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A B S T R A C T

This narrative review examines the interplay between frailty, heart failure (HF), and endothelial dysfunction, 
with a specific focus on the role of exercise-based cardiac rehabilitation (CR) in older and frail adults. Frailty and 
HF frequently coexist and share pathophysiological mechanisms — including chronic inflammation, oxidative 
stress, and impaired nitric oxide (NO) signaling — that exacerbate endothelial dysfunction and contribute to 
reduced functional capacity and poor prognosis. We synthesize current evidence linking endothelial impairment 
to both frailty and HF progression, and we evaluate findings from clinical trials investigating exercise-centered 
CR, hybrid CR, and cardiac telerehabilitation in this population.

Across studies, CR consistently improves physical performance, exercise tolerance, and quality of life, with 
several trials reporting measurable enhancements in endothelial function, such as improved flow-mediated 
dilation or increased mobilization of endothelial progenitor cells. Benefits appear strongest when programs 
are multidomain and individualized to the frailty phenotype, integrating aerobic, resistance, balance, and 
mobility training. However, heterogeneity in study designs, limited enrollment of frail older adults, and the 
frequent designation of endothelial outcomes as secondary endpoints constrain the ability to draw firm mech
anistic conclusions. Overall, available evidence indicates that CR is a feasible and effective therapeutic strategy 
to counteract vascular dysfunction, reduce frailty severity, and potentially disrupt the negative cycle that ac
celerates HF progression in older patients. Future studies should prioritize frail populations, adopt standardized 
endothelial assessments as primary outcomes, and evaluate long-term clinical impact. Tailored CR models, 
including hybrid and telerehabilitation programs, are likely essential to improve access, adherence, and vascular 
outcomes in this vulnerable group.

Introduction

Frailty defines a multidimensional, chronic status of increased 
vulnerability to stressors due to decreased physiological reserve and 
resistance to disease. It often manifests as weakness, fatigue, and 
decreased physical activity while affecting virtually all body's organs 
and systems. Frailty is a common consequence of aging and is associated 
with higher risks of falls, hospitalization, cardiovascular diseases, 

mortality, and other adverse health events.1

Chronic heart failure (CHF) is a complex and debilitating syndrome 
characterized by the heart's inability to effectively meet the blood body's 
demands, affecting millions of individuals and placing a heavy burden 
on healthcare system worldwide.2 CHF is a common condition in the 
elderly individuals, often coexisting with frailty.3 Due to the global 
population aging, the prevalence of CHF among older adults continues 
to rise, creating a growing public health challenge. Notably, it is 
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estimated that up to 50% of elderly patients with CHF also experiences 
frailty,4 highlighting the intricate link between these two geriatric 
syndromes.4 The coexistence of CHF and frailty presents a complex 
clinical scenario characterized by a synergistic, detrimental impact on 
patient outcomes.4

While CHF can contribute to the development of frailty through 
mechanisms such as reduced physical activity, fatigue, and muscle 
wasting (cachexia), frailty itself can exacerbate CHF progression by 
limiting a patient's capacity for self-care, medication adherence, and 
tolerance to standard therapies.5 This bidirectional relationship creates 
a vicious cycle, fueled by shared underlying pathophysiological path
ways including chronic inflammation, hormonal imbalances, and 
oxidative stress, ultimately leading to a decline in overall health and 
functional status.6,7 As a result, the concomitant presence of the two 
conditions represents a key risk factor for all-cause mortality and other 
poor outcomes.8

CHF is commonly classified according to left ventricle ejection 
fraction (LVEF), i.e. the proportion of blood pumped out by left ventricle 
during one contraction. When LVEF is less than 40%, the condition is 
defined as heart failure with reduced ejection fraction (HFrEF). 
Conversely, in heart failure with preserved ejection fraction (HFpEF), 
the LVEF is typically normal (i.e., ≥50%), but the heart's structural al
terations impair ventricle relaxation during diastole.9

Among other mechanisms, endothelial dysfunction (ED) is central to 
the pathogenesis of HF, particularly in HFpEF.10 Characterized by 
impaired nitric oxide (NO) production, increased vascular oxidative 
stress, and systemic inflammation, ED ultimately promoting vasocon
striction, high blood pressure, and a pro-thrombotic status.11 ED is 
emerging also as a key driver of frailty, possibly linking cardiovascular 
diseases to organismal decline. Indeed, ED is a common condition in a 
plethora of diseases associated with an increased prevalence of frailty, e. 
g. hypertension, diabetes, and atherosclerosis.12

As a corollary, it is conceivable that targeting ED through lifestyle 
modifications and cardiovascular drugs might potentially mitigate 
frailty and its adverse outcomes in older adults. These interventions may 
include exercise training to improve muscle strength and endurance, 
nutritional support to prevent muscle wasting, innovative interventions 
and careful management of comorbidities to optimize overall 
health.13,14 In particular, Cardiac Rehabilitation (CR) is considered a 
crucial component of the management strategies to improve or limit 
frailty in people with cardiovascular diseases.6

Here we briefly synthesize the role of ED in the pathogenesis of CHF 
in frail individuals to then review the literature reporting the effect of CR 
as an intervention for frail patients with CHF. Finally, we discuss the 
underlying mechanisms through which CR may exert its beneficial ef
fects, as well as the challenges and future perspectives in integrating CR 
into standard care for CHF frailty patients.

