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ARTICLE INFO ABSTRACT

Keywords: Longevity is a relevant cardiovascular (CV) endpoint because survival integrates incident CV disease (CVD),
Cardiorespiratory fitness competing non-CVD risks, and the physiological reserve that determines resilience to aging and chronic illness.
Physical activity Two related constructs, physical activity (PA; a modifiable behavior) and cardiorespiratory fitness (CRF; an
g:zz::ry behavior integrative phenotype reflecting habitual PA, genetics, cardiopulmonary function, skeletal muscle oxidative
Mortality capacity, and comorbidity), are consistently associated with lower all-cause and CVD mortality across diverse

Cardiovascular disease populations. In this invited narrative review, we synthesize evidence linking PA and CRF to longevity, highlight

Aging the dose-response nature of benefits and the importance of activity domain and intensity, and explain why CRF
generally outperforms self-reported PA for risk prediction. We address challenges in causal inference, residual
confounding variables, reverse causation, and selection/measurement bias, and emphasize approaches that
strengthen inference, including device-based PA assessment (e.g., accelerometry), repeated measures, and
triangulation with mechanistic and trial evidence. Mechanistic pathways plausibly linking PA and CRF to sur-
vival include favorable effects on blood pressure, glycemia and insulin sensitivity, adiposity and body compo-
sition, vascular reactivity, autonomic balance, inflammation and immune function, thrombosis, and preservation
of skeletal muscle and mitochondrial reserve. We review evidence in particularly relevant subgroups and discuss
the “extreme exercise hypothesis”, distinguishing mortality from risks, such as atrial fibrillation and accelerated
coronary calcification, in endurance athletes. We conclude with practical actions for clinicians and health sys-
tems, such as prescribing activities based on the frequency, intensity, time, and type (FITT) principles, incor-
porating resistance training, treating CRF as a vital sign, and addressing common implementation barriers.

Introduction (CV) medicine. Although CV disease (CVD) remains a leading
contributor to premature mortality, most patients embrace the tenet
Longevity has re-emerged as a central outcome in cardiovascular “living longer and better,” rather than merely avoiding illness. Survival

Abbreviations: AF, atrial fibrillation; ACS, acute coronary syndrome; BMI, body mass index; BP, blood pressure; CAC, coronary artery calcification; CHD, coronary
heart disease; CKD, chronic kidney disease; CPET, cardiopulmonary exercise testing; CR, cardiac rehabilitation; CRF, cardiorespiratory fitness; CV, cardiovascular;
CVD, cardiovascular disease; DXA, dual-energy X-ray absorptiometry; FITT, frequency, intensity, time, and type; GPAQ, Global Physical Activity Questionnaire;
HbAlc, glycated hemoglobin; HF, heart failure; HR, heart rate; IPAQ, International Physical Activity Questionnaire; LTPA, leisure-time physical activity; LVEF, left
ventricular ejection fraction; METs, metabolic equivalents; MVPA, moderate-to-vigorous physical activity; PA, physical activity; QoL, quality of life; RCT, randomized
controlled trial; RPE, rating of perceived exertion; RT, resistance training; SCD, sudden cardiac death; VO-max, maximal oxygen uptake; VOzpeak, peak oxygen
uptake; 1RM, one-repetition maximum.
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captures both the incidence and severity of CVD and the downstream
consequences of multimorbidity, frailty, disability, and treatment
tolerance.” Accordingly, longevity is not an abstract demographic
endpoint but a clinically meaningful integrator of cardiometabolic risk,
functional capacity, and resilience to acute stressors, such as infection,
surgery, or decompensation of chronic illness.*

Physical activity (PA) is any bodily movement produced by skeletal
muscles that results in energy expenditure, while structured exercise is a
planned and repetitive subset of PA performed to improve or maintain
physical fitness.! Fitness is multi-dimensional (cardiorespiratory
endurance, muscular strength and endurance, flexibility, balance, body
composition), but in CV medicine, cardiorespiratory fitness (CRF) is the
most extensively studied domain.” Sedentary behavior is distinct from
insufficient exercise and is defined as waking behavior characterized by
low energy expenditure (<1.5 metabolic equivalents -METs-) while
sitting, reclining, or lying.®

Quantification is important for both research and practice. PA can be
characterized by volume (minutes/week, steps/day, energy expendi-
ture), intensity (light, moderate, vigorous), frequency and pattern
(continuous vs intermittent; weekday vs weekend), and domain (leisure-
time, occupational, transport, household).” CRF is typically expressed as
the highest oxygen uptake (VOzpeak or VO2max) attained or as aerobic
or exercise capacity, expressed as metabolic equivalents (METs) ach-
ieved during graded exercise testing.® Because CRF reflects integrated
oxygen transport and utilization, it is potentially influenced by habitual
PA, genetics, age, sex, training history, prolonged bed rest, intercurrent
illness or injury, selected medications, and some comorbidities.’

Two lines of evidence justify considering longevity as a CVD
endpoint. First, considerable premature mortality is mediated by car-
diometabolic risk, atherosclerosis, threatening or malignant ventricular
arrhythmias, and heart failure (HF), all of which are strongly influenced
by PA.'? Second, survival also reflects physiological reserve, i.e., the
capacity to tolerate acute or chronic illness without significant loss of
functional independence.'' CRF and muscular fitness are direct proxies
for physiological reserve and simultaneously predict outcomes such as
hospitalization, postoperative complications, disability, and mortal-
ity.'>!® Therefore, the PA-fitness-longevity nexus remains widely un-
derappreciated; it is CV aging medicine focused on extending both
lifespan and healthspan (defined here as the period of life spent in good
health and functional independence, free from debilitating disease or
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In this review, we synthesize evidence linking PA and CRF to
longevity, with specific reference to interpretation and clinical trans-
lation. We highlight dose-response patterns, the importance of mea-
surement and activity domain, and why CRF invariably provides
superior prognostic discrimination over self-reported levels of PA. We
discuss challenges in causal inference and the contributions of objective
measurement, longitudinal trajectories, and trial evidence. Finally, we
review plausible biological mechanisms and evidence in selected sub-
groups, address the controversial role and risk: benefit ratio of high
exercise volumes, intensities, or both, and conclude with practical rec-
ommendations for clinicians, health systems, and public health
personnel. The conceptual framework linking PA, sedentary behavior,
fitness, intermediate pathways, and longevity is summarized in Fig. 1.
(See Tables 1 and 2.)

Epidemiology: association of PA with all-cause and CVD
mortality

Across numerous cohort studies, higher PA is associated with lower
all-cause and CVD mortality.'”"'® The association is typically graded and
curvilinear: the greatest proportional reduction in risk occurs when in-
dividuals move from very low to modest levels of regular PA, followed
by diminishing returns at higher volumes (Fig. 2).'%%° This widely-
reported relation is clinically important because the greatest popula-
tion impact is achieved by converting previously inactive individuals
into those who are moderately active.

