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Abstract

Cardiorespiratory fitness, typically summarised by maximal oxygen uptake (VOgmax), is
one of the strongest predictors of human healthspan and performance. This paper links
the physiology of the Fick equation to practical measurement, tracks how VO3 max de-
clines with age, quantifies its association with longevity and disease risk, and organises
evidence-based training strategies—from moderate-intensity continuous work to Norwe-
gian 4x4 intervals and polarized models—into actionable roadmaps. Emphasis is placed
on safety boundaries, population-specific adaptations, and simple heuristics for interpret-
ing wearable-derived estimates alongside laboratory cardiopulmonary exercise testing.

1Get in touch: https://linktr.ee/dyjh. Web page: https://hilpisch.com. Research, structuring, drafting,
and visualizations were assisted by GPT 5.x as a co-writing tool under human direction. Comments and feedback
are welcome.
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1 Introduction and Audience

You can think of VOgmaX as the size of your body’s “oxygen engine”: it combines how much
air your lungs move, how forcefully your heart pumps, how much oxygen your blood can carry,
and how greedily your muscles extract that oxygen.[m] For an ambitious but non-professional
athlete, VOomax is not just an abstract lab number; it is a daily governor on how hard you
can hike, how sharp you feel in long meetings, and how quickly you recover between intervals.
Large cohort studies show that people in the highest fitness strata have roughly one-fifth the
mortality risk of those in the lowest strata.[@] This paper is a practical map from physiology to
training so you can raise that ceiling safely and efficiently.

Medical and Safety Disclaimer

Key boundaries to keep you safe while you apply the guidance in this paper:

o This document is educational. Diagnosis, risk stratification, and exercise clearance
require a licensed clinician, particularly for readers with cardiovascular, metabolic,
pulmonary, or psychiatric conditions.

e Stop exercise and seek medical care for chest pain, severe or rapidly worsening
shortness of breath, syncope, unexplained palpitations, or neurological red flags.
Emergency services trump self-experimentation.

o High-intensity interval training (HIIT) should be introduced progressively and, for
clinical populations, under supervision with appropriate monitoring of heart rate
and symptoms.

Quick audience map for context:
e Primary readers: Educated, ambitious amateur athletes who want to raise fitness effi-

ciently without living in the lab or on the track.

e Mentors and supporters: Coaches, physicians, physiotherapists, and psychologists
translating evidence into individual programmes.

o Edge cases: Older adults with multimorbidity or anyone with recent cardiovascular
events—for these readers, the training sections serve as background for clinician-guided
plans.

Quick Safety Screen

Before adding intensity, check the following:

o Recent chest pain, unexplained dizziness/syncope, or palpitations? Get medical
clearance and consider cardiopulmonary exercise testing (CPET) with an electro-
cardiogram (ECG) first.

o Diagnosed heart, lung, kidney, or metabolic disease? Discuss plan with your clini-
cian; start with supervised or submaximal tests.

o Medications that blunt or raise heart rate (beta-blockers, stimulants, thyroid meds)?
Use a rating of perceived exertion (RPE) more than heart-rate targets.

e Unable to climb one flight of stairs without stopping? Begin with moderate-intensity
continuous training (MICT) walking and strength; delay HIIT.

If any red flags apply, slow down and loop in a professional before pushing intensity.




Quick-Start: How to Use This Paper

If you want a simple path from reading to doing, follow this sequence:

o LEstablish a baseline () choose one repeatable test (a wearable estimate, a
Cooper test, or a steady run route) and record your starting point.

e Pick a training template () choose a protocol that matches your time,
joints, and stress load; run it for 8-12 weeks.

e Re-test and adjust: re-test every 4-6 weeks and change only one lever at a time
(volume, intensity, or recovery).

The goal is not to chase a perfect number; it is to build a repeatable system that makes
you fitter, healthier, and harder to break.

2 Definition and Measurement

Before you try to move your number, it helps to know what it represents and how to measure
it reliably. This section gives you a readable translation of the Fick equation and the trade-offs
between laboratory tests and field estimates, so you can pick the method that matches your
time, budget, and appetite for precision.

2.1 Conceptual Definition

VO3 max is the maximal rate at which your body can uptake, transport, and utilise oxygen
during incremental exercise, typically expressed as mLkg ! min~! or Lmin~'. It captures the
integration of central delivery and peripheral extraction, not merely lung capacity. In untrained
adults, peripheral muscle extraction often limits performance, whereas highly trained endurance
athletes are capped by maximal stroke Volume.[E] Think of the system as a four-lane highway:
lungs are the on-ramp, the heart is the highway, haemoglobin trucks carry oxygen cargo, and
your muscles are the exit ramps. Traffic only flows as smoothly as the narrowest choke point.
Notation: the overdot on V signals “per unit time” (volume flow), so VOQ max literally reads
as “maximum oxygen volume per minute.” For performance, remember that VOy 0 sets an
aerobic ceiling, but it is not the whole story: running economy, lactate threshold, technique,
and pacing determine how much of that ceiling you can actually use on race day.

