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Abstract 
In an era where chronic diseases and sedentary lifestyles are prevalent, a measurable 

indicator of cardiovascular fitness is needed. This paper explores VO₂max (maximal oxygen 
uptake) as a central biomarker and modifiable determinant of healthspan and longevity. 
VO₂max reflects the integrated efficiency of the cardiovascular, respiratory, and muscular 
systems in transporting and utilizing oxygen during exercise. As the increased efficiency of 
the heart, lungs, blood vessels, and muscles not only benefits VO₂max, but also a 
measurable increase in mitochondrial density and muscle endurance occurs. As a result, 
across decades of research, higher VO₂max has been consistently linked to reduced all-
cause mortality, lower incidence of cardiovascular and metabolic diseases, and improved 
cognitive outcomes in older age. In the paper published by Clausen et al., the research is 
solidified, as it evaluates individuals over a 46-year period, demonstrating that higher 
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midlife VO₂max can decrease mortality by 50%. This review examines physiological 
mechanisms connecting VO₂max with aging, summarizes epidemiological and 
neurobiological evidence, and evaluates its role as a clinical “vital sign.” The paper states 
that improving cardiorespiratory fitness (CRF) provides an evidence-based strategy to 
extend healthspan and delay the onset of chronic diseases such as type 2 diabetes, 
cardiovascular disease, and dementia. Regular screenings of VO₂max or cardiorespiratory 
fitness in at-risk populations would enable physicians to prevent illnesses before they 
develop. Recognizing VO₂max as a vital sign could help reframe fitness as a cornerstone of 
preventative medicine.  

Introduction 
Aging can be defined as a measurable decrease in physical and mental capacity, 

accompanied by progressive declines in multiple physiological mechanisms, including 
metabolic, cardiovascular, and cellular function, which cause an increased risk of chronic 
disease and mortality (World Health Organization [WHO], 2020). Among measurable 
physiological parameters, VO₂max—the maximal rate of oxygen uptake during exercise—is 
widely regarded as the gold-standard measure of cardiorespiratory fitness (CRF). A higher 
VO₂max demonstrates a more efficient oxygen delivery system and utilization across the 
body, reflecting cardiovascular health, pulmonary function, and mitochondrial efficiency 
(Burtscher et al., 2022). 

Unlike many traditional clinical biomarkers, VO₂max integrates multiple organ systems, 
demonstrating a holistic view of physiological resilience. Research over the past 50 years 
has helped to prove that individuals with higher VO₂max experience significantly lower 
risks of premature death and chronic diseases such as cardiovascular disease, type 2 
diabetes, and dementia (Clausen et al., 2018; Mandsager et al., 2018). Moreover, CRF’s 
influence extends beyond survival—it enhances functional independence, cognitive 
performance, and overall quality of life in older age. 

 

Defining Longevity and Healthspan 
Longevity is often defined as lifespan—the total years lived—but healthspan focuses on 

the number of years lived in good health, free of disease and disability. Extending lifespan 
without improving healthspan can increase the burden of chronic illness. VO₂max 
captures both: it predicts not just survival but sustained functional capacity. 

Comorbidities associated with reduced VO₂max include hypertension, type 2 diabetes, 
coronary artery disease, obesity, and neurodegenerative conditions such as Alzheimer’s 
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disease. The Centers for Disease Control and Prevention (CDC, 2024) highlights that low 
physical activity and poor CRF are major contributors to morbidity and mortality in adults, 
with cardiovascular disease accounting for one in every five deaths. Importantly, even 
small increases in physical activity yield measurable reductions in these risks. 

How VO₂max Is Measured 
VO₂max is typically measured using a graded exercise test on a treadmill or cycle 

ergometer with direct gas exchange analysis. Participants exercise until volitional 
exhaustion while oxygen uptake (VO₂) and carbon dioxide output (VCO₂) are recorded. 
While accurate, this test is physically demanding and often inaccessible for older adults or 
individuals with comorbidities (Duizer, 2022). 

Alternative methods include submaximal exercise tests (such as the YMCA cycle 
test or 6-minute walk test), field-based estimations (like the Cooper 12-minute run), and 
wearable technology that estimates VO₂max via heart-rate response algorithms. These 
approaches make fitness testing more feasible across diverse populations but require 
standardization to ensure accuracy (Laukkanen et al., 2016). 

