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Abstract

Background: Heart failure (HF) is a progressive, multisystem syndrome characterized by recurrent
decompensation, high hospitalization rates, and substantial mortality. Conventional HF
management is mainly episodic and often fails to detect worsening conditions in advanced disease.
Digital medicine and remote patient monitoring (RPM) hold promise for moving HF care toward
earlier detection, proactive action, and personalized care. Methods: We conduct a narrative review
to summarize evidence from randomized clinical trials, real-world registries, and emerging digital
health technologies regarding the present and future utility of digital medicine in HF care. There is
greater emphasis on pathophysiology-based surveillance, personalized care models, and
integration into planned health care pathways. Results: Integrated digital interventions, such as
implantable hemodynamic monitoring, organized telemedicine programs, or device-based
diagnostic technologies, can minimize HF hospitalizations, prolong life, improve quality of life, and
optimize resource utilization in health care systems when incorporated into coordinated care.
Crucially, trials emphasize that clinical benefit depends not on technology but on a prompt clinical
response, multidisciplinary cooperation, and ongoing interaction between the patient and the
doctor. New  technologies—including  voice-based  biomarkers, smartphone-derived
photoplethysmography, ballistocardiography, and artificial intelligence—driven data integration—
may help transition RPM from a hardware-based system to a scalable, “deviceless” approach.
Conclusions: Digital medicine is a game-changer for reimagining HF care, involving not only
continuous monitoring of physiological changes but also personalized, proactive clinical decision-
making. To implement truly patient-centered, predictive HF management in the years to come,
technological innovation must be combined with human connection, ethical governance, and
health-system readiness.

Keywords: heart failure; digital medicine; remote patient monitoring; telemedicine; arrhythmias;
artificial intelligence; pulmonary artery pressure; patient-centered care

1. Introduction

Heart failure (HF) is one of the world’s most complex and economically challenging
cardiovascular syndromes and a common final pathway for numerous structural, functional, and
electrophysiological heart disorders [1]. Despite significant progress in pharmacologic and device
therapies, HF remains associated with substantial morbidity, frequent hospitalizations, poor quality
of life, and high healthcare delivery costs. HF progresses over days or weeks (fluctuating
hemodynamic status, neurohormonal activation, and altered arrhythmia risk) before an overt
worsening of clinical status [2]. Nevertheless, traditional HF care models are primarily episodic and
reactive, based on periodic clinical checks that often identify decompensation only after substantial
pathophysiological deterioration has already occurred. The mainstay of HF care focuses on
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outpatient visits and self-reported presenting symptoms, with hospital-based interventions reserved
for acute decompensation. This design also limits clinicians” ability to detect, early in the patient’s
course, subclinical changes in volume status, autonomic balance, or cardiac rhythm that can lead to
worsening HF or malignant arrhythmias [1]. Therefore, many patients present late in the course of
illness, when treatment is not readily available, hospitalization is a prerequisite, and prognosis is
poor. In addition, breakdowns in care among primary care providers, cardiologists, and hospitals,
along with suboptimal patient engagement and medication adherence, increase the likelihood of
adverse outcomes [3,4]. Concurrently, HF pathophysiology has increasingly been recognized as an
ongoing, measurable process rather than a sequence of discrete clinical episodes. Hemodynamic
congestion, progressive ventricular remodeling, neurohormonal dysregulation, and autonomic
disturbance occur slowly and may be characterized by physiological signals long before clinical
symptoms become evident [5] [Figure 1].

Importantly, several of these processes are intricately associated with the pathogenesis of atrial
and ventricular arrhythmias, which in turn influence the disease course, sudden cardiac death, and
repeated hospitalizations [6]. This is one of the reasons to consider continuous monitoring strategies
effective for detecting early changes from physiological stability. Digital medicine and remote patient
monitoring (RPM) have emerged as promising tools for meeting these unmet needs, as they enable
longitudinal, real-time assessment of patients outside the laboratory [7,8]. Sensor technology,
implantable cardiac devices, telecommunication platforms, and artificial intelligence (Al)
technologies have enabled continuous measurement of physiological parameters, including heart
rhythm, heart rate variability, thoracic impedance, pulmonary artery pressure, body weight, blood
pressure, and patient-reported symptoms. When embedded within structured care trajectories, these
technologies may help transition HF care from a reactive, crisis-focused model to one prioritizing
early intervention and predicting clinical deterioration [9]. In addition to their technological aspects,
digital health solutions would create a conceptual shift regarding HF care. Moreover, through
continual monitoring of the biological drivers of disease progression, digital medicine provides a
means to correlate dynamic pathophysiological alterations with timely therapeutic interventions.
This strategy aligns with modern preferences for personalized and precision medicine, in which
treatment intensity, medication titration, and clinical follow-up are individualized based on risk
profiles and changes in disease status [10]. Digital applications, when applied correctly, could also
improve patient engagement, self-management, and adherence to guideline-directed medical
therapy, thereby effectively addressing multiple non-biological determinants of HF outcomes. Digital
medicine for HF is widely studied and adopted, but its clinical impact varies across testing and
clinical practice. Variability across patient selection, monitoring strategy, clinical workflow, and
healthcare system integration has yielded mixed findings, advocating for a nuanced interpretation of
the available evidence [7-9,11]. Importantly, much of the literature has focused on clinical outcomes
and has missed the opportunity to fully investigate how digital monitoring interfaces with the
complex pathophysiology of HF and arrhythmias. More insights into these biological interactions are
needed to ensure the optimal design, implementation, and follow-up of digital health efforts. We
focus here on a narrative review of the current body of knowledge on digital medicine and remote
patient monitoring for the treatment of heart failure, with a specific focus on the pathophysiological
mechanisms and implications of arrhythmias. We review the biological rationale for continuous
monitoring, summarize key clinical evidence, describe possible integration into healthcare systems,
and highlight current challenges and limitations. To wrap up, we discuss future perspectives toward
predictive, personalized, pathophysiology-focused HF care driven by digital technologies.
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Heart Failure Decompensation Timeline

Multimodal sensors reveal heart failure decompensation days to weeks before
symptoms appear.