2.2 The Fick Equation and Determinants

At the heart of VOg .y is the Fick relationship VO, = Q x (C,09 — C,03), with @ denoting
cardiac output and (C,02 — C,O2) the arterio-venous oxygen difference. Central (cardiac) and
peripheral (muscle and microvascular) adaptations both set the ceiling. Imagine a two-stage
water system: a central pump pushes flow, while local pipes and filters decide how much water
reaches each tap. Training can upgrade either stage. sketches the main determinants
and where specific training methods act.
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Figure 1: Integrated determinants of VOy via the Fick relationship in a top-to-bottom fow.
Training blocks target different nodes: HIIT boosts stroke volume, long slow distance expands
plasma volume and capillary density, and resistance work improves muscle extraction efficiency.

2.3 Measurement: CPET and Field Estimates

Cardiopulmonary exercise testing (CPET) with breath-by-breath gas analysis remains the gold
standard.[d] Incremental treadmill protocols often yield higher values than cycle ergometry be-
cause more muscle mass is engaged. When a clear plateau is absent, report VO, peak and
note secondary criteria (respiratory exchange ratio, heart rate, perceived exertion). Modern
metabolic carts can also use a short supramaximal “verification bout” to confirm a true maxi-
mum. You can treat CPET as a dynamometer for your engine: precise, but it needs a lab, a
mask, and trained staff.

Field estimates trade accuracy for convenience, but trends across weeks remain decision-
useful if conditions are kept consistent; details the practical options for testing
outside the lab.

Whichever method you choose, keep the test conditions boringly repeatable: same surface,
similar sleep, caffeine, and temperature. That way, changes in your number reflect your fitness,
not noise.

2.4 Field and At-Home Assessment

For most readers, quick, repeatable tests matter more than perfect accuracy. Use these outside
the lab:

e 12-minute Cooper run or 1.5-mile run: flat course or track; retest every 4-6 weeks;
convert distance or time using published tables.

e 6-minute walk test (6MWT): for lower-impact needs; same hallway length, footwear,
and pacing cues; sensitive to day-to-day fatigue.

« Step or submaximal cycle tests (Astrand, YMCA): useful when maximal efforts
are unsafe; rely on heart-rate response to fixed workloads.

e Cycling and rowing analogs: a ramp test or 20-minute time trial to estimate functional
threshold power (FTP); track FTP alongside perceived effort to see aerobic shifts.



« Critical Power (CP) apps: three to four hard efforts of different durations (e.g., 3, 7,
12 minptes) fit a CP model; CP and FTP tend to move with aerobic development, even
when VOg . estimates are noisy.

o Wearables (Apple Watch, Garmin, Polar, Coros): optical heart-rate and GPS
models estimate VO ax mainly from steady outdoor sessions. Use the 28-day rolling
median, not single workouts. Red flags for bad estimates: wrist tattoos, loose straps,
hill /heat sessions, anaemia, beta-blockers, atrial fibrillation. If you use an Apple Watch,
expect updates primarily from outdoor walk/run workouts; improve data quality with a
flat 20-30 minute steady session every 2-3 weeks.

Progress checks: retest with the same protocol every 4-6 weeks; note conditions (sleep, temper-
ature, route) in a training log to interpret changes.

2.5 Relative vs. Absolute VO, .. (and Why It Matters)

You will encounter two common ways to report oxygen uptake:

o Absolute: Lmin~"' is total oxygen consumed per minute. It is useful for comparisons
within the same person across time and for sports where body mass varies (e.g., rowing).

« Relative: mLkg ! min~—! divides by body mass. It is useful for weight-bearing sports

(running, hiking), but it can drop with weight gain even if your heart and muscles im-
proved.

Practical takeaway: if you are actively changing body weight, track both if possible (or at least
track performance benchmarks alongside VO2 yax).

2.6 \'/'02maX vS. V02 Peak

In ideal conditions, you see a plateau in oxygen uptake despite increasing workload; this supports
a true VOomax. In many real-world settings (new athletes, hot days, clinical populations), the
test ends before a plateau and the best observed value is reported as VO, peak. For training
decisions, the difference often matters less than consistency: use the same protocol, watch
trends, and retest at a predictable cadence.