ED in frail patients with CHF

ED is a recognized hallmark of CHF and plays a central role in its 
progression, particularly in frail older adults. The endothelium, the 
inner lining of blood vessels, regulates vascular tone, inflammation, and 
hemostasis through the balanced production of bioactive molecules, 
notably nitric oxide. In HF, endothelial cells exhibit impaired NO syn
thesis, reduced NO bioavailability, and increased oxidative stress. This 
critical imbalance leads to heightened vascular stiffness, abnormal 
vasodilation, and a pervasive pro-inflammatory state.15,16 These phe
nomena profoundly contribute to the pathogenesis and progression of 
HF through several interconnected mechanisms.

Vasoconstriction and increased arterial stiffness elevate systemic 
blood pressure, significantly raising the workload on an already 
compromised heart and accelerating its functional decline.17 Further
more, ED in coronary arteries limits blood flow to the myocardium, 
especially during stress, promoting myocardial ischemia and contrib
uting to further cardiac dysfunction.18 Lastly, pro-inflammatory 

cytokines released from the dysfunctional endothelium directly impact 
cardiac muscle, fueling myocardial inflammation, promoting fibrosis 
and adverse cardiac remodeling.19

In frail patients, these pathophysiological processes are amplified. 
Indeed, frailty is characterized by systemic inflammation, sarcopenia 
(muscle wasting), and a decreased physiological reserve, overall pro
moting endothelial damage.20 Elevated levels of inflammatory mole
cules such as interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF- 
α), commonly observed in frail HF patients, promote oxidative stress and 
reduce the activity of endothelial nitric oxide synthase (eNOS), the key 
enzyme for nitric oxide (NO) production.21 The resulting decrease in NO 
availability disrupts vascular homeostasis, leading to impaired flow- 
mediated dilation (FMD), increased arterial stiffness, and reduced tis
sue perfusion.22

Moreover, mitochondrial dysfunction in endothelial cells further 
exacerbates oxidative stress in HF patients, especially those with frailty. 
Studies suggest that impaired mitochondrial dynamics result in exces
sive production of reactive oxygen species (ROS), which directly damage 
the endothelium and inhibit NO signaling pathways (Fig. 1).

This vicious cycle of oxidative damage and NO deficiency perpetu
ates endothelial dysfunction, contributing to reduced exercise tolerance 
and worsening frailty through several key mechanisms. Primarily, 
endothelial dysfunction compromises vasodilation in the skeletal muscle 
microvasculature, thereby limiting the adequate supply of oxygen and 
nutrients to active muscles during physical exertion. This inadequate 
perfusion directly leads to premature fatigue and reduced exercise per
formance.23 Furthermore, ED can negatively influence mitochondrial 
function within skeletal muscle cells, disrupting cellular energy meta
bolism and resulting in reduced adenosine triphosphate (ATP) produc
tion. This bioenergetic impairment consequently diminishes the 
muscle's capacity for sustained activity and overall exercise tolerance.24

Additionally, the combination of suboptimal muscle perfusion with 
chronic inflammation and oxidative stress associated with endothelial 
dysfunction significantly contributes to the development and progres
sion of sarcopenia and generalized muscle weakness, further amplifying 
the severity of frailty in affected patients.25

Frailty itself profoundly impacts vascular function through multiple 
interconnected mechanisms. The sedentary lifestyle commonly associ
ated with frailty significantly diminishes beneficial endothelial shear 
stress, reducing NO production and compromising vascular homeosta
sis.26 Simultaneously, chronic low-grade inflammation elevates pro- 
inflammatory cytokines (IL-6, TNF-α), while mitochondrial dysfunc
tion generates excessive oxidative stress, both directly impairing endo
thelial NO synthase activity. Furthermore, hormonal imbalances 
(reduced anabolic hormones IGF-1 and DHEA) and nutritional de
ficiencies (L-arginine, folate, vitamins C and D) inherent to the frail state 
further contribute to ED, establishing a self-reinforcing cycle of systemic 
decline. This intricate interdependence between frailty, sedentary 
behavior, and endothelial dysfunction underscores the critical need for 
tailored interventions to break this detrimental cycle27 (Fig. 2). (See 
Fig. 3.)

An additional hallmark of vascular endothelial dysfunction is the 
altered number and functionality of both endothelial progenitor cells 
(EPCs) and circulating endothelial cells (CECs).28 CECs are mature, 
terminally differentiated endothelial cells that are released in the 
bloodstream in response to endothelial damage or cardiovascular injury. 
An elevated CECs number is often considered a biomarker of endothelial 
injury and dysfunction, as their increased presence in circulation reflects 
ongoing vascular damage, impaired endothelial integrity, and reduced 
regenerative capacity.29 On the other hand, EPCs originate from the 
bone marrow and act as key contributors to endothelial repair, vascular 
regeneration, and angiogenesis. These progenitor cells are mobilized 
into circulation in response to endothelial injury and are held to restore 
endothelial function and promote neovascularization.30 EPCs exert their 
beneficial effects through the secretion of pro-angiogenic factors, such 
as vascular endothelial growth factor and stromal-derived factor-1, 
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which enhance endothelial survival, proliferation, and migration.31 In 
patients with endothelial dysfunction, including those with HF, the 
number and functionality of EPCs are significantly reduced, possibly 
contributing to an impaired vascular repair.28