Implantable pressure sensors
detect subtle increases in left atrial
or pulmonary pressures, indicating
early congestion.

by .

Wearables and ECGs reveal
changes in heart rate variability,
reflecting rising sympathetic
activity and stress.

Smartphone ECGs and monitors
catch premature beats or atrial
fibrillation, often preceding clinical
worsening.

Weight scales and bioimpedance
sensors show gradual weight gain
and increased thoracic fluid
content.

G days before 8 voice

Voice analytics detect subtle
congestion-related changes in
speech, such as reduced clarity or
altered pitch.

Wearable accelerometers and
smartphones note declining daily
step counts and increased
sedentary time.

Sleep trackers and smartwatches
record increased nighttime
awakenings and reduced sleep
quality.

GW @ Vital sign

Camera-based PPG and phone
sensors detect rising heart rate and
falling oxygen saturation.

Patients report shortness of breath,
fatigue, and swelling; all sensor
signals converge, prompting
intervention.

1. Hemodynamic = blood pressure/flow changes.

2. Bioimpedance = measures body fluid content

Figure 1. Heart failure decompensation timeline.
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2. The Pathophysiological Basis of Heart Failure Relevant for Digital Monitoring

Heart failure (HF) is a dynamic, progressive syndrome defined by complex, interlinked
pathophysiological processes that are not static. More specifically, these processes include
hemodynamic congestion, neurohormonal activation, autonomic imbalance, myocardial remodeling,
and heightened predisposition to malignant arrhythmias. Crucially, most of these processes develop
stealthily over days or weeks before patients exhibit signs of clinical deterioration. The temporal
dissociation between pathophysiological deterioration and clinical manifestation is an essential
weakness of long-standing, episodic models of HF care. It forms the biological underpinning for the
need for ongoing, remote monitoring [12-15] [Figure 2].

Pathophysiological Basis of Heart Failure and Digital Monitoring
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Figure 2. Pathophysiological basis of heart failure and digital monitoring.

2.1. Hemodynamic Congestion and Fluid Overload

Congestion is the primary pathophysiological feature of HF decompensation and the most
common reason for hospitalization. High intracardiac filling pressures often occur without
symptoms such as dyspnea, peripheral edema, or weight gain for a few days [16,17]. Subclinical
elevations in left ventricular end-diastolic pressure and pulmonary capillary wedge pressure result
in pulmonary and systemic venous congestion, impaired gas exchange, and progressive exercise
intolerance. Standard outpatient treatment focuses primarily on patient-reported symptoms and
transient physical exams, which are insensitive to early congestion. Consequently, treatment
escalation often occurs late in the decompensation cascade. Digital technology for monitoring volume
status surrogates (e.g., body weight trends, thoracic impedance, pulmonary artery pressure, and
activity levels) enables detection of hemodynamic worsening before disease onset [12-17].
Pathophysiologically, early recognition of elevated ascending filling pressures allows early
adaptation of diuretic therapy and neurohormonal blockade, which may delay progression to a
clinical syndrome of full decompensation.
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2.2. Neurohormonal Activation and Disease Progression

Long-term activation of neurohormonal systems, especially the renin—angiotensin—aldosterone
system (RAAS) and the sympathetic nervous system (SNS), is central to disease progression in HF.
Initially compensatory, persistent neurohormonal activation causes vasoconstriction, sodium and
water retention, myocardial fibrosis, and adverse ventricular remodeling [18]. These processes not
only worsen pump function but also contribute to electrical instability and arrhythmogenesis,
increasing their likelihood. Activation of the neurohormonal system is closely linked to physiological
parameters that can be measured indirectly through digital health technologies. Resting heart rate,
heart rate variability, blood pressure trends, sleep quality, and physical activity patterns all reflect
autonomic balance and cardiovascular reserve [19]. Persistent tachycardia, decreased variability, and
reduced activity indicate increased sympathetic drive and disease instability. Frequent assessment of
these conditions allows clinicians to identify underlying biological stressors better and optimize
guideline-directed medical therapy (GDMT) with greater precision — particularly during titration.

2.3. Autonomic Imbalance and Arrhythmogenic Substrate

HF is characterized by marked dysregulation of autonomic function, as evidenced by elevated
sympathetic tone and reduced parasympathetic activity. This imbalance underpins disease
progression, compromises functional capacity, and predisposes to atrial and ventricular arrhythmias.
Abrupt shifts in autonomic tone may precipitate atrial fibrillation, ventricular tachyarrhythmias, or
electrical storms, often without warning [20,21]. Digital monitoring systems, particularly those with
rhythm monitoring, wearables, or implantable devices, enable long-term monitoring of the heart’s
electrical activity. Identification of increasing atrial ectopy, new-onset atrial fibrillation, or changes in
ventricular arrhythmia burden could indicate worsening myocardial stress or congestion. From a
pathophysiological perspective, arrhythmias are not simply anomalous events — they are harbingers
of systemic failure, linking electrical abnormalities with hemodynamic and neurohormonal decline.
Sequential rhythm monitoring thus serves as a bridge between the biology of arrhythmias and
clinically actionable information [21].

2.4. Ventricular Remodeling and Progressive Myocardial Dysfunction

Structural modifications, including chamber dilation, wall thinning, fibrosis, and altered
geometry, contribute to the gradual development of cardiac dysfunction in HF [22]. These changes
develop over months to years and are mediated by recurrent episodes of congestion, ischemia,
inflammation, and neurohormonal hyperactivity. Decreased exercise tolerance, reduced cardiac
output, and increased arrhythmic risk are strongly related to cardiac remodeling. Although imaging
modalities such as echocardiography and cardiac magnetic resonance remain the gold standard for
structural evaluation [23], functional effects of remodeling can be continuously monitored using
digital tools. Decreases in daily activity, walking distance, and the exertional heart rate response may
indicate poorer cardiac reserve well before changes become detectable on scheduled imaging.
Therefore, functional capacity phenotyping in a digital context supplements structural evaluation
and captures the residual effect of myocardial remodeling on patients’ daily lives [24].