Interpreting Wearable Numbers

Checks before acting on watch- or ring-derived VOgmaX estimates:

o Confirm steady-state inputs: avoid days with illness, sleep deprivation, or heat
stress that distort heart-rate dynamics.

e Track rolling medians over 14-28 days rather than single-session highs or lows.

o Use absolute values cautiously; prioritise direction and rate of change over headline
numbers.




Medication Note: Interpreting V02111ax on Statins/Beta-Blockers

Medications can change the signals you use to estimate or train VO3 max. This is common
and does not mean training has stopped working.

o Statins (e.g., simvastatin/atorvastatin): some people develop statin-
associated muscle symptoms (SAMS), and some data suggest certain statins may
blunt training-related gains in cardiorespiratory fitness in some settings. [a, B] Do not
stop statins on your own; discuss symptoms and options (dose/timing/switching)
with your clinician.

o Beta-blockers: these drugs reduce your heart-rate response to exercise, so HR-
based zones and “target HR” can be misleading.[ﬁ, E] Use RPE/talk test as primary
intensity guidance and treat watch-derived VOs .« trends as rough orientation.

e Practical rule: if your medication regimen changes, re-baseline your chosen test
after a settling period (e.g., 2-4 weeks) and compare like with like.

\

2.7 Normative Reference Tables

h’able ll and h’able j summarise widely used reference ranges for treadmill-tested VO3 max by
age and sex. They illustrate the sharp gap between sedentary population averages and the
values reached by trained individuals. Use these tables as a rough mirror, not a verdict. Norms
depend on protocol (treadmill vs bike), calibration, motivation, and body composition. If your
lifestyle and training are moving in the right direction, your personal trend matters more than
your rank on a single day.

Table 1: Reference VO max ranges for men (mL kg~! min~1).

Category 18-25 26-35 36-45 46-55 56-65 65+
Excellent > 60 > 56 > 51 > 45 > 41 > 37
Good 52-60 49-56 43-51 39-45 3641 33-37
Above average 47-51 43-48 39-42 36-38 32-35 29-32
Average 42-46 40-42 35-38 32-35 30-31 26-28
Below average 37-41 35-39 31-34 29-31 2629 22-25
Poor 30-36 30-34 26-30 25-28 22-25 2021
Very poor < 30 < 30 < 26 < 25 < 22 < 20

Table 2: Reference VOs pax ranges for women (mL kg~! min~!).

Category 18-25 26-35 36-45 46-55 56-65 65+
Excellent > 56 > 52 > 45 > 40 > 37 > 32
Good 47-56 45-52 38-45 34-40 32-37 28-32
Above average 42-46 39-44 34-37 31-33 28-31 2527
Average 38-41 35-38 31-33 28-30 25-27 22-24
Below average 33-37 31-34 27-30 25-27 22-24 19-21
Poor 28-32 26-30 22-26 20-24 18-21 17-18
Very poor < 28 < 26 < 22 < 20 < 18 < 17




3 Age-Related Decline

Even if you never change your training, your aerobic engine slowly shrinks. Understanding that
slope helps you set realistic goals and timelines. This section shows how fast VO max typically
falls with age, why the causes shift from muscle to heart, and how training can flatten the curve.

Across longitudinal cohorts, VOgmayx declines roughly 10% per decade from early adulthood,
with acceleration beyond age 70.[9, 10] Much of the early drop reflects peripheral factors (muscle
mass, capillary density, mitochondrial enzymes), while maximal cardiac output becomes the
dominant limiter later in life. Endurance-trained masters athletes halve the rate of decline to
about 5-6% per decade.[] A practical analogy: think of your aerobic capacity like a battery
that self-discharges faster with age unless you keep it topped up with regular charge cycles
(training). sketches the typical trajectory and the attenuation observed in endurance-
trained older adults.

| | |
60 | —— Sedentary (schematic) | |
~  Feeeal_. --~- Trained (schematic)
R e
i
~
—
E 40
2
i
S 30
>
20 |
T T T T T T T T T T T

20 25 30 35 40 45 50 55 60 65 70 75 80
Age (years)

Figure 2: Schematic age-related decline in V02 max (sedentary vs. trained).

Flattening the Curve

If you want to slow decline in practice, focus on behaviours that preserve both “engine
size” and muscle quality:

o Keep some intensity year-round (e.g., one interval session weekly), even when life
is busy.

e Maintain muscle with two brief strength sessions weekly; sarcopenia makes oxygen
use less effective.

o Protect recovery (sleep, low chronic stress) so hard sessions remain possible.