Assessment of ED

Various techniques are employed to evaluate the functional status of 
the endothelium.32 Many of these approaches examine the systemic 
function of the endothelium by measuring its capacity for dilation in 
both major peripheral arteries and the microcirculation. Flow-mediated 
dilation (FMD), venous occlusion plethysmography, peripheral arterial 
tonometry (PAT), and laser Doppler flowmetry (LDF) are the most 
commonly used tool to assess endothelial function.33

FMD represent the most commonly used approach to assess systemic 
endothelial function in a non-invasive manner. This technique measures 
the variations in the diameter of a peripheral artery through ultrasound, 
triggered by a peak increase in blood circulation resulting from reactive 
hyperemia. When blood flow velocity rises, it triggers endothelial cells 
to produce nitric oxide as a response to increased shear stress, leading to 
blood vessel dilation. FMD is calculated by evaluating the maximum 
percentage variation in the brachial artery's diameter during hyperemia 
against its baseline measurement.34,35 Ras et al. conducted an exhaus
tive meta-analysis highlighting the reliability of FMD as a predictive 
marker of future cardiovascular events.36 Its use may therefore be 
particularly valuable in secondary prevention and in the clinical moni
toring of patients with cardiovascular risk factors or established 
disease.37–39

The PAT examines the expansion of peripheral microcirculation by 
assessing variations in pulsatile arterial volume through finger pleth
ysmography (EndoPAT). A pressure cuff is applied to the forearm and 
inflated beyond systolic levels, inducing five minutes of restricted blood 
flow, which is then followed by a period of increased blood flow after the 

cuff is released. The use of a pneumatic probe on the fingertip of the 
same arm allows the measurement of arterial blood volume variations at 
rest and during hyperemia by tracking the amplitude of the digital pulse 
wave (PWA). During hyperemia, the enhancement of blood flow is 
indicated by the reactive hyperemia index (RHI), which is calculated as 
the ratio of post-occlusion to pre-occlusion pulse wave amplitude (PWA) 
readings.40 However, it has been suggested that PAT has a low-moderate 
reliability, an aspect that has limited its diffusion in clinical settings.41

Beyond these tools, also surrogate, blood-based biomarkers of 
endothelial function have been proposed.42 Among them, elevated 
circulating levels of vascular cell adhesion molecule-1 (VCAM-1) and 
intercellular adhesion molecule-1 (ICAM-1), which are over expressed 
by activated endothelial cells in response to inflammatory stimuli, have 
been associated with the onset of new HF symptoms following acute 
myocardial infarction. Moreover, up-regulation of their receptors on 
monocyte subsets in HF patients has been proposed as potential prog
nostic indicator of disease severity.43 Intercellular adhesion molecule-2 
(ICAM-2) and junctional adhesion molecule-A (JAM-A), both known 
mediators of leukocyte-endothelial interactions, have emerged as 
promising biomarkers in CVD population. Specifically, elevated plasma 
levels and dynamic longitudinal changes over time have been inde
pendently associated with the occurrence of adverse clinical events.44–46

E-selectin has also been found to be increased in individuals affect by 
HF, likely reflecting inflammation-driven endothelial activation, 
particularly in the presence of comorbidities such as diabetes mellitus.47

Similarly, von Willebrand factor (vWf), a marker of acute vascular 
dysfunction, is significantly elevated in HF across phenotype, contrib
uting to further endothelial structure alteration.48 However, these bio
markers do not consistently correlate with tradition clinical indicator, 
suggesting they may reflect specific and independent pathogenic 
mechanisms related to endothelial health. To date, their clinical use
fulness remains limited due to the small number of available studies and 
their intrinsic biological variability.46

Fig. 1. Mechanisms of ROS overproduction and its effects on endothelial and myocardial function. Reduced signaling through AT1R and AT2R decreases anti- 
inflammatory, antifibrotic, and anti-apoptotic responses, as well as ADMA regulation, leading to reactive oxygen species (ROS) accumulation. ROS over
production activates NF-κB, increasing ICAM-1 and VCAM-1 expression and endothelial permeability. In cardiomyocytes, ROS induces mitochondrial damage and 
poor exercise tolerance. ROS-mediated inhibition of the NO–sGC–cGMP–PKG pathway results in myocardial hypertrophy, dilation, diastolic and systolic dysfunction, 
and fibrosis, while also impairing extracellular matrix (ECM) synthesis.
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Cardiac rehabilitation

Definition and core components

Cardiac rehabilitation (CR) is defined as a supervised, evidence- 
based program designed to help individuals with CVD in recovering 
and promoting their health. It usually combines structured physical 
activity with education on healthy living, risk factor management, and 
psychological support. The goal is to enhance clinical stability, reduce 
the risk of future cardiovascular events, and improve quality of life.49,50

CR is inherently multidimensional, extending beyond the recovery of 
cardiac function to encompass physical, psychological, and social well- 
being.51 A multidisciplinary team, including physicians, nurses, phys
iotherapists, dietitians, and psychologists, collaborates closely with the 
patient and their family to develop a personalized rehabilitation plan 
that optimizes long-term outcomes.52 Key components include 
comprehensive assessment and risk stratification, optimized pharma
cotherapy, management of comorbidities, and sustained non- 
pharmacological interventions. As a result, an individualized treat
ment plan is structured for each patient, developed and signed by a 
physician, and reviewed at least every 30 days to ensure continued 
clinical relevance. Additional, programs must meet specific regulatory 
requirements regarding qualifying medical diagnoses, prescribed num
ber and duration of sessions, and structural criteria for intensive CR 

models.53

Several international organizations have defined and refined CR core 
components and standards, reflecting a holistic approach to cardiovas
cular recovery. The British Association for Cardiovascular Prevention 
and Rehabilitation (BACPR), the European Society of Cardiology (ESC), 
and the American Heart Association/American Association of Cardio
vascular and Pulmonary Rehabilitation (AHA/AACVPR) have estab
lished widely recognized guidelines and frameworks.53–55

