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CHAPTER 1: INTRODUCTION

The progressive aging of the global population has led, over the last

decades, to a significant increase in the number of elderly patients

affected by multiple chronic conditions such as diabetes mellitus,

chronic obstructive pulmonary disease (COPD), heart failure, chronic

kidney disease and cancer.

The growing prevalence of chronic diseases in the population inevitably

results in an increase in outpatient visits, emergency department

admissions and hospitalizations, consequently leading to higher

healthcare costs for national health care systems.

In this context, telemedicine represents a valuable tool to support

healthcare system, increasingly contributing to the continuity of care,



particularly in the post-hospital discharge phase and in the long-term

management of elderly patients with chronic diseases.

The European Community defined telemedicine as early as 2008 as “the

provision of healthcare services through the use of information and

communication technologies in situations where the healthcare

professional and the patient, or two healthcare professionals, are not in

the same location.”

Telemedicine involves the secure remote transmission of medical

information and data in the form of text, audio, images, recordings, or

other types of content, aimed at prevention, diagnosis, treatment,

monitoring of medication adherence and patient follow-up'.

According to the document Guidelines for the Development of

Telemedicine, developed by the Ministry for Innovation and
4



Technologies and the Ministry of Health, several application areas of
telemedicine can be identified':

Remote telemonitoring

Televisits

Intra-specialist teleconsultation

Teleradiology with machine learning

Telerehabilitation

Tele-emergency services

Over the past twenty years, both at the European and Italian levels,

telemedicine has experienced a progressive and significant expansion.

In some countries, this development has been particularly noteworthy.

In Sweden, as early as 2008, more than 75% of hospitals were using e-health

applications.

In Norway, the diffusion of telemedicine was driven by low population

density and the need to provide healthcare across vast and



geographically dispersed areas, leading to the early adoption of services

such as teleradiology, teledermatology, teleconsultations between

general practitioners and specialists, remote electrocardiogram reporting,

and distance medical education?.

Similarly, in Spain, over the last fifteen years, regional healthcare

systems have promoted the development of e-health through shared

strategies, identifying telemedicine as a priority axis of innovation.?

In the United Kingdom, the relevance of telemedicine was confirmed by

the implementation of the Whole System Demonstrator Programme in

2008, one of the largest clinical studies on this topic, involving more

than 6,000 patients with chronic diseases and demonstrating benefits in

terms of reduced hospitalizations and improved care management'.



In France, telemedicine was formally recognized as an integral part of

the national health service in 2010. In Italy, numerous telemedicine

programs have been developed at both national and regional levels,

culminating in the establishment of the National e-Care Observatory in 2007.

Initially focused on home care, this organization progressively expanded

its scope to include all telemedicine applications with the aim of

defining shared reference models and improving access to digital health services'.

The development of telemedicine in Italy underwent further significant

implementation during the SARS-CoV-2 pandemic, driven by limitations on

outpatient services®.

During this period, telemedicine enabled a reduction in diagnostic and

treatment initiation times, ensured more frequent monitoring of frail and



chronically ill patients, and contributed to lowering infection risk through home-

based care.*

Experiences gained during this period highlighted that telemedicine does not

represent only an emergency solution but rather a structural and

sustainable model of healthcare delivery.

Italy has invested approximately €1.5 billion through the National

Recovery and Resilience Plan (PNRR) in telemedicine and digital health,

with the aim of creating a national telemedicine platform and providing

care to hundreds of thousands of patients'.

In 2023, a contract was signed for a national platform, making Italy one

of the first European countries to implement telemedicine on a

centralized scale, although significant regional heterogeneity remains,



particularly in terms of digital literacy’.

Telemedicine represents a valuable support for peripheral hospitals,

which are often lacking specialized units, by enabling remote reporting

and interpretation of radiological examinations, delivery of specialist

consultations, electrocardiographic reporting, and remote interrogation

of implanted devices such as pacemakers and defibrillators>®.

Telemedicine promotes the decentralization of healthcare from hospitals

to the community through innovative, patient-centered care models.

Recent scientific evidence has further confirmed the effectiveness of

telemedicine. Randomized controlled trials, systematic reviews and

meta- analyses published in recent years have demonstrated that, in many

clinical settings, telecare outcomes are comparable to those of traditional

face-to face care.



In particular, in the management of diabetes mellitus, telemonitoring has been

associated with improved control of clinical parameters, such as reductions in

HbA.c levels, as well as increased treatment adherence.

Additional evidence indicates that telehealth programs targeting patients with

multiple comorbidities significantly improve quality of life, especially in

physical and functional domains, by promoting disease self-management and

reducing inappropriate use of emergency services®.

In the neurological field, telemedicine has also demonstrated relevant benefits,

contributing to improved motor and non-motor outcomes in patients with

neurodegenerative diseases and reducing depressive and anxiety symptoms in

the elderly population'.

Overall, the benefits of telemedicine include reduced healthcare expenditure,

fewer avoidable hospitalizations, improved access to care, optimized
10



physician—patient communication and enhanced continuity of care.®

In the home care setting, telemedicine ensures equitable access to qualified

healthcare services even in remote or underserved areas, delivering medical

care directly to patients” homes’ .

The management of elderly patients and chronic diseases represents one of the

priority areas for telemedicine application, as it enables improvements in

quality of life through continuous monitoring solutions and self-management

strategies.!!

However, for these tools to be fully integrated into clinical practice, it is

essential to guarantee high standards of data security and personal data

protection, ensuring confidentiality, protection against unauthorized access

and reliability of technological infrastructures’.