Both volume and intensity of PA are critical. Many studies support
the practical goal of accumulating moderate-intensity PA throughout
the week, while also demonstrating that vigorous PA can offer compa-
rable, and often greater, benefits with a lower time commitment.?"??
However, intensity should be interpreted in both absolute and relative
terms. The same absolute workload can represent light exercise for a
highly fit individual but vigorous exercise for an older, frail, or decon-
ditioned individual. For clinical prescription, moderate and vigorous
aerobic intensity should, whenever feasible, be anchored to relative
markers such as percent of maximum heart rate (%HRmax) or percent
peak heart rate (%HRpeak), heart rate (HR) reserve, ventilatory
thresholds, rating of perceived exertion (RPE), symptoms, or the talk
test, rather than relying solely on absolute MET categories. How PA is
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Fig. 1. Physical activity, fitness, and longevity: conceptual model. Framework linking physical activity (PA) and sedentary behavior to cardiorespiratory and
muscular fitness, physiological reserve, intermediate biological pathways, and clinical endpoints (lifespan and healthspan). Confounders/effect modifiers and reverse
causation are indicated. Abbreviations: BP, blood pressure; CRF, cardiorespiratory fitness; METs, metabolic equivalents; PA, physical activity; QoL, quality of life; VOzmax,

maximal oxygen uptake; VOzpeak, peak oxygen uptake.
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Table 1

Measurement approaches for physical activity and fitness (self-report, accelerometry, steps, estimated CRF, treadmill testing, CPET), with strengths, limitations, and
common biases. Abbreviations: CRF, cardiorespiratory fitness; CVD, cardiovascular disease; CPET, cardiopulmonary exercise test; GPAQ, Global Physical Activity
Questionnaire; HR, heart rate; IPAQ, International Physical Activity Questionnaire; MVPA, moderate-to-vigorous physical activity; PA, physical activity; RPE, rating of

perceived exertion; VO:zpeak, peak oxygen uptake. DXA, dual-energy X-ray absorptiometry. Adapted from Ross et al.” and Lang et a

1.13

Method

What Measures

Strengths

Limitations

Common Biases

Physical Activity — Self-Report

PA questionnaire (e.g.,
IPAQ, GPAQ, Custom
recalls)

Leisure, occupational,
transport, household PA;
MET-hours/week

Physical Activity — Objective

Accelerometry (hip/
wrist-worn)

Step count (pedometers,
smartphones,
wearables)

Cardiorespiratory Fitness

Estimated METs
(treadmill / cycle
exercise test)

Cardiopulmonary
exercise test (CPET)
with gas exchange

Non-exercise estimated
CRF (prediction
equations)

Functional tests (6-min
walk, sit-to-stand,
stair climb)

Raw movement counts or g-
force; MVPA minutes,
sedentary time, step count
equivalent

Daily steps; cadence; can
estimate walking intensity
via cadence thresholds

Peak exercise capacity
estimated from workload,
speed/grade, and exercise
duration; reported as METs

Direct VOzpeak (ml/kg/
min); ventilatory efficiency
(VE/VCO2); gas exchange
threshold; heart rate reserve

Estimated VOmax from
age, sex, BMI, resting HR,
PA questionnaire responses

Submaximal functional
capacity; walking
endurance; lower-extremity
strength and power

Low cost; large-scale; captures
domain and context; validated
internationally

Objective; continuous; captures 24-h
activity pattern; increasingly used in
large cohorts (UK Biobank, NHANES)

Intuitive; clinically communicable;
strong dose-response evidence for
mortality and CVD

Widely available; strong prognostic
data; practical for clinical settings;
cost-effective

Gold standard; objective; protocol-
independent; provides cardiac,
pulmonary, and peripheral
differentiation; additional prognostic
markers beyond VOzpeak

No equipment needed; feasible in
primary care and large
epidemiological studies; enables CRF
screening at population scale

Safe for frail/elderly patients; low
equipment needs; clinically
meaningful endpoints (disability, falls
risk)

Recall bias; social desirability;
poor capture of light PA and
sedentary time; no intensity
granularity

Algorithm variation across
devices/brands; misclassifies
cycling, swimming, resistance
training; no contextual
information (domain, purpose)

Counts steps only — misses
upper-body PA, cycling,
swimming; step intensity poorly
captured

Assumes standard equations (e.
g., Bruce protocol); affected by
body weight, effort, medications
(B-blockers); interprotocol
variability

Specialized equipment; trained
personnel; higher cost; not
universally available; maximal
effort required

Lower precision than measured
CRF; cannot differentiate
etiologies of low CRF; not
validated in all populations
Ceiling effects in younger/fitter
adults; influenced by orthopedic
limitations; not directly
comparable to VOzpeak

Non-differential misclassification

attenuates associations; overestimation of

MVPA by 2-3x; underestimation of
sedentary time

Device-wear compliance bias; algorithm-

dependent cut-points; population-specific

calibration needed. Absolute cut-points
may not reflect relative physiological

intensity; the same movement count may

represent different relative intensities
depending on age, fitness, frailty, and
clinical status.

Measurement heterogeneity across
devices; self-selection in device users;
epoch-level data often unavailable

Underestimation in obese patients;
B-blocker attenuation of HR response;
submaximal effort reduces accuracy

Lab-to-lab variability in gas analysis;
altitude effects; some patients cannot
reach true VOzmax

Regression to the mean; confounding by

comorbidities that affect resting HR; may
underestimate CRF in active older adults

Motivation and instructions affect
performance; reproducibility varies by
test administrator

accumulated is flexible.?® It can be done in structured exercise sessions,
in shorter bouts or micro-bouts repeated throughout the day, or as
incidental vigorous physical activity in daily life.>*>° The growing body
of research on incidental PA indicates that adding movement to daily
routines, such as short brisk walks, using stairs, active commuting, and
taking activity work breaks, can significantly increase overall energy
expenditure and lower health risks.?’

Light PA and step volume are important entry points, especially for
older adults, sedentary individuals, or those with kinetic limitations.>!
This should not be interpreted as implying that older age or chronic
disease mandates low relative exercise intensity. Rather, exercise in-
tensity should be individualized according to baseline function, clinical
stability, symptoms, medications, comorbidities, supervision level, and
patient preference. Appropriately selected older adults and patients with
stable chronic disease may safely perform and benefit from moderate-to-
vigorous or interval-based exercise when the prescription is individu-
alized and supervised. For frail or functionally limited individuals,
increasing low-intensity movement and reducing sedentary time may be
a feasible starting point before progression to higher relative in-
tensities.>? Device-based studies have shifted the focus from a simple
“meets guidelines” threshold to a broader spectrum: each additional
amount of daily movement is linked to better health outcomes, even
those below traditional guideline levels.** For clinicians, the key take-
away is to set personalized goals based on the patient's current function,
rather than viewing guidelines as routine or universally prescriptive

measures.>* ¢

The magnitude of leisure-time PA (LTPA) is consistently associated
with lower mortality.>”-*® Occupational PA shows more heterogeneous
associations and has given rise to the “PA paradox,” the observation that
high physical demands at work do not necessarily confer the same
benefits as leisure-time exercise.’” Occupational PA often involves
prolonged standing, static load lifting with sometimes awkward body
mechanics, and insufficient recovery, and may be accompanied by
psychosocial stress and superimposed environmental stressors. '’ These
differences likely alter physiological responses, recovery, and injury
risk. Consequently, patients with physically demanding jobs may still
require individually prescribed aerobic conditioning and adjunctive
strength training to increase exercise capacity, enhance resilience, and
improve cardiometabolic health.'®