2.5. The Pre-Symptomatic Phase of Decompensation: An Opportunity

An essential concept in digital medicine for HF is the importance of an undetectable early stage
of decline. Pathophysiological disturbances — increasing filling pressures, autonomic imbalance,
greater congestion, and enhanced arrhythmic vulnerability — are already present and may persist
during this period, yet patients may remain relatively well [25]. Conventional models largely
overlook this stage because clinical contact is infrequent and reactive. Remote patient monitoring fills
this void by translating continuous physiological signals into early warnings of impending
instability. When real-time data streams are integrated with established biological pathways of HF
progression, digital medicine facilitates a shift from crisis intervention to anticipatory, preventive
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care. This approach is grounded in pathophysiology, addressing the earliest manifestations of disease
rather than later clinical effects.

2.6. Pathophysiology Underpins Digital Heart Failure Care

Recognizing HF as a biologically dynamic syndrome informs the framework for digital health
interventions. In doing so, continuous monitoring not only generates data but also captures the
temporal evolution of disease mechanisms that were previously available only between clinic visits.
Remote monitors translate complex biology into actionable insights by linking digital signals to
congestion, neurohormonal activation, autonomic dysfunction, and arrhythmogenesis [26]. In light
of this, digital medicine must be considered not as an adjunct to HF treatment but as a complement
to pathophysiological assessment outside the hospital and clinic. In the following sections, we will
analyze how these biological concepts have been applied in real-world digital environments, the
evidence that underpins their clinical value, and the future of digitally facilitated heart failure care.

3. Heart Failure: Digital Medicine modalities

Digital medicine in heart failure (HF) involves dynamic, advanced technologies that enable
ongoing, rapid monitoring of medical status, early recognition of clinical deterioration, and delivery
of targeted therapeutic interventions at optimal time frames [27]. Because traditional episodic care
models have not extended to digital modalities — as opposed to episodic, one-off clinical encounters
— digital modalities address dynamic changes in cardiovascular physiology, patient behavior, and
treatment adherence in real-life settings. These tools also help move from reactive, event-based care
toward predictability, an individualized approach to managing the disease, and a proactive approach
[27] [Figures 3 and 4].

Cycle of Digital Health in Heart Failure Management

Monitor
Reduce Physiological
Hospitalizations Data
Minimize acute events Collect real-time data on

and hospital
readmissions.

heart rate, rhythm, and
symptoms.

Improve Care
Pathways Analyze Data
Optimize care delivery Interpret data to identify
through structured trends and anomalies.
workflows and
protocols. '

olmplement

Enhance Patient

Engagement Interventions
Involve patients in their Apply timely
care through education interventions based on
and feedback. data insights.

Figure 3. Cycle of digital health in heart failure management.
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Outcomes of Digital Medicine in HF

Digital medicine in heart failure care delivers measurable clinical benefits and significant
cost savings.

0 Clinical Economic

Outcomes Outcomes
1. HF = Heart failure

2. Circle size = Outcome impact

Figure 4. Outcome of digital medicine in HF.

3.1. Remote Patient Monitoring Systems

Remote patient monitoring (RPM) systems form the foundation of modern digital HF care. These
systems are designed to integrate the routine transmission of physiological information (body
weight, blood pressure, heart rate, thythm, and symptoms) into a unified dashboard shared with
health care teams. The primary objective of RPM is to identify subclinical deterioration in patients,
specifically congestion and autonomic disturbance, before frank decline [28]. On a regular basis, small
daily changes in weight, blood pressure, or symptoms generally lead to hospitalizations lasting days
to weeks for patients with chronic HF. By using RPM to compare individual measures and
longitudinal trends in these variables, clinicians recognize these trends early.

Furthermore, RPM applications integrate bidirectional communication, enabling patients to
tailor therapy instantly, educate themselves, and re-cultivate self-management [29]. This
communication element is what separates contemporary RPM from legacy telemonitoring
approaches that focused on passively recording information [Figure 5].
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Evolution of HF Monitoring

Heart failure monitoring evolved from simple weight scales to real-time implantable sensors, improving early
detection and outcomes.

@7 5_]9 Weight scales

Daily weight tracking began as a
simple method to detect fluid
retention in heart failure patients.

6@7 m? Blood pressure

Home blood pressure devices
allowed patients to monitor
hypertension, a key risk factor for
heart failure.

6@7 W Eco at

Portable ECG devices enabled basic
rhythm monitering, helping detect
arrhythmias in heart failure.

6@7 L2 Telephone check-

Remote symptom reporting via
phone became common,
supporting early intervention for
worsening heart failure,

6@7 @ wearable

Fitness trackers and smartwatches
started tracking heart rate, steps,
and sleep, adding new data
streams.

Cznlu Patch

Multi-day patch ECGs provided
continuous rhythm data, improving
arrhythmia detection and
management.

Czou JB Remote BP &

Bluetooth-enabled devices allowed
automatic transmission of blood
pressure and weight data to
clinicians.

Gom {} Pulmonary artery
Implantable sensors like
CardicMEMS began direct
hemodynamic monitoring, enabling
earlier intervention

@7 A Advanced

Continuous, multi-parameter
sensors now provide real-time
pressure, flow, and oxygenation
data for tailored therapy.

Figure 5. Evaluation of HF monitoring.

3.2. Monitoring Based on Implantable Devices

Monitoring with implantable cardiac electronic devices such as ICDs and CRT systems provides
continuous intracardiac data from implantable cardioverter-defibrillators (ICDs) and cardiac
resynchronization therapy (CRT) systems [30]. In addition to their therapeutic role, these devices can
track rhythm, heart rate variability, atrial arrhythmia burden, patient activity, and active exercise
levels (across the heart-to-heart, chest, wrist, and thoracic distances), as well as atrial pulse
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parameters, chest wall, and respiration through device-derived respiratory parameters. Mean
changes in thoracic impedance, for instance, indicate pulmonary fluid accumulation and are
associated with future HF decompensation [31]. Likewise, a greater burden of atrial arrhythmia may
indicate worsening atrial pressure, autonomic imbalance, or progression of structural heart disease
[32]. Device-derived data can be incorporated into remote monitoring systems to detect early
hemodynamic deterioration and increased arrhythmic risk, enabling clinical response. However,
device-level alerts, when interpreted clinically in isolation, can lead to alert fatigue [33]. Thus, the
most meaningful clinical information is delivered when device data are integrated into treatment
pathways and combined with clinical, biochemical, and patient-reported information.