Complementing these, the World Health Organization promotes CR 
integration into primary care and universal health coverage 
(WHO,1993), while the Canadian Association of Cardiovascular Pre
vention and Rehabilitation (CACPR) emphasizes program quality, eq
uity, and innovation, including technology adoption.56 The National 
Institute for Health and Care Excellence (NICE) provides evidence-based 
guidance tailored to post-myocardial infarction care, and the Interna
tional Council of Cardiovascular Prevention and Rehabilitation (ICCPR) 
fosters global collaboration, particularly supporting low-resource set
tings (Table 1).

The cornerstone of CR is physical exercise, with the primary objec
tive of improving cardiorespiratory fitness. Exercise activity prescription 
is guided by four key parameters: frequency, intensity, duration, and 
mode. To individualize exercise intensity, cardiopulmonary exercise 
testing (CPET) is commonly employed. CPET is the gold standard for 
assessing integrated cardiopulmonary and metabolic responses to 

Fig. 2. Comparison of skeletal muscle and endothelial function between non-frail and frail individuals. 
In non-frail individuals (left), endothelial NO production from L-arginine via eNOS supports glucose uptake (via GLUT4), mitochondrial biogenesis (via PGC-1α), 
reduced oxidative stress, and anti-inflammatory myokine release, contributing to healthy skeletal muscle function. In contrast, frailty (right) is associated with 
reduced NO bioavailability due to endothelial dysfunction and increased pro-inflammatory cytokines. This leads to impaired vasodilation, insulin resistance, 
mitochondrial dysfunction, reduced angiogenesis and aerobic capacity, increased reactive oxygen species (ROS), and skeletal muscle damage, contributing to sar
copenia and functional decline.
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exercise, providing objective measures such as peak oxygen uptake (VO₂ 
peak), carbon-dioxide consumption, anaerobic threshold, and contin
uous monitoring of heart rate, blood pressure, oxygen saturation, and 
ECG.57 Alternatively, simpler tools such as the Talk Test, a subjective 
method estimating exercise intensity based on a patient's ability to speak 
comfortably during activity, can be used. This test correlates moderately 

with ventilatory thresholds and is practical for guiding aerobic exercise 
intensity in settings lacking advanced testing or for patients requiring 
low-technology solutions.58 Another option is the 6-min walk test 
(6MWT), which evaluates submaximal functional capacity by measuring 
the distance walked in six minutes along a standardized course. The 
6MWT is widely utilized for baseline assessment, monitoring functional 

Fig. 3. Schematic overview comparing non-frail (left) and frail (right) conditions. 
In the non-frail state, preserved endothelial function and a favorable muscle microenvironment sustain adequate tissue perfusion and optimal skeletal muscle 
performance. In contrast, frailty is characterized by endothelial dysfunction and heightened systemic inflammation, which reduce nitric oxide bioavailability. These 
alterations impair tissue perfusion, disrupt muscle metabolism, and diminish functional capacity, ultimately contributing to progressive muscle mass loss, decreased 
strength, and impaired physical performance, with increased vulnerability to disability.

Table 1 
Exercise Intensity Prescription Methods in Cardiac Rehabilitation: Clinical Application in Heart.

Method Parameters for Intensity 
Prescription

Physiological Rationale Clinical Application in HF and Frailty Key 
References

Cardiopulmonary Exercise 
Testing (CPET)

VO₂ peak; Ventilatory 
Thresholds (VT1, VT2);

Gold standard for integrated cardiopulmonary and 
metabolic assessment; identifies precise aerobic and 
anaerobic thresholds

Enables individualized MICT and HIIT 
prescription; may be limited in very 
frail

71

Moderate-Intensity 
Continuous Training 
(MICT)

60–70% VO₂ peak or HRR 
(up to 80% in selected 
HFpEF)

Promotes stable shear stress, improves endothelial 
function, reduces sympathetic overactivation

Safest and most widely used model in 
HF; suitable for elderly and frail 
populations

72

High-Intensity Interval 
Training (HIIT)

>85% VO₂ peak with active 
recovery intervals

Enhances endothelial adaptation; superior reduction of 
oxidative stress and inflammatory markers compared to 
MICT

Effective in stable HF; requires careful 
supervision in frail patients

75

Heart Rate Reserve (HRR) 60–80% HRR
Accounts for resting HR and blunted chronotropic 
response common in HF

Practical when CPET unavailable 78

Rate of Perceived Exertion 
(RPE – Borg 6–20)