Sedentary time is not merely a “lack of exercise.” In fact, many adults
who meet exercise goals remain sedentary for most of their waking
hours, which appears to represent an independent and additive risk
factor for mortality.*"** Prolonged sitting may adversely affect post-
prandial glucose and lipid metabolism, endothelial function, and auto-
nomic balance.*® Higher moderate-to-vigorous physical activity (MVPA)
appears to attenuate some of the risk associated with sitting, but the
volume required for full attenuation is often substantial and not ach-
ieved by most adults.*' Consequently, clinical counseling should include
both increasing structured PA and reducing prolonged uninterrupted
sitting by inserting frequent light-to-moderate intensity movement
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Table 2
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Practical translation targets (FITT prescriptions, step goals, sedentary-break strategies) stratified by population (healthy adults, older adults, CVD, diabetes/obesity,
CKD, cancer survivorship). F: Frequency. I: Intensity. Approximate aerobic intensity anchors: very light <57% HRmax/HRpeak or < 30% heart-rate reserve (HRR);
light 57-63% HRmax/HRpeak or 30-39% HRR; moderate 64-76% HRmax/HRpeak or 40-59% HRR; vigorous 77-93% HRmax/HRpeak or 60-89% HRR. RPE: Rating
of Perceived Exertion 0-10 scale. T: Time (duration/week). Type: Mode. 1RM: one-repetition maximum. ACS: acute coronary syndrome. HbAlc: glycated hemoglobin.
HF: heart failure. HR: heart rate. LVEF: left ventricular ejection fraction. CKD: chronic kidney disease. FITT prescriptions are starting targets and should be indi-

vidualized based on baseline function, comorbidities, medications, symptoms, and patient preference.>”*%
Population Aerobic FITT Resistance Training Daily Movement Goal Sedentary Reduction Key Considerations
Healthy adults F: >5 d/wk. F: 2-3 d/wk. 8-10 exercises, 7000-10,000 steps/day  Break sitting every Partial adherence still beneficial;
(general) I: Moderate (RPE 5-6/10; major muscle groups 2-4 sets ~ or > 30 min MVPA/day ~ 30-60 min Standing any movement > none; weekend
~64-76% HRmax/HRpeak or x 8-15 reps 60-70% 1RM desk, walking meetings ~ warrior pattern acceptable

40-59% HRR) or vigorous (RPE
7-8/10; ~77-93% HRmax/
HRpeak or 60-89% HRR)

T: 150-300 min/wk. MVPA or
75-150 min/wk. vigorous
Type: Walking, cycling,
swimming, running

Older adults F: >5 d/wk. F: 2-3 d/wk. Emphasis on
(>65 yrs) I: Usually light-to-moderate as lower extremity, balance,
entry target (RPE 3-6/10; see HR ~ power Start low load;
zones in legend), with progress slowly Include
progression to moderate- functional movements

vigorous or interval-based
exercise when clinically
appropriate and supervised

T: 150 min/wk. MVPA; shorter
bouts acceptable

Type: Walking, water aerobics,
low-impact, cycling

Established F: 3-5 d/wk. F: 2 d/wk. Low-to-moderate
CVD / Post- I: Moderate (guided by HRR/% loads; avoid Valsalva
ACS / Post- HRpeak, RPE, symptoms, and Supervised initially 1-3 sets
HF CPET/ventilatory thresholds x 10-15 reps

when available)
T: Start 10-20 min; progress to

30-45 min
Type: Supervised cardiac rehab
preferred
Diabetes / F: >5 d/wk. (no >2 consecutive F: 2-3 d/wk. Combined
Obesity / days off) aerobic + resistance optimal
Metabolic I: Moderate-vigorous using for HbAlc, body
syndrome relative HR/RPE anchors; composition, and insulin
individualize for medicationsand  sensitivity
symptoms

T: 150-300 min/wk.; >250 min/
wk. for weight management
Type: Walking, cycling,

swimming
Chronic kidney ~ F: 3-5 d/wk. F: 2-3 d/wk. Low loads;
disease I: Light-to-moderate initially emphasize functional
(CKD) (RPE 3-5; relative HR anchors if strength and muscle mass
reliable); progress according to preservation; supervised
anemia, fatigue, BP, and preferred
symptoms
T: Start 10-15 min; progress to
30 min
Type: Walking, cycling, water
exercise
Cancer F: 3-5 d/wk. F: 2-3 d/wk. Preserve lean
survivors / I: Light-to-moderate initially; mass; low-moderate loads;
Cardio- progress using relative HR/RPE adapt to treatment side
oncology anchors according to treatment effects (neuropathy, fatigue,
phase, fatigue, anemia, and port/scar considerations)
symptoms

T: 90-150 min/wk. during
treatment; progress post-
treatment

Type: Walking, cycling; avoid
chlorinated pools if neutropenic

5000-8000 steps/day Hourly breaks; chair- Multicomponent programs (aerobic
(frail: >2000 based exercises if + resistance + balance) reduce fall
additional steps/day mobility limited; avoid  risk; individualize for osteoarthritis,
above baseline) >8 h/day total sitting orthostatic intolerance; protein

intake >1.2 g/kg/day

6000-8000 steps/day Frequent breaks; active ~ Refer to cardiac rehabilitation (Class
target; gradual daily routines; avoid I, Level A); CRF at every visit;
progression from prolonged bed rest monitor symptoms, HR, BP; CPET
baseline post-event may guide intensity; HF: HF-

ACTION protocol

7000-10,000 steps/ PA breaks every 20-30  Monitor hypoglycemia risk (adjust
day; breaking min particularly insulin/medications); check feet for
sedentary time every impactful for glucose; neuropathy; avoid framing PA as
20-30 min reduces reduce screen time weight-loss tool; emphasize
postprandial glucose metabolic/functional benefits
Incremental step goals Hourly movement Anemia, fatigue, and fluid overload
above baseline; even breaks; chair exercises require lower-intensity progression;
1000 additional steps/ acceptable; avoid avoid high-intensity on dialysis
day beneficial prolonged sitting post- days; home-based programs
dialysis feasible; protein intake per CKD
stage
Maintain daily Avoid prolonged bed Prehabilitation before systemic
ambulation; even short  rest; integrate gentle therapy; adapt to treatment phase;
bouts improve fatigue; PA during treatment; close oncology-cardiology
step counter feedback fatigue management coordination; monitor LVEF/
useful strategies symptoms with cardiotoxic

regimens; CRF assessment at
diagnosis, during, and post-
treatment

breaks.**%°

Self-report PA questionnaires are prone to recall bias and misclassi-
fication, as this traditional methodologic approach often inadequately
captures light PA and sedentary time. Such measurement error can
attenuate reported associations or obscure nonlinearity in dose-response

relationships. Device-based assessment reduces many of these limita-
tions, but accelerometer-derived intensity has its own caveats. Most
accelerometer intensity classifications rely on absolute movement
thresholds and cannot fully capture relative physiological intensity.
Thus, a given movement count or workload may be light for a fit
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Fig. 2. Conceptual dose-response curve: physical activity and all-cause mortality risk. Largest proportional gains occur from inactivity to modest PA, with
diminishing returns/plateau at higher volumes; guideline range and uncertainty at extreme volumes are shown. At extreme volumes, some studies suggest endpoint-

specific adverse adaptations (e.g., AF, CAC),**5%87-89

individual but vigorous for an older or deconditioned person. In clinical
settings, heart-rate-based approaches, CPET-derived thresholds, RPE,
symptoms, and the talk test may better reflect relative intensity than
accelerometer cut-points alone.

Although aerobic PA has dominated the longevity literature, com-
plementary muscle-strengthening activity is also an essential component
of a longevity-focused exercise prescription. Resistance training (RT)
maintains and enhances muscle mass, strength, bone density, and
glucose uptake, and may reduce fall risk and disability. Epidemiologic
studies increasingly suggest that combining aerobic and RT is associated
with favorable outcomes compared with training in either modality
alone. Even small amounts of RT can confer meaningful benefits in older
adults by preserving functional independence, an important contributor
to both healthspan and survival.”” In data from the Aerobics Center
Longitudinal Study, RT just once weekly, below the recommended
guidelines, was associated with reduced CVD mortality, independent of
aerobic exercise.*®

Finally, epidemiologic studies emphasize a pragmatic message: there
is no single “applicable” PA prescription for everyone. The optimal ex-
ercise prescription is the one that is safe and effective and that an in-
dividual can sustain. Therefore, clinicians should use the dose-response
evidence to simply overcome inertia (a body at rest tends to remain at
rest) to get patients moving and instead focus on achievable increments
over time, reinforcing the fact that some exercise is better than none.