3.3. Hemodynamic Monitoring and Pulmonary Artery Pressure Sensors

Patient-directed hemodynamic monitoring is an essential advance in digital HF treatment.
Implantable pulmonary artery pressure sensors provide continuous or periodic monitoring of
intracardiac filling pressures, which can be detected early as HF wanes —if not before overt symptoms
or weight gain become evident [34]. High filling pressures are a key pathophysiological driver of
congestion, dyspnea, hospitalization, and mortality in HF [35]. Pulmonary artery pressure—guided
management allows clinicians to proactively titrate diuretic and vasodilator therapy, thereby
preventing acute decompensation [Figure 6]. This approach directly targets the hemodynamic
substrate that promotes HF progression and has been successful in reducing hospitalization rates in
targeted patient populations [36,37].

Medication Adjustment by PA Pressure

PA pressure thresholds guide diuretic and vasodilator adjustments, with higher levels requiring rapid escalation and close

monitoring
Medication Protocols Safety Steps
[ /| PAPressure Level EJ Diuretic Protocol 6»‘ Protocol @\ ymp! Check Req r': Follow-up Interval ’\»o Escalation Needed ]
Continue current dose; Maintain baseline
Normal & Monthly No
monitor for changes. therapy.
Inciece ety Consider uptitration if
Mildly Elevated 25-50%; reassess in P . ° Weekly Consider
congestion persists.
3-7 days.
Double diuretic dose or Initiate or increase
High add thiazide; monitor vasodilator; review for ° 48-72 hours Yes
daily. hypotension.

Figure 6. Medication adjustment by PA pressure.

3.4. Wearable Technologies and Artificial Intelligence (Al) in the Management of Heart Failure Patients

The use of wearable and home-based non-invasive sensor systems is broadening the scope of
digital HF care beyond implanted devices, offering more options and applications. These include
smart scales, blood pressure monitors, wearable electrocardiography, photoplethysmography-based
heart rate sensors, activity trackers, and sleep devices. These tools provide longitudinal information
on functional capacity, autonomic control, circadian rhythm, and lifestyle [38]. Rising levels of
physical activity and sleep performance are now recognized as essential determinants of HF stability
and prognosis. Both low levels of activity and sleep disturbances indicate increased congestion,
reduced cardiac output, or neurohormonal activation. Wearable technologies enable these gradual
changes to be tracked in real time and linked to clinical outcomes, improving risk stratification and
personalized care [39]. The main limitations of these approaches are the high heterogeneity in data
accuracy, patient adherence, and platform integration. To achieve the maximum clinical impact, these
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technologies should be standardized and embedded into clinical practice —digital interventions for
medication adherence and self-management [40]. High rates of medication non-adherence in HF
patients are a leading cause of poor outcomes and are often overlooked in routine care. Digital
medicine offers many solutions to this problem, including medication reminders, digital pillboxes,
symptom checklists, educational applications, and more. These tools can enhance adherence to
guideline-directed medical therapy while enabling patients to take an active role in their care [41].
Educational modules, personalized feedback, and reminders to call the health provider when
thresholds are reached are often integrated into self-management platforms. Digital self-management
tools address behavioral and cognitive aspects of HF care that are usually not well integrated or
addressed in short clinical encounters, reinforcing knowledge and promoting patient engagement
[42]. This is done using artificial intelligence and predictive analytics. Advanced digital HF platforms
increasingly rely on machine learning algorithms and artificial intelligence (AI). Al-driven systems
seek to identify complex patterns in data—by aggregating numerous heterogeneous sources,
including physiological signals, device diagnostics, clinical history, and patient-reported outcomes —
that can predict decompensation, arrhythmias, or adverse consequences. Instead of using a single-
parameter threshold, predictive models can generate risk profiles tailored to individual risk factors
and early warning signals that inform clinical planning [43]. Critically, however, systems such as
these can shift the paradigm from merely monitoring threshold performance to dynamically
predicting risk, and thus are likely to significantly change HF management by better integrating the
biological complexity of HF progression. However, transparency, interpretability, and clinical
validation of Al models remain crucial to broad adoption [44]. Algorithms should support, rather
than replace, clinical judgment and be embedded within pathways of care that set out guidelines.

3.5. Integration of Digital Modalities into Comprehensive Care Models

All digital modalities differ in their benefits, but in practice, their primary value lies in their
integration into an extensive system alongside integrated HF care model. Effective digital HF
management requires seamless communication among patients, primary care providers, specialists,
and hospitals. Digital tools don’t break down healthcare; they support it by enabling decision-makers
to share responsibilities, deliver timely interventions, and ensure continuity of care across hospitals.
In this context, digital medicine is no longer merely an auxiliary technology; it also enables system-
level transformation [45]. When tailored to align with multidisciplinary HF programs,
reimbursement pathways, and patient-centered care paradigms, digital modalities significantly affect
disease course, reduce hospital admissions, and improve patients’ quality of life [46].

4. Evidence Base: Clinical Trials and Real-World Data—Why Some Digital
Strategies Work and Others Fail

Both digital medicine and remote patient monitoring (RPM) have been robustly studied in heart
failure (HF) over the past 20 years in randomized controlled trials (RCTs), more pragmatic trials, and
large-scale real-world databases [Figure 7]. These studies found similar advantages, though the
efficacy of remote monitoring and digital therapies remained contentious. Although initial studies
produced mixed, if not neutral, results, there is now a strong evidence base showing that digital
interventions can work when based on pathophysiological principles, integrated into structured care
pathways, and focused on ongoing patient-healthcare professional interaction. The disparate
findings of these studies should be interpreted not as contradictions but as reflections of
fundamentally different models of care.
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Telemonitoring for Chronic Heart Failure

This is a medical review - it chronicles how clinical trials evolved telemonitoring from experimental concepts to
standard care.