12–13 for aerobic training; 
9–11 in frail HF patients

Reflects subjective cardiorespiratory strain when HR is 
unreliable

Essential chronotropic incompetence; 
useful in home-based CR

76,77
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changes, and prognostic evaluation in patients with cardiovascular and 
pulmonary diseases. A walked distance >400 m is associate to good 
physical functionality conversely to a distance <300 m often correlated 
to high mortality risk and re-hospitalization.59,60 Silverii et al. published 
an exhaustive paper that provides the clinical rationale behind the 
choice of exercise training protocols.61 The authors emphasize that each 
training plan should be individualized based on a multidimensional 
assessment, encompassing clinical, functional, cognitive, nutritional, 
and social domains. This may include the use of validated tools such as 
the Short Physical Performance Battery (SPPB), Fried's criteria, the 
Essential Frailty Toolset (EFT), and assessments of Activities of Daily 
Living (ADL). These tools allow for the stratification of older patients 
into robust, pre-frail, and frail categories, enabling the design of pro
gressive, safe, and tailored training programs. Ideally, for robust and 
pre-frail individuals, a combined training approach is recommended, 
involving light-to-moderate intensity aerobic exercise for 15–30 min, 
supplemented with resistance training 2–3 times per week. Intensity can 
be progressively increased to moderate-to-vigorous levels, up to 40–60 
min per session, if tolerated. Conversely, for cardiovascular patients 
identified as frail, the focus should be on balance, coordination, and gait 
training, gradually integrated with aerobic and resistance exercises. For 
this population, programs typically span 8–12 weeks, with 3–5 sessions 
per week lasting approximately 30 min.62–64

A core element of CR is the comprehensive assessment, particularly 
crucial in older adults with comorbidities, frailty, and psychosocial is
sues. Initial evaluation includes medical history, cardiovascular func
tion, comorbidities, fall risk, medications, and symptoms. Social, 
behavioral and environmental factors are also assessed to identify bar
riers to participation or suitability for remote care.53 This leads to a 
functional assessment and the creation of an Individualized Treatment 
Plan (ITP) summarizing clinical status, goals, and interventions.65

Nutritional education is another key component of CR. Interventions 
should be food-based, personalized, and culturally appropriate, using 
accessible language. Commonly recommended patterns include the 
Mediterranean and DSH diets.66,67 Referral to a dietitian is essential for 
cardiovascular patients with diabetes, malnutrition, or frailty.68

Finally, psychological assessment is equally critical. Depression, 
anxiety, stress, isolation, sleep issue, and cognitive decline are common 
in CVD patients and independently affect outcomes.69 Though mecha
nisms remain unclear,70 early screening and intervention are essential. 
Psychological support may overlap with other CR elements and be 
delivered in various formats by psychologists, trained nurses, or psy
chiatrists for complex cases.71,72

Cardiac telerehabilitation

Although evidence supports the positive impact of CR on capacity 
range markers and hard outcomes, a significant number of patients do 
not participate due to barriers like education, socioeconomic status, or 
lack of motivation.73 Consequently, there has been increasing interest in 
alternative CR models, such as cardiac telerehabilitation (CTR) (or 
home-based CR). This approach allows remote participation, with 
personalized exercise plans, education on heart disease prevention, and 
psychological support.74 CTR leverages digital technologies such as 
telemedicine platforms, wearable devices, and remote consultations, 
providing continuous monitoring and interventions without the need for 
frequent in-person visits.75 This is especially useful for patients with 
limited mobility and for those living in rural areas. The flexibility and 
convenience offered by home-based rehabilitation improve the 
completion rates for prescribed rehabilitation sessions when compared 
with traditional in-person rehabilitation programs.76,77 These findings 
are supported by Fukuta et al., which showed that CTR, when combined 
with remote monitoring and personalized feedback (e.g., heart rate, 
physical activity level, exercise progress, or the experiences during the 
rehabilitation program), results in improvements in exercise tolerance 
and self-reported clinical outcomes comparable to those achieved 

through center-based rehabilitation.78 As CR, the core intervention of 
CTR is the physical training. To ensure exercise safety, specialists track 
exercise intensity by monitoring heart rate, oxygen consumption, and 
perceived exertion, along with the patient's general health status at the 
start, during, and at the end of each session.79 This aspect emphasizes 
the role of remote supervision in CTR, where telemonitoring systems 
and online communication allow real-time adjustments. This digital 
approach ensures safe exercise levels, with no risk of adverse cardiac 
events, hospitalizations, or deaths reported during remotely monitored 
sessions.80 Additionally, remote supervision can engage more patients, 
creating a sense of community and motivation. Therefore, home-based 
CR programs promote long-term adherence, allowing patients to 
incorporate exercise into their routines, minimize hospital visits, and 
encourage lasting lifestyle changes.81,82 Physical training programs in 
CTR integrate aerobic exercises, strength training, and respiratory 
techniques, resulting on one hand in significant improvements in func
tional recovery of patients with heart failure, and on the other hand in 
promoting patient autonomy through active participation in the reha
bilitation program. Real-time transmission of biometric data via mobile 
networks enables continuous and personalized supervision by health
care professionals, ensuring both the efficacy and safety of the exercises 
performed.83 Beyond physical training, CTR incorporates psychological 
support and stress management. However, literature often lacks clarity 
on this aspect. Some studies, such as Piotrowicz et al., describe remote 
counseling via telephone, addressing illness acceptance, treatment 
adherence, and emotional well-being.84

Overall, the available literature highlights that CTR significantly 
improves functional status, psychological well-being, and overall quality 
of life. However, evidence regarding its impact on reducing cardiovas
cular mortality remains limited.85 Likewise, there is limited evidence 
regarding the effectiveness and safety of digital interventions in older 
cardiovascular patients with a frailty phenotype. The available data 
mostly come from small-scale studies, partly due to the persistently low 
referral rates to rehabilitation programs within this patient popula
tion.85 Therefore, larger studies are needed to assess the impact of CTR 
on short- and long-term clinical and functional outcomes, as well as to 
evaluate its effectiveness, safety, and acceptability in frail elderly 
patients.86