Finally, telemedicine can contribute to optimize the management of home-
11



based pharmacological therapy, improving treatment adherence and increasing

patient awareness of their health status.'?

1.2 MANAGEMENT OF THE TWO MOST COMMON CHRONIC DISEASES
IN THE ELDERLY: HEART FAILURE AND COPD

1.2.1 HEART FAILURE IN THE ELDERLY

Heart failure is a clinical syndrome caused by structural and/or functional

cardiac abnormalities resulting in elevated intracardiac pressures and/or

inadequate cardiac output at rest or during exertion. It is characterized by

typical symptoms such as dyspnea and peripheral edema, sometimes

accompanied by clinical signs including elevated jugular venous pressure and

pulmonary crackles. 3

The incidence of heart failure in the adult population in Europe is approximately 5

12



14_17

cases per 1,000 persons per year -

The prevalence of heart failure in the adult population is estimated to range

between 1% and 2%.

However, many epidemiological studies include only recognized and

diagnosed cases and the true prevalence is likely underestimated.'®

The prevalence of heart failure increases markedly with age, rising

from approximately 1% in individuals younger than 55 years to over 10-20%

in those aged over 70 years.'**

Together with COPD and type 2 diabetes mellitus, heart failure represents one

of the chronic conditions in the elderly with the greatest impact on the

population, due to its clinical course characterized by frequent exacerbations,

hospitalizations and increased mortality, leading to a substantial rise in

13



healthcare expenditure related to patient care.?!

Identification of the underlying etiology of cardiac dysfunction is crucial for

both diagnosis and treatment of heart failure.

In most cases, heart failure in the elderly is attributable to myocardial

dysfunction (systolic, diastolic, or both) secondary to ischemic heart disease,

hypertensive heart disease, hypertrophic obstructive cardiomyopathy or

infiltrative diseases such as wild-type transthyretin cardiac amyloidosis.

Additionally, valvular heart disease (mitral and aortic) and cardiac arrhythmias

such as atrial fibrillation or tachy-brady syndrome, may cause the development

of heart failure.!

Heart failure is classified according to left ventricular systolic function, as

assessed by transthoracic echocardiography, into:

o Heart failure with reduced ejection fraction (HFrEF): LVEF <40%
14



o Heart failure with mildly reduced ejection fraction (HFmrEF): LVEF 41-49%

o Heart failure with preserved ejection fraction (HFpEF): LVEF > 50%

The diagnosis of heart failure is clinical. Measurement of serum natriuretic

peptides, particularly N-terminal pro—brain natriuretic peptide (NT-proBNP),

represents the gold standard biomarker for the diagnosis and monitoring of heart

failure.?? Transthoracic echocardiography plays a central role in the

etiopathogenetic differential diagnosis of heart failure and guides therapeutic

decision-making.?

Pharmacological therapy is the cornerstone of treatment for heart failure with

reduced ejection fraction, aiming to reduce mortality, prevent heart failure—related

rehospitalizations and improve clinical status, functional capacity and quality of life.

In patients with HFrEF, treatment focuses on modulation of the renin—

angiotensin—aldosterone system and the sympathetic nervous system through

15



the use of angiotensin-converting enzyme inhibitors (ACE inhibitors) or

angiotensin receptor—neprilysin inhibitors (ARNIs), beta-blockers and

mineralocorticoid receptor antagonists (Spironolactone)?*2>,

This therapeutic approach has been shown to improve survival, reduce

24,25

hospitalization risk and alleviate symptoms.

In the absence of contraindications or intolerance (e.g., hypotension), the

combination of an ACE inhibitor/ARNI or a soluble guanylate cyclase

stimulator such as Vericiguat, a beta-blocker and a mineralocorticoid receptor

antagonist is recommended as foundational therapy for heart failure.

In patients with HFrEF and a QRS duration >130 ms, cardiac

resynchronization therapy with implantable cardioverter-defibrillator (CRT-D)

implantation may be considered, except in patients with severe comorbidities

16



and a life expectancy of less than one year.'?

Patients with heart failure and preserved ejection fraction differ from those

with reduced or mildly reduced ejection fraction by being generally older,

more frequently female and more commonly affected by atrial fibrillation,

chronic kidney disease and other non-cardiovascular comorbidities.'?

Equally important is the identification and management of underlying risk

factors, etiology and concomitant comorbidities. In patients with advanced

heart failure (NYHA class IV) with severe and persistent symptoms, refractory

to optimized medical therapy or device-based therapy and in the absence of

severe right ventricular dysfunction and/or severe tricuspid regurgitation,

implantation of a ventricular assist device may be indicated in selected patients

with stable psychosocial conditions.'?

Elderly patients affected by heart failure, including those with stable and well-
17



controlled symptoms, require close follow-up to ensure continuous

optimization of therapy, early identification of symptom progression and

comorbidities and timely modification of care strategies.

This approach aims to reduce the risk of heart failure exacerbations and

subsequent hospitalizations, which, particularly in elderly patients,

significantly increase the risk of adverse outcomes such as infections,

13 26
b

disability, immobilization, institutionalization and death.

Telemonitoring offers the advantage of enabling frail patients to remotely

provide digital health information, thereby supporting and optimizing

healthcare delivery directly at home while minimizing outpatient visits and

travel to healthcare facilities.

This is particularly beneficial for elderly individuals, for whom mobility

18



limitations, disability and dependence on caregivers even for short-distance
27,28

travel often represent significant barriers to access to care.