Telephone-based monitoring
reduced mortality by 38% and
improved quality of life in heart
failure patients.

Czoos © TEN-HMS

Home telemonitoring reduced
hospital stays by 6 days and
lowered 1-year mortality to 29%.

Czoo? & IN-TIME

Implant-based monitoring
significantly lowered mortality (3.0%
vs 8.2%) and improved clinical
composite scores.

Czooa B rim-F

Large trial showing neutral mortality
results overall but identified patient
subgroups benefiting from
telemonitoring.

Czoos & OptiLink-HF

Fluid status monitoring via implants
failed to reduce hospitalizations or
death due to low alert adherence.

=
Czon %) CHAMPION

Wireless pulmonary artery pressure
monitoring reduced heart failure
hospitalizations by 39% over 6
months.

Czcua £ 1iM-HF2

Noninvasive telemonitoring reduced
days lost to hospitalization and
lowered 1-year mortality
significantly.

Czozo @ sirona

Cordella system met safety
endpoints with accurate pressure
medsurements comparable to
standard catheterization

Czozl & GUIDE-HF

Confirmed benefits of pressure-
guided management on
hospitalization rates, corroborating
earlier CHAMPION findings.

@7 % PASSPORT-

Ongoing trial evaluating if pressure-
guided care reduces
hospitalizations in the German
healthcare system.

l. Mortality: Rate of death in a population.

2. Telemonitoring: Remote tracking of patient health data.

Figure 7. Telemonitoring for chronic heart failure.
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4.1. Telemonitoring Trials in Their Early Days: Why Passive Digitalization Had Not Worked

Early telemonitoring trials primarily provided remote detection of baseline clinical variables
such as weight and blood pressure, along with patient-reported symptoms. These studies, including
Tele-HF [47] and BEAT-HF [48], did not show significant reductions in mortality or HF
hospitalizations. They created skepticism about the clinical utility of digital HF treatment, which
remains neutral. However, a critical analysis shows that these early interventions had several
limitations. Data transmission was usually passive, reviewed at intervals, and not linked to
predefined therapeutic interventions [49]. Clinical workflows were rarely adjusted, there were no
explicit escalation pathways, and accountability for responding to incoming information was not well
defined. Importantly, these were not early-stage pathophysiological studies but rather late-stage
clinical surrogates identified after decompensation had already occurred. These trials showed a
critical lesson: digital monitoring without appropriate interpretation, clinical accountability, and
therapeutic response does not change disease trajectory.

4.2. Implantable Hemodynamic Monitoring: Core Pathophysiology and Areas of Concern

The introduction of implantable monitoring of pulmonary artery pressure, particularly via
CardioMEMS technology, represented a key paradigm shift. High intracardiac filling pressures are
evident days to weeks before symptomatic congestion, providing an optimal upstream target for
intervention. Finally, the CHAMPION trial [50] established that pulmonary artery pressure—guided
therapy effectively reduces HF hospitalizations in patients with NYHA class III HF. More recent
studies using real-world post-approval registries and the Monitor-HF [51] program have confirmed
these benefits in patients overall, including those with preserved ejection fraction, those aged 65 or
older, and those with multiple comorbidities. Significantly, these benefits were not driven by
increased device-related complications and were maintained over longer follow-up. CardioMEMS
demonstrates the hallmark of effective digital medicine — monitoring works best when it taps into
underlying pathophysiological signals and enables real-time treatment planning.

4.3. Structured Telemedical Care: TIM-HF, TIM-HF2

Outside of invasive hemodynamic monitoring, large-scale structured telemedicine initiatives
have shown that noninvasive digital tools can also improve outcomes when integrated into broader
care models. The TIM-HF [9,52] and TIM-HF2 [7,53] trials were significant in introducing
telemonitoring in a central, physician-centered healthcare system. In TIM-HF2, patients with NYHA
class II-IIl HF who underwent structured telemedical management experienced a meaningful
reduction in all-cause mortality and unplanned cardiovascular hospital admissions [53]. Notably, the
intervention was more than data collection. Daily observations were conducted alongside the
continuous presence of healthcare providers, with an established plan for their response and a rapid
therapeutic ramp-up if deterioration was detected. These results were corroborated by the Monitor-
HF initiative, implemented in practice, which observed improvements in functional status,
reductions in HF-related events, and continuity of care. Together, these studies prove that digital
medicine works when it redesigns the way people receive care in the digital age, rather than when it
simply digitizes what they already do.

4.4. TELESAT: The Therapeutic Power of the Human Link

Among contemporary studies, the French TELESAT [54] provides valuable insights into
successful digital HF care. TELESAT showed a statistically significant reduction in all-cause mortality
among participants in a national telemonitoring program. Still, its most important contribution comes
from the discovery of the key importance of the patient—provider relationship. Subgroup analyses
revealed that patients with limited digital literacy were, in general, more likely to be followed by
frequent telephone calls rather than using smartphone apps or more sophisticated digital interfaces,
and that a higher proportion were elderly. Strikingly, this subgroup had similar or even greater
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mortality benefits than cohorts in app-based monitoring. This discovery challenges the notion that
better technology is an independent predictor of better outcomes. Instead, it indicates that digital
medicine derives its therapeutic benefit, in significant part, from regular, structured communication
between patients and healthcare providers. Simple technologies, if embedded in credible care
relationships, can be as successful as high-tech digital systems.

4.5. Device-Based Monitoring and Arrhythmia Management

Implantable cardioverter-defibrillators (ICDs) and cardiac resynchronization therapy (CRT)
devices provide continuous multiparameter data on rhythm disturbances, heart rate variability,
physical activity, and surrogate markers of congestion. IN-TIME is one such trial that found that, by
monitoring multiple metrics with a multiparameter device, centralized interpretation, and
predefined clinical responses, all-cause mortality can be reduced [55]. In contrast, studies using
standalone measures or not integrated into care pathways showed no benefit [56]. These conclusions
reiterate that digital arrhythmia detection makes a clinical contribution only when situated within
structured decision-making frameworks and systems that translate early signals into action sooner.