Physiological Mechanisms Linking VO₂max and Aging 

Cardiovascular and Respiratory Adaptations 
Regular aerobic training increases stroke volume, cardiac output, and capillary density 

while lowering resting heart rate and blood pressure. These adaptations enhance oxygen 
delivery efficiency and delay the cardiovascular decline associated with aging. Ağaşcıoğlu 
and Oflaz (2021) 

 

Mitochondrial and Metabolic Health 
At the cellular level, exercise stimulates PGC-1α, a key regulator of mitochondrial 

biogenesis. Higher VO₂max is associated with greater mitochondrial density and 
efficiency, reducing oxidative stress and improving glucose metabolism. Ağaşcıoğlu and 
Oflaz (2021) emphasize that moderate aerobic activity maintains mitochondrial health 
through balanced reactive oxygen species (ROS) signaling, whereas overtraining or 
excessive antioxidant use can blunt these benefits. 

 

Molecular and Cellular Aging 
Ryall and Denham (2025) found that individuals with higher aerobic fitness had longer 

telomeres, molecular markers of biological aging. This suggests that improvements in 
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VO₂max may influence cellular longevity through reduced oxidative damage and enhanced 
genomic stability. 

The relationship between VO₂max and mortality is one of the most consistent findings 
in exercise physiology. Mandsager et al. (2018) analyzed over 122,000 adults and found 
that those in the highest quintile of CRF had dramatically lower all-cause mortality, 
independent of age, BMI, smoking, and hypertension. Similarly, Clausen et al. (2018) 
followed middle-aged men for 46 years and discovered that even moderate improvements 
in midlife fitness reduced long-term mortality risk by nearly 50%. 

Recent meta-analyses reveal that each 3.5 mL/kg/min increase in VO₂max (equivalent 
to 1 metabolic equivalent, or MET) reduces mortality risk by approximately 13% (Duizer, 
2022). Kokkinos et al. (2022) extended these findings to over 750,000 U.S. veterans, 
confirming that higher CRF reduces mortality risk across all ages, sexes, and ethnic 
groups—with no evidence of harm at extreme fitness levels. 

Neurological and Cognitive Health 
Beyond physical benefits, VO₂max strongly influences brain health. Faulkner et al. 

(2024) used MRI data to show that higher VO₂max correlates with greater cerebral 
myelination, a key determinant of cognitive efficiency and neural communication. In older 
adults, higher CRF predicts better executive function, memory, and processing speed. 

In the Austrian Stroke Prevention Study, higher VO₂max was associated with superior 
cognitive performance even after controlling for vascular and brain lesion factors. Erickson 
et al. (2011) demonstrated that one year of aerobic training increased hippocampal 
volume by 2% in older adults, reversing age-related atrophy and improving memory. 
Collectively, these findings position CRF as a neuroprotective factor that helps preserve 
brain integrity with age. 

 

Clinical and Public Health Implications 
Experts now advocate treating VO₂max as a “clinical vital sign”, comparable to blood 

pressure or cholesterol (Burtscher et al., 2022). Despite its predictive power, CRF is rarely 
measured in routine medical practice. Making VO₂max testing standard could improve 
early identification of at-risk individuals. 

From a public health perspective, modest gains in population-wide CRF could yield 
enormous benefits. The CDC (2024) estimates that adults should engage in at least 150 
minutes of moderate-intensity aerobic activity weekly to maintain health; meeting or 
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exceeding this recommendation can significantly improve VO₂max and reduce chronic 
disease incidence. 

 

Limitations and Future Directions 
Despite strong associations between VO₂max and health outcomes, research faces 

several limitations. First, most studies are observational, making it difficult to establish 
causality. Second, many samples are male-dominated and underrepresent women and 
diverse ethnic groups. Third, the strenuous nature of maximal testing excludes frail or 
diseased individuals, creating selection bias. 

Future research should focus on: 
● Long-term randomized controlled trials assessing how CRF improvement 

affects aging biomarkers. 
● Wearable technology validation for large-scale CRF monitoring. 
● Integration of proteomic and genomic data to reveal biological mechanisms 

linking VO₂max with cellular aging. 
● Inclusive cohorts to ensure findings apply across demographics. 

 

Conclusion 
VO₂max is much more than a measure of cardiovascular fitness—it is a key biomarker 

demonstrating physiological youth and longevity. High cardiorespiratory fitness predicts 
reduced mortality, slower cognitive decline, and lower rates of chronic disease. By 
improving VO₂max through sustainable aerobic exercise, individuals can meaningfully 
extend both lifespan and healthspan. Incorporating CRF assessment into public health 
and clinical care could transform preventive medicine for aging populations. So when 
people say “Survival of the fittest,” it should be taken literally, not metaphorically. 
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