1.2.2 CHRONIC OBSTRUCTIVE PULMONARY DISEASE (COPD) IN THE
ELDERLY

Chronic Obstructive Pulmonary Disease (COPD) is currently the third leading

cause of death worldwide, with a prevalence of approximately 12% in the adult

population in Europe, rising to as high as 35% among elderly individuals,?*-3%-31:32

COPD is a disease characterized by persistent airflow limitation associated

with a chronic inflammatory response of the lower airways, usually

progressive, to noxious particles and gases.?!

The clinical presentation of COPD is heterogeneous. The most common

respiratory symptoms include dyspnea, cough and sputum production, whereas

atypical symptoms may include fatigue, peripheral edema, chest pain,

19



confusion and dizziness>'.

The main risk factor for COPD is cigarette smoking; however, other

environmental exposures may contribute, including biomass fuel smoke and

ambient air pollution®!,

In addition to environmental exposures, host-related factors predispose

individuals to COPD, such as genetic abnormalities and impaired lung

development.

Established risk factors for COPD include tobacco smoking, prolonged

exposure to wood and biomass combustion, occupational exposure to organic

and inorganic dusts, genetic factors such as inherited alpha-1 antitrypsin

deficiency, as well as genetic variants encoding matrix metalloproteinase-12

(MMP-12) and glutathione S-transferase.’!
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Chronic comorbid conditions frequently occur in elderly patients affected by

COPD including cardiovascular diseases, sarcopenia, metabolic syndrome,

osteoporosis, depression, anxiety and lung cancer, all of which contribute to

increased morbidity and mortality.

Spirometry is the diagnostic gold standard for COPD. A post-bronchodilator

forced expiratory volume in one second to forced vital capacity ratio

(FEV1/FVC) <0.70 confirms the presence of persistent airflow obstruction®?.

According to the GOLD 2026 guidelines, COPD severity stratification is not

based solely on the degree of airflow obstruction but also incorporates the ABE

clinical staging, which evaluates the number of exacerbations per year, the

number of hospitalizations per year and patient-reported dyspnea and symptom

burden assessed using validated questionnaires including the COPD

Assessment Test (CAT™), the modified Medical Research Council
21



(mMRC) dyspnea scale and the Clinical COPD Questionnaire (CCQ®©).3*3*

CLASSIFYING SYMPTOMS: MRC OR CAT

Modified MRC Dyspnea Scale COPD Assessment Test (CAT)
For each item below, place 3 mark (2] in the boa that best describes you cutrenthy Be sure o anly sshect one regponse for
each question.
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Figure n.1: Mmrc and CAT scale

The severity of airflow limitation, defined as the spirometric stage, is estimated

based on post-bronchodilator FEV: and classified as follows:
GOLD 1 (Mild): FEV: > 80% predicted

GOLD 2 (Moderate): 50% < FEV: < 80% predicted
GOLD 3 (Severe): 30% <FEV: < 50% predicted

GOLD 4 (Very severe): FEV: <30% predicted
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Figure 2. ABE Classification of COPD according to GOLD 2026 Guidelines

In COPD, bronchodilator medications are fundamental for symptom relief and

reduction of exacerbation risk. Among the most commonly used

bronchodilators are z2-agonists, including short-acting z-agonists (SABAs)

such as Salbutamol, Fenoterol, and Terbutaline, and long-acting Bz-agonists

(LABASs) such as Formoterol, Salmeterol, Indacaterol, Olodaterol

and Vilanterol. These agents relax bronchial smooth muscle by stimulating [32-

adrenergic receptors, increasing intracellular cyclic AMP, leading to symptom

improvement, reduced exacerbation rates and fewer hospital admissions.

36,38
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Antimuscarinic agents are also widely used in COPD management, including

short-acting muscarinic antagonists (SAMASs) such as Ipratropium and

Oxitropium and long-acting muscarinic antagonists (LAMASs) such as

Tiotropium, Aclidinium, Glycopyrronium bromide and Umeclidinium?.

In addition to inhaled bronchodilator and corticosteroid therapy, patients

experiencing frequent exacerbations despite optimized and regular triple

inhaled therapy may benefit from Roflumilast, a phosphodiesterase-4 inhibitor.

In hyper-eosinophilic phenotypes (>300 eosinophils/uL), biologic therapies

such as Mepolizumab and Dupilumab may be considered.

Non-pharmacological treatments, including patient education, physical

exercise, nutritional support, pulmonary rehabilitation and telemonitoring,

play a crucial role in improving the natural history of the disease.
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COPD is a complex and highly heterogeneous condition characterized by

multiple clinical phenotypes, highlighting the increasing importance of

personalized and precision medicine approaches tailored to individual patients

and focused on the treatment of specific treatable traits.>

Elderly patients with COPD experience a progressive decline in health status

with frequent exacerbations and require regular outpatient follow-up with

continuous reassessment of treatment selection and dosage™.

This includes evaluation of therapy adherence, correct use of inhalation

devices, potential drug—drug interactions and management of multiple

comorbidities such as cardiovascular disease, chronic kidney disease,

osteoporosis, cognitive impairment and sensory deficits, all of which influence

adherence and therapeutic response.*!4?

However, the frequent outpatient visits required for optimal disease
25



management are often hampered by long waiting times, disability, and the

constant need for caregiver support—even for short-distance travel.

In this context, remote telemonitoring emerges as a valuable tool for delivering

medical and nursing care directly to the patient’s home, offering opportunities

for televisits, review of diagnostic tests and remote data acquisition from

implantable or external devices such as loop recorders and pacemakers,

continuous glucose monitoring systems, and remote review of home ventilation

devices.