Interactions with other health behaviors and exposures further shape
associations. Combining MVPA with improved dietary quality, not-
smoking, and healthier sleep patterns, confounds causal inference but
also highlights the synergistic potential of integrated lifestyle strate-
gies.*” Environmental and contextual factors such as air pollution,
extreme heat, neighborhood walkability, and access to nearby, quality
recreational facilities also influence both PA opportunities and baseline
risk. A key public health lesson learned is that individual counseling
alone is likely insufficient; environmental engineering that makes PA
feasible and safe is critical to achieve population-level gains in
longevity.>®

Cause-specific mortality and competing risks also merit attention.
Numerous studies report stronger associations for CVD mortality than
for all-cause mortality, yet regular PA plausibly influences multiple
health outcomes, including cancer risk, infection severity, and injury
risk through enhanced functional reserves, and significantly reduces

55.5

while all-cause mortality is generally not increased.'®°>>” Abbreviations: HR, hazard ratio; RR, relative risk.

non-CVD and non-cancer mortality. As cohorts age, competing risks
become more prominent; thus, estimates of “all-cause” mortality effects
may mask heterogeneity in cause-specific pathways.>! For translation, it
may be helpful to frame PA as a multisystem intervention that reduces
the risk of major causes of death while simultaneously preserving
functional capacity and independence.

CRF as a risk marker: a stronger prognostic indicator than PA

CRF is among the strongest prognostic indicators of longevity in CV
epidemiology.®? Low or reduced CRF is consistently associated with a
higher risk of all-cause and CVD mortality, with graded relationships
persisting after adjusting for traditional CVD risk factors and across age,
race, sex, and diverse clinical populations. Because CRF reflects inte-
grated oxygen transport and utilization, it provides a direct index of
functional capacity and reserve,!*°35°

The “per 1-MET” categorization and clinical significance

Exercise or aerobic capacity is often expressed as peak or maximal
METs achieved during graded exercise testing to volitional fatigue or
abnormal signs/symptoms. A 1-MET difference is clinically meaningful
and corresponds to a significant difference in functional capacity, such
as the ability to climb stairs, carry groceries, or sustain brisk walking
without excessive dyspnea. Numerous studies report substantial relative
risk reductions in mortality per 1-MET increment in exercise capacity,
generally approximating 16%. Even if the precise effect size varies,
repeated observations demonstrating a strong graded relationship sup-
port the use of CRF as a practical risk stratification tool.'>°>°7~>°

Why CRF generally outperforms PA in risk predictions

CRF invariably outperforms self-reported PA in risk predictions for
several reasons. First, CRF is estimated or directly measured more
objectively than self-report questionnaire-based PA, reducing inaccu-
racy. Second, CRF integrates the performance of multiple systems,
including cardiac output reserve, ventilatory efficiency, peripheral ox-
ygen extraction, endothelial and microvascular function, and skeletal
muscle oxidative capacity, thereby capturing the collective manifesta-
tions of subclinical disease burden and overall reserve. Third, CRF
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reflects functional capacity over time; PA questionnaires may reflect
only recall or perceptions over recent weeks. Fourth, CRF is sensitive to
early pathology: declining aerobic capacity can precede overt diagnosis
and may identify individuals on a trajectory toward multimorbidity and
heightened mortality.””*%°

Measurement nuances and interpretive caveats

CRF can be directly assessed during cardiopulmonary exercise
testing (CPET; direct VOzpeak/VOzmax) or estimated from the workload
attained and exercise duration. CPET provides additional prognostic
information beyond peak VO, including ventilatory efficiency (e.g., VE/
VCO2 slope) and gas-exchange patterns, and can help identify cardiac,
pulmonary, and peripheral limitations. However, CPET is not univer-
sally available. Estimated METs from treadmill or stationary cycle
ergometer tests retain strong prognostic value but may be influenced by
protocol differences, weight-dependent variability, and patient effort, as
reflected by the peak respiratory exchange ratio. We previously
demonstrated that the workload approximated METs grossly over-
estimated the exercise capacity assessed by gas exchange, particularly in
younger patients and following an exercise training regimen.’®%:6
Recently, however, estimating METs using the FRIEND equations appear
to provide a more accurate assessment of VOzpeak.®>®! Medications,
particularly beta-blockers, can affect heart-rate and perceived exertion
responses, and clinicians should interpret these data accordingly.

Selection bias is also relevant. Individuals undergoing exercise
testing in clinical settings may not be representative of the general
population. Nonetheless, the consistency of CRF-mortality gradients
across varied patient cohorts and settings suggests a clinically valid and
reliable prognostic indicator.

CREF trajectories and clinical monitoring

Isolated CRF measurements are informative, but trajectories (serial
assessments over time) may be even more meaningful. Declining CRF
over time can reflect aging, deconditioning, evolving disease, intercur-
rent illness or injury, or combinations thereof. Conversely, improve-
ments in CRF with training, rehabilitation, or lifestyle change represent
a tangible therapeutic target. Incorporating CRF assessment and reas-
sessment (measured or estimated) can help clinicians monitor the
response to selected interventions, motivate adherence, and identify
patients who may benefit from structured physical conditioning pro-
grams or further evaluation.®

CREF is also a useful outcome measure for preventive and rehabili-
tative interventions. Improvements in CRF provide a tangible interme-
diate outcome that occurs earlier than hard endpoints and can be
monitored over time. A change of approximately 1 MET is clinically
meaningful and can be used to communicate achievable treatment goals
to patients and health systems. This makes CRF a practical target for
quality improvement initiatives within health care systems, analogous
to blood pressure (BP) control, where repeated assessment and feedback
can motivate behavior change and heighten program participation.

The clinical utility of CRF increases when it is operationalized into
actionable categories. Clinicians can interpret CRF relative to age- and
sex-expected norms (e.g., percentile frameworks) or easy-to-understand
categories (low, moderate, high fitness). Low CRF may prompt intensi-
fied lifestyle counseling, referral to structured interventions, evaluation
for cardiopulmonary limitations, or more aggressive risk-factor man-
agement. Importantly, explaining CRF as an indicator of “functional
age” or ‘“reserve”, can resonate more with patients than abstract
cholesterol or BP values, potentially improving motivation.

CRF also compares favorably with many traditional risk factors as a
marker of global risk. Unlike single biomarkers that reflect one pathway,
CREF captures integrated cardiopulmonary and musculoskeletal function.
In practice, low CRF can identify high-risk individuals who might
otherwise appear “intermediate risk” by conventional scores,
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particularly when traditional CVD risk factors are borderline.
Conversely, a higher CRF suggests an attenuated risk for individuals
with adverse risk-factor profiles, including an elevated coronary calcium
score, though it should not be used to dismiss the need to address
relevant risk factors.®

Causal inference: what we can and cannot claim

Although the associations between PA/CRF and longevity are strong
and consistent, these should be interpreted with caution. Healthier in-
dividuals tend to move more and test better; simultaneously, increasing
the level of MVPA improves health. However, changes in CRF of >1.0
MET (increases or decreases) have been associated with concomitant
and proportional changes in mortality risk, regardless of initial CRF
status or comorbidities.®” This supports a causal interpretation and re-
inforces the concept that CRF is a strong and independent determinant of
all-cause mortality. Understanding the balance between these variables
is essential for accurate messaging and gauging expectations.