4.6. Practical Evidence: Implications and Health Systems Impact in Practice

Large-scale observational studies and national studies consistently demonstrate that
implementing RPM programs reduces HF hospital admissions, emergency department visits, and
length of hospital stay [57]. Crucially, there is real-world evidence of effectiveness in populations that
are often poorly studied and rarely included in RCTs, such as the elderly, those with multiple
diagnoses, and those with limited access to specialized HF centers. Health-economically, declines in
acute care use offset the cost of digital infrastructure, helping ensure the sustainability of these
models of care, provided an appropriate degree of reimbursement and a regulatory framework is in
place [58].

4.7. Why Pathophysiology-Informed Digital Care Is the Game Changer

The synthesis of evidence across trials and real-world studies consistently identifies a theme.
Digital interventions fail when they are passive, disconnected, and fragmented from clinical decision-
making [Figure 8]. They succeed when they are:

a) Rooted in HF pathophysiology;

b) Embedded in a multidisciplinary care pathway;
c) Supported by well-trained healthcare teams;

d) Based on ongoing patient-provider interaction;

Therefore, the efficacy of digital medicine in HF doesn’t necessarily depend on the technology
itself but instead on how effectively it optimizes care delivery to predict deterioration and respond
promptly to preserve the therapeutic alliance.
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Future Perspectives: New Predictive, Personalized Pathophysiology-
Guided Remote Patient Monitoring in Heart Failure
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Figure 8. Future perspectives: New predictive, personalized pathophysiology-guided remote patient monitoring

in heart failure.

5. Future Perspectives: New Predictive, Personalized Pathophysiology-Guided
Remote Patient Monitoring in Heart Failure

Remote patient monitoring in heart failure (HF) has quickly evolved from a primarily reactive
surveillance environment to a predictive, personalized, and continuously adaptive care-delivery
paradigm. The next wave of digital medicine, built on data from a range of physiological signals,
moves away from standalone devices toward entire ecosystems that capture multiple physiological
signals, analyze them with artificial intelligence (Al), and translate insights into personalized medical
practice [59].

5.1. Multi-signal Monitoring to Multimodal Physiological Intelligence

Early RPM systems primarily managed discrete parameters such as body weight, blood
pressure, and heart rate. Although informative, these single measurements have limited sensitivity
for early identification of HF degradation [60]. Next-generation RPM models emphasize multimodal
data collection, integrating hemodynamic, autonomic, electrophysiological, behavioral, and
contextual signals [61] [Figure 9]. Growing evidence indicates that combining multiple low-intensity
signals may be more informative than high-fidelity measurements taken separately, because HF
pathophysiology is complex and nonlinear. Although congestion, autonomic imbalance, arrhythmic
changes, and neurohormonal activation often develop together, they remain asynchronous, making
ongoing asynchronous follow-up essential rather than infrequent measures [62].
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The Future of Heart Failure Care

The next era of HF care shifts from reactive surveillance to a predictive, Al-driven multimodal
intelligence ecosystem.
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Figure 9. The future of heart failure care.

5.2. Implantable and Minimally Invasive Approaches: On Top of The Conventional Sensors

Although pulmonary artery pressure sensing is the most pathophysiologically direct implanted
strategy, recently developed less invasive or minimally invasive techniques have broadened its
application and reduced the complexity of the procedure. One of these technologies, the SeerlinQ™
system, targets left atrial pressure measurement and enables direct monitoring of left heart filling
pressures [63]. Initial feasibility and first-in-human studies indicate that left atrial pressure
monitoring is considered in addition to pulmonary artery pressure, or an alternative to in patients
with preserved ejection fraction or atrial remodeling [64,65]. Long-term safety, signal stability, and
clinical impact are being evaluated in continuing clinical trials. These trends are part of a broader
shift toward pathophysiology-first monitoring that targets hemodynamic changes upstream rather
than late symptomatic manifestations.

5.3. Voice-Based and Acoustic Digital Biomarkers

Voice-based technologies offer a promising, noninvasive approach to HF monitoring.
Alterations in voice features, including pitch, amplitude variation, articulation, and respiratory
modulation, can be associated with pulmonary congestion, fluid overload, and autonomic
dysfunction. Various platforms, including those developed by Noah Labs and other researchers, have
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reported that voice-derived digital biomarkers can already predict HF decompensation days or
weeks before presentation [66,67]. These systems are particularly appealing because they require no
additional hardware and can support elderly or digitally limited patients. They can also be integrated
into everyday telephone calls or virtual office visits. Voice analysis further supports a consistent
theme across effective digital care: human interaction is the core activity, and technology enhances —
not replaces — patient—provider interaction.

5.4. “Deviceless” Medical Monitoring Using Mobile Phones and Physiological Sensors

What has changed the paradigm in RPM is deviceless (device-light) technology, in which mobile
phones serve as medical diagnostic sensors [Figure 10].

The Rise of Deviceless Monitoring

Deviceless technologies transform smartphones into medical diagnostic sensors, enabling highly scalable and accessible remote heart
failure management.

iy

Human-Link
Integration

Voice Biomarkers

Scalable Accessibility Camera-Based PPG

Sensing B Intelligence B Implementation
Modalities Layer Value

Figure 10. The rise of deviceless monitoring.

5.4.1. Camera-Based Photoplethysmography (PPG)

By measuring subtle changes in skin color as a function of blood volume using a smartphone
camera, camera-based PPG can estimate:

e  Heartrate

e  Heart rate variability

e  Respiratory rate

e  Peripheral perfusion indices

Platforms such as Binah.ai, FaceHeart, and IntelliProve have validated these methods against
the reference standard and reported clinically acceptable accuracies, consistent with the reference
[68-70]. Of further significance, contactless facial PPG measurements are available, making it usable
and valuable, and its use is easy and adherent.
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5.4.2. Motion-Based Signals

Micro-movements associated with cardiac ejection and respiratory mechanics, as measured by
accelerometers and gyroscopes, can also be recorded on a smartphone. Companies producing
smartphone-assisted ballistocardiography have shown that such devices can be used to time cardiac
intervals and assess cardiac output trajectories [71-73].