CHAPTER 1.3: TELEMONITORING

Remote telemonitoring is a specific application of telemedicine that involves

the measurement and acquisition of selected patient vital parameters directly

from the home environment.

26



This is made possible through the use of medical devices and artificial

intelligence—based applications which, once configured and managed by

healthcare professionals, are able to record, recognize and transmit patient

vital signs either synchronously or asynchronously.

These parameters include heart rate, body weight, oxygen saturation, blood

pressure and blood glucose levels. The system can identify values outside

predefined ranges and automatically alert the treating physician'.

This type of service allows time savings without compromising patient—

clinician interaction by providing a continuous flow of clinical information.

As a result, telemonitoring contributes to reduce healthcare costs, enables

elderly patients to remain in their home setting and allows physicians to

personalize treatment according to patient preferences and the availability of

27



healthcare services.

Telemonitoring facilitates access to care regardless of the patient’s

geographical location and reduces inappropriate emergency department visits

as well as avoidable hospitalizations.

It is estimated that the Italian National Health Service spends approximately

€3,500 per patient per year on COPD exacerbations, resulting in a total annual

expenditure of nearly €7 billion.”

In addition, telemonitoring can improve the organization and management of

patient data collection and enhance communication and collaboration among

specialists working in geographically distant areas’.

The success of telemonitoring programs depends on multiple factors, including

the organizational structure of telemonitoring services, the usability and

28



simplicity of the technology employed, patient adherence, patient autonomy

and particularly in elderly populations the availability of a caregiver

capable of providing continuous support in the use of monitoring devices.

Continuous monitoring reassures patients by increasing their awareness and

engagement in adapting healthcare management to daily life. It also has a

positive impact on patients’ acceptance of new technologies and digital health

solutions as the devices provided are generally easy to use and cost-

effective.!

1.3.1 Telemonitoring in Heart Failure

Several clinical trials conducted in patients affected by heart failure have

reported encouraging results, suggesting that telemonitoring may reduce

hospitalization rates and, consequently, healthcare costs related to hospital

29



admissions, while also contributing to an improvement in patients’ quality of

life 43,44,45

In patients affected by heart failure, both teleconsultation and telemonitoring

have been associated with a reduction in all-cause mortality and

hospitalizations related to heart failure.

Telemonitoring has proven effective in the early detection of initial signs of

clinical decompensation, ranging from the identification of oxygen

desaturation and increases in body weight to the assessment of changes in

intrathoracic impedance.

The latter represents an indirect estimate of volume overload and increased

filling pressures and can be measured through ventricular or pulmonary artery

electronic sensors integrated into implantable devices such as implantable

cardioverter-defibrillators (ICDs) or cardiac resynchronization therapy devices

30



with defibrillator function (CRT-D). The early identification of alterations in

vital parameters, which often precede the onset of overt clinical symptoms,

allows timely adjustment of pharmacological therapy, potentially preventing

the progression to severe clinical conditions requiring hospitalization®.

In elderly patients, heart failure is characterized by frequent episodes of

decompensation that often lead to repeated hospital admissions throughout the

year, with high rates of morbidity and mortality.

Readmission rates range from 20-30% within 30 days after discharge and may

reach up to 50% at six months*.

The high rate of hospitalizations for heart failure reflects not only the

progression and advanced stage of the underlying disease but more frequently

poor adherence to pharmacological therapy, particularly in elderly patients

31



with polypharmacy. suboptimal treatment regimens, inadequate patient self-

care and insufficient support systems.

Therefore, in patients affected by heart failure, telemonitoring may represent an

important tool for the long-term management of chronic disease and acute

exacerbations, supporting clinical monitoring that is often challenging within

standard care pathways due to patient frailty.

This includes mobility limitations related to physical disability and the need for

continuous caregiver assistance.

However, although the available data are promising, current evidence does not

yet allow definitive conclusions regarding the effectiveness of telemonitoring

in preventing hospitalizations and reducing all-cause mortality in elderly

patients with heart failure.
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Several studies on remote telemonitoring in heart failure have been published

in adult populations; however, only a limited number have specifically enrolled

elderly patients. Most studies have involved small or medium-sized cohorts,

short follow-up periods and the use of a single type of device or monitoring

strategy, often based solely on the measurement of individual vital parameters

such as heart rate or oxygen saturation.*”*3

Despite these limitations, current scientific evidence suggests that

telemonitoring may be effective in reducing hospitalization rates for heart

failure and for all causes.*®*°

1.3.2 Telemonitoring in Chronic Obstructive Pulmonary Disease

Despite the unquestionable advantages associated with the use of

telemonitoring, the current scientific literature has reported inconsistent and

33



non-univocal results regarding its application in patients with chronic

obstructive pulmonary disease (COPD).

Remote telemonitoring in this patient population appears to have a limited role

in the prevention of acute exacerbations, hospitalizations and in reducing

mortality. Only a few clinical trials have demonstrated a reduction ranging

from 10% to 65% in mortality and hospitalization rates among elderly patients

with COPD; however, these findings have generally failed to reach statistical

significance.’ 0,51

These inconclusive results may be partly attributed to the marked heterogeneity

in the clinical presentation of patients with COPD, the advanced stage of

disease in many of the enrolled subjects—some of whom were awaiting

palliative care—the small sample sizes and the need to provide patients with a
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broader and more personalized model of care.

In this context, telemonitoring should be considered an integral component of a

comprehensive and innovative care pathway, together with digital sharing of

laboratory, radiological and instrumental examinations, telephone

consultations and home nursing support, complementing rather than replacing

usual care.