Confounding and reverse causation

Residual confounding is inevitable in observational studies. Pur-
posely active individuals typically have healthier dietary patterns, lower
smoking rates, higher educational and socioeconomic status, better
sleep, and greater access to healthcare services. Even extensive adjust-
ment may not eliminate confounding when health outcomes are deter-
mined. Reverse causation is particularly important: subclinical disease
invariably reduces PA and CRF years before diagnosis. Analyses that
exclude early deaths or employ lagged exposure modeling may reduce
but not eliminate this bias, especially for chronic conditions with
extended preclinical phases.

Selection, collider bias, and overadjustment

Selection and collider biases can arise when cohorts include only
individuals who can complete CRF testing, or when analyses rely on
variables that are influenced by both exposure and outcome. Over-
adjustment is a common risk. Controlling intermediate variables such as
BP, diabetes, or adiposity can impact the pathway through which PA
improves survival, leading to an underestimation of the total effects. A
transparent approach is to articulate a conceptual causal model, specify
potential confounders versus mediators, and interpret effect estimates
accordingly.

Approaches that strengthen inference

Objective PA measurements (accelerometry, wearables) reduce in-
accuracy. Repeated measures of PA and CRF reduce regression dilution
bias and help establish temporality: changes in PA or CRF that precede
changes in the outcome support a causal interpretation.60 Quasi-
experimental designs (built environment interventions, policy
changes) and target-trial emulation approaches can further strengthen
inference under explicit assumptions. Mendelian randomization can
provide complementary evidence but requires careful attention to
pleiotropy and the complex genetics of behavior and CRF.

Randomized controlled trials (RCTs) and triangulation

Traditional RCTs with all-cause mortality as the primary endpoint
are challenging due to cost, duration, and differential dropouts and
crossovers. Instead, trials often focus on intermediate assessments (e.g.,
BP, insulin sensitivity, lipids), functional outcomes, and clinical end-
points in selected populations (e.g., cardiac rehabilitation [CR] or HF).
Although such trials do not “prove” longevity effects, they provide
mechanistic plausibility and demonstrate that serial improvements in
CRF and cardiometabolic pathways are achievable. For example, in a
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randomized clinical trial of adults with relatively early type 2 diabetes,
an intensive lifestyle intervention consisting of 5-6 weekly aerobic
sessions (with 2-3 sessions combined with RT) plus dietary support
produced a substantial improvement in CRF (VO:max) and enabled
marked de-escalation of glucose-lowering therapy compared with
standardized usual care. These findings illustrate how structured exer-
cise training can causally modify key cardiometabolic intermediates and
functional reserve that plausibly mediate longer-term reductions in
morbidity and mortality.®® Triangulation across observational, mecha-
nistic, and trial evidence provides a practical methodologic approach to
increase confidence in the results.

One practical way to communicate the strength of evidence is to
distinguish three complementary sources of evidence: (1) observational
associations between PA/CRF and mortality; (2) randomized and
mechanistic evidence showing that exercise training improves inter-
mediate risk pathways and functional capacity; and (3) clinical outcome
data from structured exercise programs in selected populations.

While the first source of evidence (1) is extensive, it is susceptible to
confounding and reverse causation. The second source of evidence (2) is
robust across numerous trials and mechanistic studies. The third source
of evidence (3) provides direct evidence in settings such as CR and HF
programs, albeit with endpoints beyond mortality. When these layers
align, improvements in blood pressure, insulin sensitivity, body
composition, and CRF in trials that mirror the gradients seen in cohorts
increase confidence in a causal contribution to longevity, rather than
merely an association.

The preponderance of evidence supports PA as a causal contributor
to improved survival and healthspan, though the exact magnitude of the
longevity effect varies with baseline health, adherence, and measure-
ment methods.

Finally, the causal relevance of CRF requires careful framing.
Because CRF is partly determined by non-modifiable factors (i.e., ge-
netics) and baseline CRF partly reflects underlying disease burden,
frailty, subclinical illness, medications, and comorbidity, it should not
be interpreted as simply “fitness augments longevity.” Rather, CRF is
simultaneously a marker of reserve and a modifiable trait: improving it
through exercise training likely contributes causally to better outcomes,
but baseline values also reflect underlying health status. Distinguishing
these two roles, baseline prognostic marker versus intervention target, is
essential for precise clinical interpretation of the findings obtained.

Negative control analyses and sensitivity analyses can also
strengthen interpretation in observational studies. For example, exam-
ining outcomes unlikely to be causally influenced by the activity
(negative controls) may help detect residual confounding, while quan-
titative bias analyses can estimate the degree of unmeasured con-
founding required to fully explain the observed associations. Although
such methods cannot eliminate uncertainty, they improve transparency
and help avoid inaccurate causal inferences.

Mechanisms linking PA and CRF to longevity

Mechanistic plausibility bridges epidemiology and clinical re-
sponses. PA and CRF influence multiple systems relevant to survival,
often producing synergistic adaptations that reduce cardiometabolic risk
and preserve or enhance functional reserves.

Cardiometabolic and vascular mechanisms

Regular PA improves insulin sensitivity and glycemic control, re-
duces visceral adiposity, lowers BP, and favorably affects the lipid/li-
poprotein profile. Collectively, these adaptations reduce the risk of
atherosclerotic CVD events, HF, and microvascular complications.
Vascular benefits include improved endothelial function, increased
arterial compliance, and enhanced microvascular perfusion. Repeated
increases in shear stress during exercise promote nitric oxide signaling
and vascular remodeling, improving tissue oxygen delivery and
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reducing afterload.®®
Autonomic, electrophysiological, and hemostatic effects

Habitual MVPA is associated with increased vagal tone and HR
variability (HRV), lower resting HR, increased filling time (predomi-
nantly during diastole), and reduced sympathetic activity. These adap-
tations may improve electrical stability, reduce the likelihood of
arrhythmia, and simultaneously augment hemodynamic resilience. Ex-
ercise training also favorably influences coagulation and fibrinolysis,
shifting the milieu toward a less prothrombotic state. Appreciating
acute-versus-chronic effects is critical; acute vigorous exertion can
transiently increase the risk of acute cardiac events in susceptible in-
dividuals, whereas habitual exercise training lowers baseline and
exercise-related risks and improves recovery.

Inflammation, immune competence, and neuroendocrine regulation

Chronic low-grade inflammation contributes to atherosclerotic CVD,
insulin resistance, sarcopenia, and physical frailty. Regular PA is asso-
ciated with a lower inflammatory burden and improved immune func-
tion, potentially reducing susceptibility to severe infections and cancer
progression. Exercise also modulates neuroendocrine pathways and
improves sleep quality and stress resilience, indirectly supporting car-
diometabolic health.

Skeletal muscle, myokines, mitochondria, and reserve

Skeletal muscle is central to metabolic health and functional inde-
pendence; RT preserves and may even enhance muscle mass and
strength; chronic aerobic activity promotes mitochondrial biogenesis
and oxidative efficiency. Muscle-derived signaling molecules (myo-
kines) and improved mitochondrial function may favorably influence
systemic metabolism and lessen inflammation. Preservation of muscle
and mitochondrial capacity likely promotes longevity by sustaining
muscular strength and endurance reserves and preventing frailty-related
sequelae.’* %°

Brain health, cognition, and healthspan

Longevity not only involves survival but also the preservation of
cognitive and functional abilities. PA is associated with improved ce-
rebral perfusion, neurotrophic signaling, and a reduced risk of vascular
cognitive impairment. While cognition is not always included in CV
longevity models, maintaining cognitive function supports adherence,
independence, and reduced hospitalizations, likely influencing survival.

An inverse and independent association between CRF and Alz-
heimer's and related dementias (ADRD) has been reported in a large
cohort (n = 134,170). Moreover, a moderate improvement in CRF of
approximately >1.0 MET led to a significantly lower risk of ADRD."’