Hybrid cardiac rehabilitation

Hybrid Cardiac Rehabilitation (Hybrid-CR) represents a progressive 
model that integrates center-based and home-based rehabilitation, 
combining their strengths to overcome individual limitations.87 This 
model is especially beneficial for patients facing physical, logistical, or 
psychological barriers to traditional CR.88 The structure of Hybrid-CR is 
not yet standardized.89 Typically, an initial phase occurs in a specialized 
center for counseling, followed by a home-based phase.89 Wearable 
fitness trackers, heart rate monitors, and mobile apps provide real-time 
progress tracking, allowing healthcare providers to personalize exercise 
intensity while ensuring safety.90 Hybrid-CR offers a structured yet 
adaptable approach, merging the direct supervision of in-person reha
bilitation with the convenience of home-based care. While traditional 
CR ensures close monitoring and structured sessions, it is often limited 
by accessibility and logistical constraints. Hybrid-CR balances these 
factors, improving patient engagement while maintaining clinical 
effectiveness.91

Hybrid-CR programs are not inferior compared to traditional CR 
programs in term of improvement of functional capacity, tested by 
6MWT or VO2peak, and psychological status, and increased of adher
ence to treatment.92

Marchionni et al.93 evaluated functional capacity (measured by a 
symptom-limited exercise test on a cycle ergometer), health-related 
quality of life (measured by the Sickness Impact Profile), and health
care costs as endpoints in patients who had experienced a myocardial 
infarction (mean age 66 years), comparing traditional center-based CR 
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with a Hybrid-CR intervention. The traditional program consisted of 40 
supervised exercise sessions, whereas the hybrid model included four in- 
clinic and four home-based sessions, both supported by regular phys
iotherapist. After 6- and 12-month follow-up, the authors reported that 
the Hybrid-CR intervention led to reduced healthcare system costs and 
improved adherence to the rehabilitation program, with no significant 
differences observed between groups in the other two outcomes.

The study conducted by Campo et al.94 involving patients with 
ischemic heart disease and a median age of 76 years demonstrated that 
both traditional outpatient intervention (CR) and hybrid CR program 
produced comparable improvements in quality of life, as measured by 
the EuroQol Visual Analogue Scale, as well as in physical mobility. These 
results indicate that the Hybrid-CR model may serve as an effective 
alternative to conventional CR, particularly by improving accessibility 
and adherence among this patient population.

Overall, Hybrid-CR represents an effective alternative to traditional 
CR, potentially offering greater accessibility and flexibility for patients. 
However, many authors emphasize the need for further well-designed 
studies to validate these results, particularly regarding long-term out
comes and clinical parameters associated with heart failure.

Exercise-centered cardiac rehabilitation in frail older adults: shared 
findings and key differences across studies

The progressive decline in cardiovascular, musculoskeletal, and 
metabolic function associated with aging significantly increases the risk 
of frailty, falls, and loss of independence.95 Although no pharmacolog
ical interventions have yet proven effective in reversing age-related 
physical or cognitive deterioration, a growing body of evidence high
lights the pivotal role of structured exercise programs in mitigating these 
adverse outcomes (.96,97 Multicomponent exercise regimens—combin
ing aerobic, resistance, balance, and flexibility training—have consis
tently demonstrated efficacy in enhancing physical performance and 
reducing frailty among older adults with cardiovascular disease (.96,98,99

These interventions confer systemic physiological benefits, including 
improved endothelial function, reduced arterial stiffness, and modula
tion of systemic inflammation and oxidative stress.97,100,101 Numerous 
randomized controlled trials (summarized in Table 2) and systematic 
reviews have reported significant improvements in functional metrics 
such as gait speed, chair-rise time, and Short Physical Performance 
Battery (SPPB) scores in frail or pre-frail older adults undergoing 
tailored cardiac rehabilitation (CR) programs.102–104 For instance, the 
PEARL trial demonstrated superior improvements in gait speed and 
balance using a multimodal CR approach incorporating resistance, 