Furthermore, despite the increasing prevalence of COPD in the elderly

population, relatively few studies have specifically investigated the

50,51

effectiveness of telemonitoring in older patients

These studies have generally enrolled small cohorts with highly heterogeneous

clinical characteristics, short follow-up periods and the use of the same

telemonitoring devices—typically including a pulse oximeter and traditional
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monitoring systems aimed solely at the measurement of selected vital

parameters.

Such approaches are often not tailored to the needs of elderly patients and fail

to account for the clinical heterogeneity that characterizes COPD.

Given the high frequency of exacerbations in elderly patients with COPD

often severe and associated with multiple comorbidities and limited social

support—multiparametric telemonitoring systems (including oxygen

saturation, heart rate, respiratory rate and physical activity or movement),

customized to individual patient characteristics and needs, may provide

clinicians with a more holistic assessment of patient status.

This approach may allow earlier detection of initial signs of exacerbation,

serving as a valuable adjunct to traditional models of care and clinical

management, %!
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1.4 Study Objectives

The primary objective of this study was to evaluate the effectiveness of a

remote monitoring system supported by an artificial intelligence algorithm in

the early detection of exacerbations in patients affected by chronic obstructive

pulmonary disease (COPD) and heart failure.

The secondary aim was to assess the sensitivity, specificity and overall

accuracy of the algorithm.

CHAPTER 2: THE EXPERIMENTAL STUDY

Materials and Methods

The Clinical Study

2.1 Study Population

This study is a single-center, prospective, randomized clinical trial conducted

in Policlinico Campus Biomedico in Rome.
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Patients enrolled in the study were identified at the Geriatrics and Pulmonology

outpatient clinics of the Policlinico Campus Biomedico in Rome through a

preliminary review of electronic medical records.

Eligible patients were subsequently contacted and invited to attend an

outpatient visit. During this visit, participants were informed about the study

protocol and assessed for eligibility based on the predefined inclusion and

exclusion criteria. All eligible patients who agreed to participate provided written

informed consent prior to enrollment.

2.2 Inclusion and Exclusion Criteria

2.3

The following patients were included in the study:

e patients aged 65 years or older;

patients affected by heart failure classified as New York Heart Association (NYHA)
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class I-II-III, according to the 2023 update of the European Society of Cardiology

(ESC) guidelines'?;

patients with a diagnosis of chronic obstructive pulmonary disease (COPD) classified

as stage A—B-E’!.

The following patients were excluded from the study:

patients with metastatic neoplastic disease;

patients with end-stage renal disease;

patients with a life expectancy of less than 6 months and moderate-to-severe

cognitive impairment (Mini-Mental State Examination [MMSE] score < 18)%;

patients who were not independent in instrumental activities of daily living and who

lacked a caregiver capable of providing continuous 24-hour assistance during

telemonitoring measurements. Prior to the initiation of the clinical trial, an outpatient

meeting was held with patients affected by both heart failure and COPD, as well as
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with their caregivers, in the form of a focus group.

The aim was to assess patients’ needs and expectations regarding the

telemonitoring program, in order to design a telemonitoring pathway that would

be well accepted by both patients and caregivers and that would maximize patient

adherence.

Based on the outcomes of the focus group and the available scientific evidence,

multiparametric telemonitoring equipment was selected and subsequently

provided to the participants.

During an outpatient evaluation, all patients included in the study underwent

medical history assessment with collection of major comorbidities, review of

previous clinical documentation and current pharmacological therapy and a

comprehensive physical examination. In addition, a multidimensional geriatric
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assessment was performed, including evaluation of cognitive function using the

Mini-Mental State Examination (MMSE)>? and assessment of functional

autonomy using the Lawton and Brody Instrumental Activities of Daily Living

(IADL) scale.”>>*

2.3 Study Design

Telemonitoring with an Artificial Intelligence Algorithm in Patients

with heart Failure and COPD

Patients enrolled in the telemonitoring group were provided with a bluetooth-

enabled pulseoximeter to perform percutaneous measurements of

oxygen saturation and heart rate on a daily basis every 8 hours, within predefined

time slots, excluding nighttime hours.

Measurements obtained by the patients using the bluetooth pulse oximeter
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were transmitted to an application installed on the patients’ smartphones and

uploaded to a telemonitoring digital platform accessible to the physician.

In this study, the BPCOmedia artificial intelligence algorithm was used for

telemonitoring. During the first five days of measurements (training phase),

the algorithm “adapts” to each individual patient by identifying their personal

baseline pattern of normality.

This pattern is derived from the interaction between heart rate and oxygen

saturation parameters, allowing the algorithm to identify measurements outside

the individualized normal range as alarm signals.

In the event of abnormal measurements falling outside the predefined range,

the algorithm classifies the event as an alert or warning.
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Patients were then contacted by telephone by the healthcare professionals involved

in the study and interviewed regarding their clinical status and the presence of any

newly developed symptoms. Patients were also instructed to perform additional

measurements in the event of new-onset symptoms.

2.4 Follow-up

During the follow-up period, significant alterations in vital parameters detected

in the study group were recorded and analyzed.

These alterations were identified as “alerts” by the telemonitoring algorithm

BPCOmedia and subsequently confirmed through telephone calls aimed at

assessing patients’ clinical status, symptoms and signs related to exacerbation

events of COPD and heart failure occurring at the time of the alert.
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In the event of out-of-range measurements, patients were contacted by the study

medical team to confirm the recorded values and to collect clinical

information in order to determine whether modifications to pharmacological

therapy were required or whether an additional follow-up visit should be

scheduled.

