also point-
ed out that if the trend toward mortality benefit is not seen in
real-world data, the cost is closer to $150,000 per QALY. This
was further challenged by three subsequent studies that sug-
gested better cost-effectiveness bordering on intermediate to
high value [62—-64].

COVID-19 Pandemic

A new stressor for heart failure patients is the COVID-19
pandemic. This highly contagious and morbid viral illness
has fundamentally altered the preferred setting of the
physician-patient interaction. Of 3080 patients with COVID-
19 in the CARD-COVID study, 4.9% had a history of HF,
were found to be more likely to develop acute heart failure,
and had a higher mortality over follow-up [65]. While most
heart failure physicians base their management on a complete
in-person history and physical exam, the sharp rise in utiliza-
tion of telemedicine makes this assessment challenging or
even impossible. It is this situation that highlights the value
of remote monitoring, allowing the patient to be appropriately
evaluated in the safety of their own home. The Canadian Heart
Failure Society recommended adoption of remote monitoring
and especially wireless hemodynamic devices as the most
promising to augment the virtual heart failure clinic [66].

Future Directions

Technology is becoming ever woven into our lives, collecting
biometric data as easily as telling the time. To this point, even
smart watches are now giving a wide variety of physiologic
information, including the presence of atrial fibrillation in the
Apple Heart Study [67]. The era of personalized medicine has
already begun, but it is still challenging to separate a “signal”
from “noise.” There is a clear space for application of machine
learning and artificial intelligence to leverage computing pow-
er, allowing recognition of patterns in the sea of data and
improvement on existing treatment algorithms. This may also
improve clinical trial design to demonstrate clear benefit to
outcomes with these monitoring devices. Further efforts to
miniaturize devices and seamlessly integrate hemodynamic
assessment into everyday life can provide robust information
to keep heart failure patients compensated.

Despite the outcomes of the previous left atrial pressure
sensor in the LAPTOP trial, there is a new left atrial pressure
sensor in early preclinical testing. The V-LAP device is a left
atrial leadless and wireless sensor that is implanted in the
septum. The V-LAP sensor records an atrial ECG and pro-
vides left atrial waveform morphology, potentially allowing
other comorbidities such as valvular regurgitation and

arrhythmias to be detected. This is currently being evaluated
in the VECTOR-HF trial in Europe [68]. Another device not
yet commercially approved is a different type of pulmonary
artery pressure sensor called Cordella from Endotronix, Inc. It
uses similar technology (microelectromechanical) but the de-
vice is implanted in the right pulmonary artery, and patients
use a handheld device in an upright seated position to measure
pressures. A larger clinical trial, PROACTIVE-HF, is ongoing
after the initial SIRONA trial showed the device implantation
to be safe and readings to be accurate [69].

Conclusions

Remote monitoring and specifically wireless hemodynamic
monitoring are valuable tools that can assist heart failure
clinics in keeping patients optimized, out of the hospital and
with sustained quality of life. Trial data has been mixed
highlighting the importance of tying the data from these de-
vices to an effective and preemptive management strategy. As
cardiac medical devices become smaller, smarter, and more
automated in their data collection, remote monitoring will
continue to evolve into an indispensable part of the heart fail-
ure patient evaluation, especially with an emerging emphasis
on virtual visits in the era of COVID-19.
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