5.4.3. Measurements Using Optical and Flashlight Devices

Several applications can obtain pulse waveforms and pulse transit time surrogates, such as
smartphone flashlights and cameras. Using these methods, indirect estimates of vascular tone and
autonomic balance can be made [74]. Together, these methods reduce barriers to adoption,
particularly for low-resource or unreceptive population groups that are reluctant to wear wearables.

5.5. Smartphone-Embedded ECG and Arrhythmia Surveillance

Smartphone-enabled ECG monitoring technologies, from single-lead to multi-lead, are
increasingly used to detect arrhythmias in patients with HF. These devices are suitable for detecting
atrial fibrillation, conduction abnormalities, and ventricular ectopy in the early stages and enable
prompt therapeutic procedures. Smartphone ECGs, when integrated with symptom reporting and
physiologic context, enable arrhythmia-aware HF treatment and closely reflect the Special Issue’s
emphasis on arrhythmias [75].

5.6. Al as the Integrative Layer

The real transformative potential of future RPM lies not in individual technologies but in Al-
enabled data integration. Machine learning models can use heterogeneous data streams
(hemodynamics, voice, motion, ECG, behavior) to determine individual deterioration signatures.
Implement adaptive alert thresholds—decision-making for titration of therapy. Al does not
substitute for doctors but acts as a clinical co-pilot, filtering noise, prioritizing risk, and enabling early,
accurate treatment based on a patient’s path [76].

5.7. Personalized, Relationship-Driven Digital Care

Future RPM models will increasingly rely on patient-specific digitized phenotyping and move
away from population-based algorithms, as HF progression is known to be individualized [77]
[Figure 11]. Just as importantly, evidence shows that technology alone is not enough. These digital
care models retain and enrich the therapeutic alliance between patients and health care providers.
Multimodal sensing, smartphone technology, Al analytics, and structured human oversight together
describe a new era in HF management—one that is predictive, personalized, and deeply grounded
in pathophysiology.
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Figure 11. Al-driven digital phenotyping.

6. Clinical Implications and Implementation in Heart Failure Care Pathways

It also means that the adoption of digital medicine and remote patient monitoring (RPM) in heart
failure (HF) is more than a technological innovation and more than a question of integration into
established clinical pathways and of redefining care delivery. The results from clinical trials and real-
world programs repeatedly suggest that the benefits of digital tools are significant when incorporated
into a structured, multidisciplinary clinical approach to HF that converts physiological data into
timely clinical action [78].

6.1. An Episodic to Continuous Perspective of Heart Failure Care

Conventional HF management is predominantly episodic and reactive, relying on outpatient
care and hospital admission for worsening signs. Digital medicine enables clinicians to move toward
continuous, longitudinal care by monitoring real-time physiological trends, symptom evolution, and
behavioral patterns. This transition allows for early detection of decompensation, proactive
optimization of guideline-directed medical therapy (GDMT), and prevention of acute events [Figure
12]. Clinically, this is a paradigm shift: HF care now focuses on restoring trajectory rather than crisis
management [79]. Real-time assessment of congestion markers, heart rate dynamics, rhythm
disturbances, and patient-reported symptoms enables timely interventions during the early
preclinical stage of HF progression, when therapeutic responses are most effective [80].
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Digital heart failure care ranges from passive to predictive.
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Figure 12. Digital heart failure care ranges from passive to predictive.

6.2. Reconfiguration of the Role of the Multidisciplinary Heart Failure Team

RPM integration requires an evolution in HF multi-disciplinary teams. Medical practitioners,
HF nurses, as well as colleagues in health care and digital care coordinators, work together to
interpret data, speak with patients, and make changes to care delivery [Figure 13]. Teams of
telemedicine professionals have proven remarkably successful in managing alerts, triaging risks, and
promptly escalating care. Crucially, it is here that the digital health environment plays a
complementary role, one that does not detract from clinicians’ expertise but enhances it, in providing
individualised care [81]. Structured workflows, set response algorithms, and protocols for escalation
are necessary to mitigate alert fatigue and to transfer data into clinically relevant action, particularly
digital insights into meaningful behaviour that meets or exceeds what was anticipated, in accordance
with our need for these findings.

Multidisciplinary Team Roles in Digital HF

Effective digital heart failure care relies on coordinated roles across clinical, technical, and patient teams.
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Figure 13. Multidisciplinary team roles in digital HF.
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6.3. The Integrated Model Between Levels of Clinical Care

Primary care, specialist HF clinics, and hospital-based care, as well as bridging gaps between the
health system and the healthcare system, are among the greatest clinical applications of RPM. Digital
tools can support seamless information transmission between these levels and promote continuity,
for example, during transitions in care (hospital discharge, medication titration, disease progression).
The high-risk period for HF patients is the post-discharge period. RPM programs that start early or
immediately after discharge have been shown to reduce early rehospitalizations through close
monitoring, early detection of congestion, and strengthening of medication adherence and self-care
behaviors.

6.4. Patient Engagement and Self-Management as Integral Components of Healthcare

Active patient participation is needed for digital medicine integration to be effective. By offering
feedback, education, and confidence in their self-management, RPM platforms can enable patients to
be more involved in their own care. Yet the level of technological complexity should be adapted to
patients” abilities, preferences, and health literacy. Data from clinical trials also show that effective
patient-provider communication via a smartphone (or some combination of devices) can be a key
success factor. Hence, pathways for digital care must emphasize accessibility, inclusivity, and
personalization, as digital technology development must not be the same for all [82].