In cases of particular clinical severity that could not be managed at home,

patients were referred to the Emergency Department.

Healthcare personnel responsible for the study performed daily remote

monitoring of patients enrolled in the telemonitoring group from monday to

friday.

The telemonitoring system tested in this study does not represent a traditional

telemonitoring approach based only on the simple detection and transmission
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of patients’ vital parameters to the treating physician. Instead, it relies on an

artificial intelligence algorithm, BPCOmedia, structured on a Petri net

architecture, able of identifying interactions between the monitored

parameters (heart rate and oxygen saturation) on an individualized, patient-

specific basis and detecting deviations from the personalized measurement

range which are flagged as “alerts.”

In addition, patients were contacted monthly by telephone even in the absence

of algorithm-generated alerts in order to identify any exacerbations that may

not have been detected by the algorithm.

2.4 Data Analysis

Descriptive statistics were used to summarize the study variables.

Continuous variables were expressed as mean and standard deviation or as

median and interquartile range, depending on whether they followed a normal
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distribution, while categorical variables were reported as percentages.

Comparisons between the two groups were performed using the Student’s #-test

for continuous variables and the chi-square test for categorical variables.

The risk of developing adverse outcomes (exacerbations, hospitalizations, and

all-cause mortality related to heart failure or COPD) was evaluated using

Kaplan—Meier survival curves and differences between groups were assessed

with the log-rank test. Cox proportional hazards models were also constructed

to estimate hazard ratios (HRs) with corresponding 95% confidence intervals

(95% Cls). All statistical analyses were performed using the R statistical software

(version 4.1.2; Vienna, Austria).

CHAPTER 4: Results

A total of 40 patients were enrolled in the study, including 18 patients with COPD
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and 22 patients with heart failure.

During the follow-up period, among telemonitored patients with heart failure,

two exacerbations and two hospitalizations were recorded, with no deaths

observed. In the group of telemonitored patients affected by COPD, one

exacerbation and one hospitalization related to COPD occurred, and no deaths were

recorded.

HEART FAILURE POPULATION

A total of 22 patients affected by heart failure were enrolled in the study.

The mean age of the patients was 78.68 years (SD 9.6), and 54.5% of the study

population were women.

In addition to heart failure, patients were affected by the following

comorbidities: arterial hypertension in 95.45% (21 patients), ischemic heart
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disease in 40.9% (9 patients), atrial fibrillation in 54.5% (12 patients),

dyslipidemia in 100% (22 patients), diabetes mellitus in 50% (11 patients), and

chronic kidney disease in 31.8% (7 patients).

The mean Activities of Daily Living (ADL) score was 5.82 (SD + 0.5), and the

mean Instrumental Activities of Daily Living (IADL) score was 7.55 (SD £ 0.8).

The mean CAT score was 12.78 (SD £ 0.5), while the mean mMRC dyspnea

scale score was 1.33 (SD £ 0.77).

The mean duration of follow-up was 18 months.

Heart failure patients

Age (mean, SD) 78.6 (+- 9.9)

Gender(n,%) Male: 10 (45.5%)

Female: 11 (54.5%)

ADL (mean, SD) 5.82 (+-0.5)

TADL (mean, SD) 7.55 (+- 0.8)
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Arterial hypertension (n, %) 21 (95.45%)
Chronic kidney disease (n, %) 7 (31.8%)
Ischemic heart disease (n, %) 9 (40.9%)
Atrial fibrillation (n, %) 12(54.5%)
Dyslipidemia (n,%) 22(100%)
Diabetes mellitus (n, %) 11(50%)
Benign prostatic hyperplasia (n, %) 7(31.8%)
depression (n, %) 2(9%)

Table n.1: Characteristics of heart failure popolution

During the follow-up period, a total of two heart failure exacerbations and two

heart failure—related hospitalizations were recorded, with no deaths observed

(Table 2).
Total Events Telemonitoring period | Previous Year
Exacerbations 2 22
Hospitalizations 2 22
Deaths 0 0

Table 2. Total number of events during the telemonitoring period compared with the previous
year
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Figure 3. Comparison of heart failure-related exacerbations, hospitalizations, and deaths

during the telemonitoring year and the previous year
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Figure 4. Risk of heart failure exacerbations during the telemonitoring period compared with

the previous year

In Figure 4, the Kaplan—Meier curve shows that patients in the telemonitoring

group had a lower risk of exacerbation compared with the year preceding

telemonitoring (p = 0.001).

The Kaplan—Meier curve in Figure 5 shows that the risk of hospitalization in

51



patients with heart failure during the telemonitoring period was lower

compared with the previous year (p = 0.001).
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Figure 5. Risk of hospitalization over time in patients with heart failure

HR (IC 95%)

Heart failure exacerbations 0.09 (0.02-0.39)

Heart failure hospitalizations 0.09 (0.02-0.39)

Table 3. Heart failure exacerbations and hospitalizations hazard ratio

Cox proportional hazards models showed that patients during the

telemonitoring year experienced a 91% reduction in the risk of exacerbations
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and hospitalizations compared with the previous year (HR 0.09, 95% CI 0.02—

0.39).