Exercise-induced improvements in body composition may be
particularly relevant for longevity. Beyond helping to reduce or main-
tain body weight and fat stores, shifting the balance toward higher lean
mass and lower visceral adiposity probably improves insulin sensitivity
and inflammatory markers, supports mobility, and reduces the risk of
frailty. These body composition changes may be more strongly linked to
healthspan than weight alone, underscoring the importance of adjunc-
tive RT and adequate protein intake in older adults.®®

Additional mechanistic hypotheses relate to oxidative stress, cellular
senescence, and indices of biological aging. Regular PA may enhance
antioxidant defenses and reduce oxidative damage, while concomitantly
influencing cellular pathways implicated in aging, including mito-
chondrial quality control, proteostasis, and autophagy. Emerging work
links habitual PA and CRF to epigenetic patterns and telomere length,
though causality and clinical relevance remain unclear. While such
biomarkers should not be overinterpreted, they provide a useful
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conceptual bridge between CVD prevention and broader geroscience
frameworks.®’

CRF can be viewed as a composite biomarker that reflects many of
these mechanisms: higher CRF implies greater cardiovascular, pulmo-
nary, and peripheral oxidative reserves, as well as heightened buffering
of stressors, thereby increasing resilience and representing a barometer
for survival.

Special populations and effect modification

The direction of the PA/CRF-longevity relationship is broadly
consistent, but optimal exercise prescriptions and modulating factors
differ across populations. The following subsections address older
adults, women, and several high-prevalence clinical groups, established
CVD, diabetes and obesity, chronic kidney disease (CKD), and cancer
survivorship, selected because each present distinct physiological con-
siderations, evidence gaps, or implementation challenges relevant to
clinical cardiologists.

Older adults, frailty, and disability-free survival

In older adults, small increases in daily PA may translate into
meaningful gains in disability-free survival. Increasing step counts and
light-to-moderate levels of daily PA are often feasible entry targets, and
reducing sedentary time may be particularly impactful. However,
chronological age alone should not be used to restrict relative exercise
intensity. Multicomponent programs combining aerobic, resistance, and
balance training reduce the risk of falls, preserve bodily function, and
improve quality of life (QoL). In appropriately selected older adults,
supervised high-intensity interval or interval-based training can be
feasible and may improve CRF, although prescription should be indi-
vidualized according to frailty, symptoms, comorbidities, medication
profile, and supervision level.”° Individualization is essential, empha-
sizing slow progression, safety, and management of comorbidities such
as osteoarthritis and orthostatic intolerance.

Women and life-course considerations

Cohort evidence supports the benefits of PA and CRF across sexes.
However, life-course factors, pregnancy history, menopause, caregiving
responsibilities, and sociocultural barriers can influence PA patterns and
the feasibility of implementing structured exercise regimens. Ensuring
women's representation in trials and designing interventions that
address common participation barriers are important to achieving
population-level longevity benefits.

Sex differences in CRF and its prognostic implications warrant
attention. Women have lower absolute and relative VOzpeak values than
men of comparable age and training status, reflecting differences in
hemoglobin concentration, stroke volume, and skeletal muscle mass.”’
However, the relative mortality risk conferred by low CRF appears at
least as strong in women as in men, and some data suggest a steeper risk
gradient per MET in women.”' The menopausal transition is also asso-
ciated with an accelerated decline in CRF, increased visceral adiposity,
and adverse cardiometabolic shifts, underscoring the importance of
initiating or intensifying exercise programs in the perimenopausal
period rather than after the transition is complete. Clearly, RT has value
for postmenopausal women, supporting bone mineral density, lean body
mass preservation, and metabolic health. Prescriptions should consider
hormonal status, musculoskeletal integrity, and potential pelvic floor
limitations that may influence exercise modality selection.

Secondary prevention: coronary heart disease (CHD) and HF
In established CVD, CRF remains a strong prognostic variable, and

exercise-based CR improves functional capacity and often relieves
exertion-related symptoms. In HF, structured exercise training improves
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peak VO: and QoL and is generally safe when appropriately supervised.
These data support routine assessment of functional capacity and sys-
tematic referral to medically supervised, exercise-based CR programs as
part of comprehensive CVD care, which also provides ongoing medical
surveillance.”%”7*

Diabetes, obesity, and metabolic dysfunction

PA improves glycemic control and insulin sensitivity and reduces
progression from prediabetes to diabetes. In obesity, improving CRF can
attenuate mortality risk, even with modest weight loss. Combined aer-
obic PA and RT are considered optimal for metabolic outcomes and
favorably modifying body composition. Clinicians should avoid pro-
moting PA solely as a weight-loss intervention; emphasizing associated
functional capacity, blood chemistry, metabolic and longevity benefits
may enlighten patients and improve adherence.

Hypertension

Hypertension is the most prevalent modifiable CVD risk factor
worldwide and a major driver of premature mortality through stroke,
HF, and CHD. Both aerobic and RT reduce resting systolic BP, with ef-
fects comparable to those of a single antihypertensive agent, according
to meta-analyses of RCTs. The BP lowering response is most pronounced
in hypertensive individuals, with aerobic exercise eliciting mean re-
ductions of 5-8 mmHg in systolic BP and 3-5 mmHg in diastolic BP.
Improving CRF independently attenuates hypertension-related mortal-
ity risk even without complete BP normalization, and the combination of
pharmacological and exercise-based treatment provides greater risk
reduction than either alone. For patients with controlled hypertension,
standard frequency, intensity, time, and type (FITT) exercise pre-
scriptions apply with attention to intensity monitoring. In contrast, for
those with uncontrolled hypertension (systolic BP >180 mmHg),
vigorous to high-intensity exercise should be avoided until BP is
adequately controlled.

CKD

An inverse, independent, and graded association between higher
exercise capacity and the risk of developing CKD has been reported.
Compared to individuals with an exercise capacity of approximately
<5.0 METs, CKD risk was 45% and 58% lower for those with peak ex-
ercise capacity of approximately 7.7 and 9.5 METs, respectively.75

Patients with CKD frequently have reduced CRF, muscle wasting,
anemia, and an elevated CVD risk. Supervised exercise and progressive
home-based PA can improve CRF and QoL.”® Barriers to participation
include chronic fatigue, comorbidity burden, and limited access to
programs; low-impact options and gradual progression are critical.

Cancer survivors and cardio-oncology

Regular MVPA decreases fatigue and increases QoL in cancer survi-
vors and may be associated with improved survival in some cancers.”’
Indeed, CV toxicity from cancer therapies and shared risk factor profiles
make CRF and PA relevant targets in the ongoing care of patients with
cancer. Integrating exercise prescription into cardio-oncology and
related therapeutic interventions can support both healthspan and
potentially longevity in this patient population.”"””°

Pre-treatment CRF is increasingly recognized as a prognostic marker
in oncology, with lower baseline CRF associated with higher rates of
treatment-related CVD complications and poorer cancer-specific out-
comes.®”®! Cardiotoxic therapies, including anthracyclines, HER2-
targeted agents, immune checkpoint inhibitors, and thoracic radio-
therapy, can cause subclinical or overt left ventricular dysfunction,
accelerated atherosclerosis, and arrhythmias, and worsen pre-existing
low CRF.%? Prehabilitation programs designed to improve CRF and
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muscular fitness before systemic therapy may reduce the incidence and
severity of cardiotoxicity, improve treatment tolerance, and accelerate
functional recovery.”” During and after treatment, supervised exercise
programs should be adapted to the type and phase of therapy, fatigue
burden, and hematologic status, with close coordination between
oncology and cardiology teams. Assessment of CRF at initial diagnosis,
during treatment, and in long-term survivorship creates opportunities
for early intervention and is aligned with emerging cardio-oncology
guidelines.®?