balance, and aerobic training in older patients hospitalized for heart 
failure,102 while Tamulevičiūtė-Prascienė et al. observed reductions in 
frailty status among elderly patients post-valvular surgery when stan
dard CR was supplemented with additional resistance and balance ex
ercises.103 Despite consistent positive outcomes, variability exists across 
studies in the design and delivery of interventions. Some trials empha
size moderate-intensity aerobic training (e.g., brisk walking or cycling 
150 min/week) as a core component,96,105 whereas others prioritize 
progressive resistance training targeting lower-limb musculature to 
combat sarcopenia and improve postural control.99,106 Balance training 
emerges as particularly important in fall-prevention strategies, espe
cially among the oldest-old.95,98The duration and frequency of in
terventions also vary considerably, ranging from 8-week programs with 
thrice-weekly sessions to 6-month protocols with more intensive follow- 
up.103,104 In some cases, integration of nutritional support and behav
ioral strategies adds further complexity but may provide additional 
benefits in frail populations.96,101 More recently, clinical trials have 
increasingly targeted older adults with heart failure (HF), addressing 
both systolic and diastolic phenotypes across acute and chronic stages. 
Trials such as REHAB-HF, PACE SETTER, and REHAB-HFpEF have 
evaluated multidomain or personalized CR protocols—incorporating 
strength, endurance, mobility, and balance components—particularly 
after acute decompensated HF (ADHF), with the aim of improving 
physical function and reducing rehospitalization. Investigations such as 
FUNNEL+ and another trial (titled “Identifying Markers of Exercise 
Training in Heart Failure”) have focused on peak VO₂ and proteomic 
responses, while BAMS-HF and CHF-CaRe explored changes in physical 
and cognitive function, respectively. Telerehabilitation has emerged as a 
feasible and promising alternative, as demonstrated by TELEREHAB-HF 
and BAMS-HF, offering digitally supported or remote home-based CR. 
Other trials, such as CAMCO, investigated novel modalities (e.g., 
orienteering versus conventional walking) in inpatient CR settings. 
Recruitment feasibility and behavioral components have also been 
addressed, as in another trial guided by Emily C Gathright 
(NCT05575375), which tested a values-affirmation intervention inte
grated with CR. Additionally, studies such as PREHAB extended CR to 
preoperative HF patients, while ExCR in Vulnerable ADHF focused on 
early post-discharge rehabilitation. Collectively, the evidence supports 
the feasibility and efficacy of exercise-based CR in frail older adults, with 
multidimensional, individualized interventions yielding the most sub
stantial functional gains. Nonetheless, further research is warranted to 
optimize exercise prescriptions by identifying the ideal intensity, fre
quency, and combination of training components for this vulnerable 
population.

In addition to the conventional outcomes described above, a number 
of recent studies, summarized in the table below (Table 3), have 
investigated specific pathophysiological markers, particularly endothe
lial dysfunction, which is widely recognized as an early marker of 
vascular disease and a modifiable therapeutic target in patients with 
HF.107 Several of these studies have assessed endothelial function using 
FMD or other related vascular imaging techniques, though the results 
remain heterogeneous and appear to depend on HF phenotype, training 
modality, and intervention characteristics. For instance, Erbs et al. 
(NCT00176384) demonstrated that a 12-week program combining 
inpatient and home-based training improved FMD and was associated 
with enhanced regenerative capacity of circulating progenitor cells 
(CPCs) in older patients with NYHA IIIb HF.108 Similar improvements in 
brachial artery vasodilation were observed in another study109 after 
three months of home-based aerobic training in patients with NYHA II 
HF. Likewise, LEICA study reported enhanced FMD following four weeks 
of supervised aerobic exercise in stable HF patients aged ≥65.110

Furthermore, (15)O-water PET was employed to assess coronary vaso
motion in patients with non-ischemic dilated cardiomyopathy, demon
strating improved coronary endothelial responsiveness after a center- 
based CR program combined with optimal medical therapy.111 The 
type and intensity of exercise also seem to influence outcomes. A greater 

Table 2 
Expected Quantitative Outcomes of Cardiac Rehabilitation on Physical Function.

Functional 
parameter

Expected 
quantitative 
outcome

Clinical and Prognostic 
Significance

References

SPPB
Increase of +2.2 to 
+4 points

Improved mobility; reduced 
risk of falls and functional 
disability.

78,79

6MWD
Increase of +30 to 
+50 m

Achievement of the MCID; 
enhanced daily autonomy 
and reduced hospitalization 
risk

82

Peak VO2
Increase of ≥6% 
(avg. gain up to 
+2.16 mL/kg/min)

threshold for improved long- 
term prognosis and survival

84,85

Frailty Status
Prevalence 
reduction Mitigation of Frailty status 81

Abbreviations: 6MWD: 6-Minute Walk Distance; MCID: Minimal Clinically 
Important Difference; SPPB: Short Physical Performance Battery; Peak VO₂: Peak 
Oxygen Consumption.
Notes: Expected outcomes are based on mean improvements observed in the 
cited clinical trials for frail older populations.
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FMD improvements was found with high-intensity interval training 
(HIIT) compared to moderate-intensity continuous training in patients 
with HFpEF112 and similarly was reported a vascular function im
provements following HIIT or circuit-resistance training in stable NYHA 
I–II HF.113 Kourek et al. added mechanistic insight by demonstrating 
increased endothelial progenitor cell mobilization after combined HIIT 
and strength training.114 Conversely, other studies did not find signifi
cant changes in endothelial function, despite well-structured exercise 
protocols, pointing to variability in response.115–117 It is important to 
note, however, that only a minority of these studies considered endo
thelial dysfunction as a primary outcome, with most including it as a 
secondary or exploratory endpoint. This limits the ability to draw 
definitive conclusions about the vascular effects of exercise-based CR 
interventions. Additionally, there is considerable variability in the age of 
participants across studies, with mean ages ranging from mid-50s to 
≥70 years. While some trials specifically targeted older adults, others 
included relatively younger populations, potentially limiting the 
generalizability of results to the older, frail HF population that is the 
main focus of this review. Given that endothelial function is strongly 
influenced by age-related vascular changes, future research should pri
oritize the inclusion of older adults and explicitly assess vascular out
comes as primary endpoints to better understand exercise-induced 
adaptations in this vulnerable group.