COPD POPULATION

The study population affected by COPD consisted of 18 patients, with a mean

age of 72.8 years (SD £ 9.59). Women accounted for 61% of the study

population. In addition to COPD, patients were affected by the following

comorbidities: arterial hypertension in 72.2% (n = 13), hypothyroidism in

16.6% (n = 3), ischemic heart disease in 16.6% (n = 3), atrial fibrillation in

5.55% (n=1), dyslipidemia in 100% (n = 18), diabetes mellitus in 50% (n =

9), and chronic kidney disease in 11.1% (n = 2). The mean activities of daily

living (ADL) score was 5.89 (SD = 0.47), while the mean instrumental activities of

daily living (IADL) score was 7.7 (SD £ 0.65).
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COPD patients
Age (%, SD) 72.8 (+-9.59)
Gender (n, %) Male 7 (39%)
Female 11 (61%)
ADL (mean, SD) 5.89 (+- 0.47)
TADL (mean, SD) 7.78 (+- 0.65)
Arterial hypertension (n, %) 13 (72.2%)
Chronic kidney disease (n, %) 2 (11.1%)
Ischemic heart disease (n,%) 3(16.6%)
Atrial fibrillation (n, %) 1 (5.55%)
Diabetes mellitus (n, %) 9(50%)
Benign prostatic hyperplasia (n,%) 3(16%)
Depression (n,%) 1(5.55%)
Anemia (n,%) 2 (11.1%)

Table n. 4: Characteristics of heart failure popolution

During the follow-up period, a total of one COPD exacerbation and one

hospitalization were recorded, with no deaths. (Table 6)

Total Events Telemonitoring period | Previous year
Exacerbations 1 15
Hospitalizations 1 15
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Table 6. Total number of COPD events
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Figure 7. Cumulative incidence of mortality, hospitalizations, and composite outcome in

COPD patients undergoing telemonitoring compared with the previous year
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Figure 8. Risk of exacerbation over time in COPD patients undergoing telemonitoring
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Kaplan-Meier - COPD Hospitalizations

Lo -—..-__l____
i
Lk . —
] ]
? ey,
=
- |
ﬁ O - | 1
£
8 OF = 0.a7
T 044 95% Cl: 0.008-0U5E
i ] p < 001 {log-rank]
B
=
0.2
——- Telemonitoring
—— Previnls year
i T T T
o . 4 L4 -] pie 12

Turez Imonths)

Figure 9. Risk of hospitalization over time in COPD patients undergoing telemonitoring

compared with the previous year
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HR (95% CI)

COPD exacerbations 0.067 (0.008—0.56)

COPD hospitalizations 0.067 (0.008—0.56)

Table 6. Risk of negative outcomes in patients with COPD

The Cox regression models confirmed that telemonitoring reduced the risk of

exacerbations and hospitalizations by 93% (p = 0.009).
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DISCUSSION

The present study showed that remote telemonitoring supported by the

BPCOmedia artificial intelligence algorithm in patients affected by heart

failure appears to significantly reduce the risk of exacerbations and

hospitalizations due to heart failure. Similar results were also observed in

telemonitored patients with COPD.

The results obtained in patients affected by heart failure in our study are consistent

with those reported by Koehler et al. regard to the reduction in hospitalizations but

differ with respect to the significant reduction in exacerbations, which was not

observed in the Koehler trial.>

The discrepancy in results may be primarily attributable to the small sample

size and the relatively short follow-up of the present study, as well as to
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differences in the telemonitoring modalities adopted. Not all remote

telemonitoring systems are comparable. In the multicenter study by

Koehler et al., the analyzed population was not only larger (1.571 patients with

NYHA class II- III heart failure), but patients were monitored using a

traditional system based on a simple detection of vital parameters without the

use of an artificial intelligence algorithm able to identify a patient-

specific parametric range through a Petri net—based model and to signal

clinically meaningful deviations as alerts. However, the structured intervention

following alerts was comparable between the two studies.

In our study, when an alert was generated, patients were first contacted by

telephone and, if deemed necessary, scheduled for an outpatient assessment.

This approach may reduce exacerbations but at the cost of increased healthcare
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utilization, including more outpatient visits. This type of telemonitoring

requires closer patient surveillance and greater involvement of dedicated

medical and nursing staff. To confirm these findings in a larger population, a

multicenter study design is clearly warranted.

The results of the present study are in contrast with the large multicenter trial

by Ong et al. on this topic, which did not demonstrate a reduction in heart failure

exacerbations in telemonitored patients at 180 days after discharge.>®

In the study by Ong et al., a large cohort of 1,437 patients transmitted daily

measurements of heart rate, blood pressure and body weight to a dedicated

nurse®. Telemonitoring was again based on simple vital parameter recording

combined with nurse-led telephone coaching in the event of abnormal values;

thus, the type and modality of telemonitoring differed substantially from those

used in our study.
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In the group of patients with COPD, our Al-supported remote telemonitoring

system also demonstrated a significant reduction in exacerbations and

hospitalizations among elderly patients.

Data from previous studies focusing on elderly populations are limited and

highly heterogeneous. The marked clinical heterogeneity of COPD likely

contributes—more so than in heart failure—to the inconsistent results reported

regarding the effectiveness of telemonitoring systems.

As highlighted in the meta-analysis by Prof. Pedone et al. which analyzed 12

randomized controlled trials involving populations with a mean age between

65 and 73 years, most studies in this field were small, used heterogeneous

parameters and technologies, and showed that traditional remote

telemonitoring in elderly patients with COPD did not reduce either mortality or
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hospitalizations.”’

Only a few telemonitoring studies have been conducted specifically in elderly

patients with COPD, such as the randomized controlled trial by Persson et al.

and the non-randomized trial by Esteban et al., both of which reported

reduced mortality in telemonitored COPD patients compared with usual care,

49,51

in agreement with the results of the present study.