The “Extreme Exercise Hypothesis”: too much of a good thing?

Whether high- volume, high-intensity endurance exercise training
regimens and competition may be potentially harmful is a clinically
relevant question for some highly trained individuals.®***> The answer
depends on the endpoint: mortality, including sudden cardiac death
(SCD), a worsening of certain disease outcomes, and electrical or
structural maladaptations. This endpoint-specific interpretation is also
highlighted conceptually at the extreme end of the PA dose-response
curve (Fig. 2).

A key interpretive principle is that, when they occur, adverse adap-
tations often reflect chronic, long-term extreme exercise exposure in the
presence of subclinical or underlying occult or known atherosclerotic
CVD and/or structural heart disease. Most adults will never reach these
extreme training volumes. For those who do, a practical approach is
periodic CVD risk assessment, attention to new, exercise-related signs or
symptoms, and shared decision-making with their physician regarding
CV screening. For the general population, emphasizing the over-
whelming net benefit of moving from inactivity to regular PA remains
the most accurate and impactful message.

Mortality patterns at high PA volumes

For all-cause mortality, cohorts of highly active individuals and
endurance athletes generally show low mortality risk, with evidence of
benefit plateaus at high volumes. Importantly, plateaus do not imply
harm; they may reflect a ceiling of achievable risk reduction or mea-
surement limitations.®° Some studies have raised concerns about
endpoint-specific adverse adaptations at extreme exercise volumes (e.g.,
AF and higher CAC burden),84'8’5'8’7’89 whereas others have not observed
an increase in all-cause mortality even at the highest levels of exercise
capacity.'®°>%7

Atrial fibrillation (AF) and rhythm considerations

A subset of endurance-trained individuals, often men with long his-
tories of high-volume, high-intensity training, appear to be at increased
risk of incident AF. Proposed mechanisms include atrial enlargement,
high vagal tone, chronic inflammation, and fibrosis.®®° The presence of
increased AF risk does not necessarily contradict low mortality risk; AF
is often manageable and may coexist with otherwise favorable car-
diometabolic profiles. Clinically, the implication is endpoint-specific
counseling and symptom awareness rather than discouraging PA.°%%!
Fortunately, much of the risk seems to resolve with detraining and/or
exercising at more moderate intensities, presumably because of the
normalization of autonomic tone.””

In addition to AF, clinicians may encounter cases regarding
myocardial fibrosis, right ventricular remodeling, and SCD risk in
endurance athletes.”>°" The absolute risk of SCD during endurance
training and competition is low and depends on age, underlying sub-
strate, and sport type. In younger athletes (<35 years), inherited or
congenital conditions predominate, most notably hypertrophic cardio-
myopathy, whereas in older athletes (35+ years), atherosclerotic CVD is
a major contributor.”® This underscores the importance of age-
appropriate evaluation of symptoms and CVD risk factors rather than
routinely discouraging PA. Finally, it is important to emphasize that
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engaging in moderate volume, moderate-intensity exercise does not
increase the risk of AF. On the contrary, it has been associated with a
progressively lower risk of AF.”

Coronary artery calcification (CAC) and plaque phenotype

Elevated CAC findings in endurance athletes have sparked debate,
with some reports of higher CAC scores than in less active controls. One
hypothesis is that high-volume exercise may be associated with a more
calcified (potentially more stable) plaque phenotype, while event rates
remain low. Other vascular imaging markers, including carotid intima-
media thickness (IMT), have also been used to investigate associations
among CRF, PA, and early atherosclerosis.”® Because evidence is mixed
and mechanisms are uncertain, clinicians should continue standard risk
assessment and management, recognizing that high CRF does not confer
immunity to atherosclerosis in the presence of traditional CVD risk
factors,”” but generally, runners and those with high CRF have an
excellent prognosis despite high CAC.°"*” On the other hand, endurance
athletes with an increased CAC score who become symptomatic should
cease vigorous to high-intensity training and competition and seek
medical evaluation and clearance before resuming their regular, stren-
uous training regimen.

Practical counseling for high-volume exercisers

Counseling for high-volume exercisers should emphasize recovery,
avoidance of abrupt increases in amount or intensity, and monitoring for
symptoms (palpitations, unexplained dyspnea, exertional chest
discomfort). Periodic risk-factor assessment and shared decision-making
with their physician regarding CVD screening may be appropriate, based
on age, family history, and the onset of new or unusual symptoms. For
the broader population, the dominant problem remains physical inac-
tivity and low CRF.

At the population level, messaging should avoid creating false di-
chotomies (e.g., steps versus minutes, aerobic or endurance versus RT).
Different messages can motivate different individuals, and the optimal
approach is the one that drives sustained increases in MVPA and func-
tional capacity, while remaining asymptomatic.

Two additional nuances are worth emphasizing for clinicians. First,
the acute risk of vigorous exertion is highest in individuals who are
habitually sedentary and have underlying CVD; therefore, gradual pro-
gression and, in selected high-risk patients, medically supervised,
exercise-based CR appears prudent. Second, sustained adherence is the
dominant determinant of long-term benefit. Short-term “bursts” of PA
followed by relapse likely yield less impact than modest and consistent
behavior change. Therefore, prescriptions should prioritize sustainabil-
ity, activities that the patient enjoys and can perform despite weather,
travel, and scheduled commitments.

Clinical and public health translation

Translation requires straightforward, research-based exercise pre-
scriptions, consistent measurement, and systems that support sustained
behavior change. Two complementary goals are to increase PA (and
reduce sedentary time) and improve or maintain CRF.

Assessment in clinical practice

A practical approach is to assess PA routinely using brief standard-
ized questions (e.g., minutes/week of MVPA, days/week of RT) and to
screen for and discourage prolonged sedentary time. Where resources
are available, CRF assessment via progressive exercise testing provides
strong prognostic and complementary prescriptive information. In set-
tings without diagnostic testing, estimated CRF or simple functional
tests (e.g., 6-min walk test for distance) can serve as a starting point.°
Importantly, assessment should lead to action: goal setting, prescription,
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and referral pathways.
Exercise prescription using FITT with examples

Clinicians can prescribe PA using FITT. For a previously sedentary
adult, an initial prescription might be walking 10 min twice daily, 5-6
days/week, at a brisk pace that allows conversation but avoids breath-
lessness, progressing by 5 min per week until 30-45 min/day is ach-
ieved. Moderate aerobic intensity can be approximated as 64-76%
HRmax/HRpeak or 40-59% heart-rate reserve, whereas vigorous in-
tensity can be approximated as 77-93% HRmax/HRpeak or 60-89%
heart-rate reserve, while recognizing that these ranges must be indi-
vidualized. For a patient with stable CHD, a prescription could include
3-5 days/week of moderate-intensity aerobic training plus 1-2 days/
week of RT, with intensity guided by symptoms, perceived exertion,
CPET-derived thresholds when available, and the HR response. In pa-
tients taking beta-blockers, with chronotropic incompetence, or with
AF, RPE, the talk test, symptoms, and ventilatory thresholds may be
preferable to fixed HR targets. Clearly, RT should target major muscle
groups, starting with low loads and proper technique; for older adults,
an emphasis on lower-extremity strength, balance, and power can help
preserve functional independence.

Regarding the reduction of sedentary time, strategies include taking
standing or walking breaks every 30-60 min, setting step goals (ideally
7000 to 10,000 steps per day), and environmental restructuring (e.g.,
standing desks, walking meetings). For patients unable to perform
MVPA, incremental increases in light activity and frequent breaks from
sitting may be achievable and meaningful targets.