Conclusion

The interplay between frailty and HF in older adults represents a 
major clinical challenge, underpinned by a complex web of shared 
pathophysiological mechanisms, with endothelial dysfunction emerging 
as a pivotal contributor. As highlighted, the bidirectional relationship 
between frailty and HF exacerbates systemic inflammation, oxidative 
stress, and vascular dysfunction, leading to a vicious cycle that worsens 
both conditions and adversely affects patient outcomes.118 The role of 
endothelial dysfunction is not only mechanistic but also prognostic, as 
demonstrated by multiple studies showing an association between 
measures of endothelial function and poor outcomes in multiple pop
ulations.119 Molecular mediators and the imbalance between circulating 
EPCs and CECs further delineate the pathophysiological substrate link
ing endothelial dysfunction to the frailty-HF dyad.120 These insights 
suggest that endothelial health serves as both a biomarker and a 

therapeutic target to disrupt the deleterious cascade affecting these 
patients.

From a clinical perspective, available evidence underscores the ur
gent need for comprehensive, multidisciplinary approaches that extend 
beyond pharmacological treatments. Interventions such as structured 
exercise programs, nutritional optimization, and CR have shown 
promise in mitigating endothelial dysfunction and its downstream 
consequences.121 Specifically, CR emerges as a valuable, yet underutil
ized, strategy to improve endothelial function, enhance NO bioavail
ability, and ultimately reverse the downward spiral of frailty in HF 
patients. Cardiac rehabilitation, in both traditional and innovative for
mats such as cardiac telerehabilitation (CTR) and hybrid-CR, demon
strates multidimensional benefits extending beyond physical recovery to 
psychological well-being and long-term risk reduction.6 CTR, in partic
ular, has shown to be a viable alternative to in-person programs, 
addressing common barriers to CR participation and maintaining com
parable outcomes in exercise tolerance, cardiovascular risk profiles, and 
quality of life.

Nevertheless, several challenges remain. Despite the established ef
ficacy of exercise-based interventions and CR programs, participation 
and adherence rates, especially among frail and elderly patients, remain 
suboptimal. A deeper issue lies in the logistical and systemic barriers to 
implementing these advanced and individualized CR programs, partic
ularly in healthcare systems with constrained resources or limited access 
to specialized services. Factors such as geographic disparities, staffing 
shortages, financial limitations, and insufficient telehealth infrastruc
ture hinder the widespread adoption and scalability of tailored CR in
terventions.122 This further emphasizes the need for health policy 
reforms and resource allocation to facilitate equitable access to these 
potentially life-changing programs.

Moreover, the clinical response heterogeneity, mainly due to age and 
comorbidities,123 emphasizes the imperative for increasingly individu
alized and flexible therapeutic strategies. In this context, the synergistic 
integration of pharmacological interventions with cardiac rehabilitation 
and lifestyle modifications emerges as a key approach to optimize sys
temic inflammation control, promote vascular health, and enhance 
functional capacity in elderly and frail patients.

Future research should focus on personalizing CR programs to the 
frailty phenotype, integrating molecular markers to guide intervention 
intensity and types, as well as to monitor progress and individual's 

Table 3 
Selected Clinical Trials on Endothelial Dysfuction and Exercise in Older Adults with Heart Failure.

PATIENT CHARACTERISTICS MIN 
AGE

INTERVENTION OUTCOME FINDINGS

NYHA IIIb CHF ≥70 12-week (intial phase in hospital followed by 
home exercise training)

Endothelial function related to 
endogenous regenerative capacity of 
circulating progenitor cells (CPCs)

Enhanced FMD associated with 
increased regenerative capacity 
of CPCs

HFpEF 70 16-week endurance exercise training (walking, 
arm and leg ergonometry)

Endothelial-dependent flow-mediated 
arterial dilatation

No changes in endothelial 
function

NYHA II HF 66 3 month of aerobic training at home, 5 session/ 
week of 30 min of cyckle ergonometry

Endotelial dysfunction Improvement in endothelial- 
mediated vasodilatation of the 
brachial artery

HF from non-ischaemic dilated 
cardiomyopathy and without 
coronary risk factors

54 12-week center-based CR (warm-up, low intensity 
weight resistance activity, aerobic activity) 
associated with medical therapy

Coronary vasomotion by using (15)O 
water PET

Improvement of coronary 
vasomotion

HFpEF 70 3 days/week for 4-week comparing high-intensity 
interval training (HIIT) with moderate-intensity 
aerobic continuos training (MI-ACT)

Endothelial function via FMD Greater FMD improvement with 
HIIT vs. MI-ACT

NYHA II-III HF 65 12-week Moderate-intensity continuous training 
or High intensity interval training

Superficial femoral artery endothelial 
function via FMD

No significant changes in FMD

Stable CHF ≥65 4-week supervised aerobic exercise training 
(sessions per weekday of 15–20 min)

Endothelial function via FMD Increase in FDM

CHF 56 36 session of exercise training (HIIT and HIIT 
combined with muscle strengh training)

Increase of EPCs at rest and the acute 
response

EPCs long term mobilization

Hemodynamically stable NYHA I–II 
HF

56 12-week, 36 training sessions, HIIT, Circuit- 
Resistance Training

Endothelial function via FMD vascular function improvement 
mediated by HIIT

Clinically stable NYHA II-III HF 60 3 time week, 12-week at hospital clinical research 
center

Endothelial function via FMD No significant changes in FMD
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response to intervention. The translation of these findings into real- 
world settings requires addressing the aforementioned barriers, 
tailoring interventions to the functional capacity and psychosocial needs 
of frail individuals.
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