6.5. Contribution to Arrhythmia Surveillance in Heart Failure Pathways

Arrhythmias are among the leading causes of HF morbidity and mortality. Rhythm monitoring
can also facilitate the early identification of atrial fibrillation, ventricular arrhythmias, and conduction
abnormalities, which can trigger decompensation or precipitate sudden cardiac events [21]. When
added to RPM, rhythm monitoring enables the timely initiation of anticoagulation, device
reprogramming, or pharmacological interventions when continuous or intermittent rhythm
assessment is linked to actionable care pathways. This approach allows arrhythmia management in
concert with the broader HF disease management strategy, meaning arrhythmias aren’t treated in
isolation; instead, they can develop over time and be managed alongside HF disease control.

6.6. Health System and Policy Implications

At the health system level, implementing digital HF care pathways affects financial and funding
decisions, reimbursement strategies, and resource planning. Evidence of declines in hospitalizations
and acute care utilization aligns with the economic justification for reimbursed RPMs, particularly in
systems with elevated HF prevalence and constrained inpatient capacity. Eligibility criteria, data
governance, and quality metrics will be necessary to make access more equitable and care more
consistent across regions and populations [83].

6.7. Key Clinical Takeaways

When efficiently connected to HF care pathways, digital medicine and RPM:
This would:

e  Enable earlier intervention throughout the trajectory of HF disease.
e  Proactively optimize GDMT.

e  Enhance collaboration among care environments.

e Increase patient care and self-management.

e  Minimize hospitalizations and healthcare utilization.

The clinical utility of digital HF management isn’t in the technology but in its ability to enable
patient-centered, pathophysiology-informed, and constantly adapting models of care.
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7. Restrictions, Moral Consideration, and Barriers to Implementation

Notwithstanding the mounting evidence of the advantages of digital medicine and the use of
remote patient monitoring (RPM) in the clinical management of heart failure (HF), some caveats and
challenges need to be addressed if responsible, effective, and equitable practice is to be realised. These
barriers [Figure 14], however, are not only technical; they go beyond technology to include ethical,
organizational, regulatory, and human obstacles, providing evidence that the digital transformation
of HF care is part and parcel of health care, as much a systems challenge as a scientific problem.

Digital Medicine Implementation Barriers
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Figure 14. Digital medicine implementation barriers.

7.1. Limitations Caused by Technological and Information-Oriented

The continuous acquisition, transmission, and interpretation of digital HF data are critical to
management. Data quality, signal reliability, and interoperability between devices and electronic
health record systems are significant shortcomings. Inconsistencies arising from hardware, software,
and algorithmic design can add complexity and challenge clinical interpretation and decision-
making. The increased demand for patient-generated health information also risks information
overload and alert fatigue, especially in regions where thresholds are ill-specified, or algorithms are
under-validated. Without intelligent data filtering and ranking, clinicians may receive excessive non-
actionable alerts, which can harm clinical effectiveness and safety [84].

7.2. Issues around Privacy, Autonomy, and Trust

Ethics in digital technology for HF care, and ethical issues related to data protection, safety, and
patient control for digital technology in HF care, need attention. Continuous monitoring generates
sensitive health data that must be kept secure to prevent unauthorized access, breaches, and misuse.
Compliance with data protection laws and the protection of patient trust must be part of the baseline
for maintaining a sustainable digital care model. Patient autonomy is as vital as patient autonomy.
Although RPM'’s sole goal is to improve care, aggressive surveillance or the implementation of
monitoring strategies not communicated effectively may result in anxiety, perceived loss of control,
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or disengagement. Open communication about the purpose, scope, and limitations of monitoring is
thus vital [85].

7.3. Health Inequity — The Digital Divide

The most significant risk of increasing health inequities in digital HF care is that they could
worsen. Complex digital platforms can also disadvantage older adults and patients with low digital
literacy, lower socioeconomic status, or limited access to technology [86]. These disparities may be
mitigated through simplified interfaces, human-mediated communication (e.g., telephone-based
follow-up), and appropriate adaptations, which, once again, must be designed for in RPM programs,
as evidenced by real-world evidence. Failure to bridge the digital divide will lead to selective benefits
for technologically proficient populations, excluding those at the highest risk of adverse HF
outcomes.

7.4. Clinical workflow and Staff Challenges

Adopting RPM is central to repositioning clinical workflows for improvement. Intensive teams,
clear lines of responsibility, and clear pathways for escalation are necessary to translate the digital
signal into a prompt for therapeutic intervention. Without sufficient staffing, training, and
reimbursement, digital HF interventions can become either unprofitable or underappreciated. In
addition, clinicians should develop new skills in digital literacy, data interpretation, and remote
communication. To develop these competencies, digital devices like those used by digital health
professionals are expected to be used remotely. This evolution is a cultural change in HF care — one
that will necessitate institutional support and ongoing professional development [87].

7.5. Evidence Gaps and Regulatory Considerations

Even as the literature on digital HF interventions continues to grow, key obstacles remain. Many
technologies lack large-scale randomized trials demonstrating long-term effects on mortality,
arrhythmia burden, or disease progression. Technological advances often move quickly, outpacing
regulatory oversight, creating uncertainty about validity, liability, and reimbursement. As regulatory
frameworks evolve to reflect innovation while maintaining patient safety, the challenge will be to
promote an evidence-based approach to clinical adoption while minimizing the risk of early,
unproven use.

8. Conclusions

Digital medicine and RPM are transforming heart failure (HF) management from reactive to
proactive, personalized care. Evidence from trials, real-world studies, and telemedicine programs
shows that digital tools can reduce hospitalizations and costs, and improve survival and quality of
life, especially when integrated into a structured care continuum. Success depends not just on
technology but also on capturing accurate physiological signals, review by healthcare teams, timely
interventions, and maintaining patient—provider contact, which is crucial for older, less tech-savvy
patients. Emerging tools like Al, voice monitoring, smartphone sensing, and digital biomarkers
expand RPM, offering personalized, scalable, and accessible HF care. Their clinical value hinges on
validation, integration, and ethical oversight. The future combines advanced digital sensing with
human judgment, multidisciplinary care, and patient empowerment, promising a significant leap
forward in HF treatment.
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