CRF as a vital sign and referral pathways

Treating CRF as a vital sign reframes prevention in terms of func-
tional capacity or reserve. Health systems can incorporate CRF
(measured or estimated) into electronic health records and link risk
reduction strategies to specific actions, such as referral to exercise-based
CR, supervised physical conditioning programs, physical therapy, or
community-based exercise interventions. Incentivizing participation in
CR, facilitating transportation or providing home-based alternatives,
and integrating coaching can increase outreach.®%®

Safety, contraindications, and progression

Most adults can safely increase PA, but pre-participation screening
and individualized modifications are particularly important for habitu-
ally sedentary individuals with symptoms, advanced chronic disease, or
complex comorbidities. Gradual progression and attention to musculo-
skeletal limitations may reduce injury risk. For high-risk CVD patients,
medically supervised programs provide electrocardiographic and he-
modynamic monitoring and education, as well as immediate care for
acute cardiac or musculoskeletal events. For individuals with diabetes,
preventing and attending to hypoglycemic complications, neuropathy,
and foot care are critical; for CKD, fatigue and anemia may require more
modest progression.

Behavior changes and implementation barriers

Common barriers to regular exercise participation include real- or
perceived-time constraints, pain, disability, low confidence, unsafe
neighborhoods, and financial limitations. Evidence-based counseling
and adherence strategies include readiness to change, motivational
interviewing, implementation intentions, self-monitoring, and social
support. Digital tools can support monitoring and provide positive
feedback but must be deployed in ways that promote equity and avoid
widening social disparities. From a systems perspective, integrating
exercise professionals into care teams and creating “exercise referral”
pathways can reduce clinician burden and increase programmatic safety
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and effectiveness.
Public health, policy, and built environment

From a public health perspective, the greatest longevity gains will
likely come from upstream policies that increase opportunities for daily
MVPA: active transport infrastructure, school-based physical education,
workplace design that reduces prolonged sitting, and equitable access to
quality recreational facilities. These strategies complement clinical
prescriptions by making the healthier choice the easier choice.

The concept of “Exercise is Medicine” (a global health initiative of
the American College of Sports Medicine and the American Medical
Association) is most effective when operationalized as a standardized
workflow: assess PA and function, develop a personalized exercise pre-
scription, agree on goals, provide resources and follow up and arrange
for a referral, where appropriate. Embedding these steps into electronic
health records, with automated prompts and referral options, can reduce
clinician burden and increase consistency. Partnerships with community
organizations, park systems, and medically oriented health-fitness pro-
grams may extend reach beyond clinic walls.

System-level implementation remains a major gap between evidence
and practice. Despite robust data supporting exercise-based CR, partic-
ipation rates remain low in many regions due to referral gaps, trans-
portation barriers, competing work and caregiving responsibilities,
excessive co-pays, and limited insurance coverage. Expanding home-
based and hybrid CR models, integrating exercise professionals into
cardiology and primary care teams, and aligning reimbursement with
functional outcomes could meaningfully increase outreach and
impact.72‘73

Future directions

Several developments could meaningfully advance the fields of
preventive and lifestyle medicine that translate into longer, healthier
lives. Pragmatic trials spearheaded by major, university-based health-
care systems are particularly well-suited to test scalable interventions
with clinical endpoints. Wearables can be used to capture the amount
and intensity of PA, sedentary time, and associated physiological re-
sponses (HR, sleep duration), facilitating adaptive interventions and
long-term follow-up. Linking wearable data to electronic health records
may enable adequately powered studies for mortality and disability-free
survival at a reduced cost.

Target trial emulation, marginal structural models, and other proven
methods can provide more transparent estimates under explicit as-
sumptions, particularly when exposures change over time. Better
modeling of trajectories, lifelong PA patterns, midlife changes, and late-
life CRF declines may clarify when exercise interventions yield the
greatest returns.

Heterogeneity in response suggests value in more personalized pre-
scriptions. Combining baseline functional measures, comorbidity pro-
files, and wearable-derived behavioral phenotypes may help tailor
recommendations for optimal adherence and benefit. Emerging ap-
proaches include adaptive goal setting and timely digital coaching,
though rigorous evaluation is needed.

Many previously studied cohorts underrepresent populations at high
baseline risk and those facing common barriers to participation in
physical activity. Understanding how interventions perform across so-
cioeconomic strata, cultures, and environments is essential to achieve
equitable gains in longevity. Implementation science frameworks can
identify frequent barriers to structured exercise and facilitators at pa-
tient, clinician, and system levels that may help guide sustainable PA
engagement.

Machine learning and artificial intelligence represent emerging tools
with the potential to advance both risk stratification and intervention
design. Integrating high-dimensional wearable-derived behavioral
phenotypes, electronic health record data, and multiomics profiles may
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improve individualized prediction of CRF trajectories and mortality risk
beyond conventional approaches.”” Natural language processing
applied to clinical notes could facilitate large-scale extraction of PA and
functional data that are currently undercaptured. Reinforcement
learning approaches may enable adaptive, real-time exercise pre-
scriptions that respond to daily fluctuations in patient status and
adherence patterns. However, the clinical utility of artificial
intelligence-driven tools will require rigorous prospective validation,
attention to algorithmic bias across sociodemographic groups, and
transparent implementation within health systems before widespread
adoption.

Future work should incorporate endpoints aligned with patient pri-
orities: frailty, falls, cognitive decline, QoL, functional independence,
and quality-adjusted survival. CRF and muscular fitness are likely cen-
tral to these outcomes and may help shift clinical emphasis from disease-
specific prevention to the preservation of function across the aging
process.

Fitness, medications and health outcomes

Recent evidence supports that combining fitness with pharmaco-
therapy is more effective in managing chronic disease and mortality risk
than either therapy alone. In dyslipidemic patients, statin treatment and
increased fitness were independently associated with low mortality. The
combination of statin treatment and increased fitness resulted in sub-
stantially lower mortality risk than either alone.'*

The increased risk of type 2 diabetes associated with statin therapy
and excess body weight was moderated by increased CRF, regardless of
body weight.!! In patients with type 2 diabetes, the statin-related
progression to insulin therapy was associated with relatively low CRF
and high body mass index (BMI) levels. The progression rate was
significantly mitigated by increased CRF regardless of BMI. '

Conclusions

Clearly, PA and CRF are closely linked to longevity, with consistent
evidence that higher PA and CRF are associated with lower all-cause and
CVD mortality. The largest survival gains occur when individuals move
from very low (bottom 20% of the population) to modest levels and
intensities of PA, underscoring a powerful and achievable public health
message: small increases in activity are meaningful, particularly among
previously inactive individuals. Absolute thresholds such as 3 METs are
useful for population-level interpretation, but clinical prescription
should account for relative physiological intensity. CRF, expressed as
peak METs, provides particularly strong prognostic information and
functions as an integrative marker of physiological reserve and overall
health status, while remaining modifiable through structured exercise
training and increased lifestyle PA.

Interpretation requires attention to challenges in causal inference
and measurement limitations, especially for self-reported PA and po-
tential reverse causation. Nevertheless, convergent evidence from
objective measurement, longitudinal change analyses, mechanistic
pathways, and trial data in clinical populations supports PA as a causal
contributor to improved survival and healthspan.

Clinicians and health systems are challenged to act now by routinely
assessing PA and CRF, prescribing PA using FITT principles and relative
intensity anchors, incorporating complementary RT, reducing sedentary
time, and deploying accelerated referral pathways, such as exercise-
based CR and community-based physical conditioning programs.
Future work should prioritize pragmatic trials that leverage wearables
and health system data, employ improved methodologic designs, and
prioritize equity-focused implementation. Advancing PA and CRF across
the population, especially in the most underserved cohorts, remains one
of the most impactful strategies to extend lifespan and increase the
number of functional, disability-free years.
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