However, the telemonitoring approaches differed, as the study by Esteban et al.

combined vital sign monitoring with telephone interviews and patient

education on disease management.*’

Although the results of this study are encouraging, several limitations must be

acknowledged, including the small sample size, the short follow-up duration

and the monocentric design. A longer follow-up would have allowed the
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observation of a greater number of events and potentially demonstrated a

stronger effect of telemonitoring compared with usual care, while the

involvement of multiple centers would have enabled the recruitment of a larger

patient population, thereby increasing the robustness of the findings.

Enrollment in the telemonitoring programs, in particular for the elderly where studies

are lacking, was challenging due to the requirements that telemonitored patients must

have adequate practical skills, functional autonomy in ADLs and IADLs, no

moderate-to-severe cognitive impairment and the ability to correctly use the

monitoring device, albeit simple to operate.

This is a crucial aspect because in Italy only 45% of the popolution is digitally

literate, in particular in elderly and there are many digital divide between the

regions, both due to infrastructural issues and the lack of digital skills®®.

The digital divide seems to be linked to a generation factor as highlighted by the
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national statistical surveys. >

To fill this digital gap, many digitazion programs have been promoted in recent

years.

Elderly popolution often exhibit reduced digital skills, reduced attention,

a visual-spatial impairment which make adherence to telemedicine and

telemonitoring programs difficult.

The role of the caregiver in telemonitoring programs is essential in particular in this

type of study.

The presence of a caregiver capable of supporting the patient during the three daily

measurements— mainly during the training phase of the algorithm -was essential

and this has not always be possible.

Many patients, despite being affected by heart failure and COPD, could not be

enrolled because they were too frail, were candidates for care settings such as

64



hospice or long-term care facilities, or used mobile phones (e.g., Brondi

devices) that were not compatible with the BPCOmedia application.

These limitations prevented testing the algorithm in a larger population.

The relatively short duration of follow-up, particularly in patients with heart

failure, was also influenced by the fact that patients—especially those with

heart failure—tend to adhere to telemonitoring primarily during the acute phase

of exacerbation and often discontinue it once clinical stability is achieved.

This behavior contrasts with that of patients with COPD, for whom remote

telemonitoring more frequently becomes an integral part of long-term disease

management and contributes to increase patient awareness of their conditions.
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CHAPTER 7: CONCLUSIONS

In conclusion, our study, in partial agreement with previous literature,

demonstrated the usefulness of remote telemonitoring in reducing

exacerbations and hospitalizations in both patients with COPD and those with

heart failure.

The study also suggests that, in order to be effective, remote telemonitoring

systems should be supported by artificial intelligence and require a high level

of integrated medical care, particularly in clinically heterogeneous conditions

such as COPD, where the need to provide precision medicine clearly emerges.

Considering the prevalence, clinical impact and healthcare resource

consumption associated with heart failure and COPD in the elderly population,

further trials are needed in the future.
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These studies should include larger study populations, involve multiple

recruitment centers, extend follow-up periods, and employ new telemonitoring

devices that are even simpler and more efficient, in order to confirm and

strengthen these findings.

CHAPTER 7: A SIMILAR EXPERIENCE — A TELEMONITORING STUDY
IN SARDINIA

During my PhD, I also focused on the analysis of data from a

similar telemonitoring study conducted in patients with COPD in the Sardinia

region, using remote telemonitoring supported by the artificial intelligence

algorithm BPCOmedia.

A randomized, multicenter, prospective study was conducted in Lanusei,

Sardinia, to evaluate the effectiveness of a telemonitoring system supported by

the artificial intelligence algorithm BPCOmedia (EP 3394365) for the early
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identification of COPD exacerbations.

During the study year, 102 patients with COPD were enrolled: 54 received

remote telemonitoring (mean age 69.8 years, SD + 9.14; 76% male) and 46

received standard care (mean age 74.8 years, SD + 9.14; 67.3% male).

Alerts were reviewed daily by a dedicated nurse through a dedicated platform.

In the event of an alert, patients were contacted by the physician and

interviewed by phone regarding the onset of any new symptoms.

The need to modify pharmacological therapy was assessed on an individual

basis. When necessary, additional outpatient visits were scheduled, and in more

severe cases patients were referred to the Emergency Department.

Telemonitored patients were functionally more independent (ADL 5.9 vs 5.13;

IADL 7.2 vs 6.6). Patients were also affected by heart failure (5.5% in the
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telemonitoring group vs 1.73% in the control group), arterial hypertension

(63% vs 80.4%), ischemic heart disease (24.07% vs 45.6%), diabetes mellitus

(22% vs 26.8%), chronic kidney disease (12.9% vs 10.8%), atrial fibrillation

(16.6% vs 23.9%), benign prostatic hyperplasia (24.07% vs 43.47%), and

obesity (26.9% vs 19.5%).

During the study year, there was a 67% reduction in exacerbations (RR 0.33,

95% CI 0.22—0.49) and a 71.6% reduction in hospitalizations (RR 0.28, 95%

CI 0.057-1.4) compared with the control group.

Compared with the year preceding the study, the telemonitoring group

experienced a 55.5% reduction in the exacerbation rate (RR 0.44, 95% CI

0.29-0.66, p = 0.0001) and a 60% reduction in the hospitalization rate (RR

0.40, 95% C1 0.078-2.06, p = 0.27).
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These results suggest that remote telemonitoring supported by the BPCOmedia

artificial intelligence algorithm represents an effective support tool for patients

with COPD. However, limitations of this study include the small sample size,

the short follow-up period, and the single-center design.

A multicenter study will be necessary to validate these preliminary findings.
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Figure n.10: The risults of Sardinia study
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