\ J

4 Why VO,,.. Matters

Raising VO max is one of the few levers that pays off across almost every system you care
about: lifespan, heart health, metabolism, brain function, mood, and sport. Here you get the
big-picture effects and the intuitive mechanisms, so you can see why the training work is worth
your time.



4.1 Longevity and All-Cause Mortality

Higher fitness shows a near-log-linear inverse relationship with mortality, with no clear upper
limit to benefit.[2] Each 1 MET increase in estimated fitness is associated with roughly a 10—
15% lower mortality risk in large cohorts.[11] These data are observational (so they cannot
prove causality by themselves), but the consistency across populations is one reason clinicians
increasingly treat fitness as a vital sign. For everyday planning, treat fitness like compound
interest: small weekly deposits (sessions) grow into large risk reductions over years, but skipping
deposits for months shrinks the account quickly.

Effect Size in Plain Terms

Compared with low-fitness peers, individuals in the top fitness strata often show hazard
ratios near 0.20 for all-cause mortality, an effect magnitude larger than that of quitting
smoking or controlling hypertension in isolation. This makes VOQ max an actionable “vital
sign” for preventive medicine.

4.2 Cardiovascular and Metabolic Health

Higher VO max reflects stronger cardiac output, better endothelial function, and improved
insulin sensitivity. It correlates inversely with fasting glucose and markers of insulin resistance,
making it an early warning signal for cardiometabolic disease.[12] Think of aerobic training as
adding more delivery vans (capillaries) and better engines (mitochondria) to your muscle fleet,
which makes blood sugar and lipids easier to process. Practical marker: watch how fast your
heart rate drops in the first minute after hard intervals. Faster drops often track improving
fitness and better autonomic balance, but the signal is also affected by heat, hydration, and
sleep, so interpret it as a trend rather than a score.

4.3 Brain and Mental Health

Aerobic capacity correlates with hippocampal volume, executive function, and lower incidence
of depressive symptoms.[[13, 14] Proposed pathways include increased cerebral blood flow, brain-
derived neurotrophic factor (BDNF) signalling, and improved sleep architecture. If you picture
the brain as a garden, higher VOs max is like better irrigation and more sunlight: new connections
sprout more readily and weeds (inflammation) are kept down. Real-world example: after a
month of intervals, many people notice that stressful commutes or heavy workdays feel less
draining—the same vascular responsiveness that supports running also stabilises blood flow to
the prefrontal cortex during mental strain.

4.4 Cancer Risk and Functional Independence

Observational data suggest lower incidence and mortality for several cancers at higher fitness
levels, likely mediated by lower inflammation and healthier body composition.[15] Maintaining
V02 max > 20mL kgfl min~! preserves the aerobic margin needed for daily activities into older
age. That threshold is roughly the effort of carrying groceries up one flight of stairs without
stopping; keeping above it buys you years of independent living.

5 How to Improve VO2mX

You can raise your aerobic ceiling at any age with a mix of volume and intensity. This section
translates the physiology into concrete sessions, highlights what to expect over 8-12 weeks, and
shows how to sequence methods without feeling like you are training full-time.



5.1 Choosing a Protocol

Pick based on time, injury risk, and what keeps you showing up:

o Time-crunched (2-3 h/week): 2x4x4 HIIT (run/bike/row) + 1 easy 30-40 min MICT.
If joints protest, do intervals on a bike or rower.

o Low impact/rebuilding: 2-3 MICT sessions (walking incline, cycling) + 1 short 15/15
session; upgrade to 4x4 after 2-3 weeks of smooth recovery.

o Endurance-lover (4-8 h/week): Polarized split: 80% easy (conversational), 20%
hard (1 HIIT + 1 tempo/threshold).

o Masters athlete (>40) or high-stress job: Same as above but space hard days 48—
72 hours apart; guard sleep and hydration.

o Cyclists/rowers/swimmers: Keep interval structure; swap modality. Cycling: 4x4 at
power you can hold evenly; Rowing: aim for consistent splits within 2—3 seconds.

RPE Beats Perfect Zones

If you do not know your true HRax, do not guess it from a formula and build your
programme on top. Use perceived effort and the talk test:

o Easy (RPE 3-4): you can speak full sentences.
o Moderate (RPE 5-6): you can speak in short sentences.
o Hard (RPE 8-9): you can say only a few words; form must stay controlled.

Once you have a stable baseline, heart-rate zones become more useful for pacing and
recovery, not as a replacement for listening to your body.

. J

5.2 Physiological Drivers of Adaptation

Improving VO, max is rarely about a single magic session. It is the sum of two families of
adaptations:

o Central: your heart’s ability to deliver oxygenated blood (stroke volume, plasma volume,
maximal cardiac output).

o Peripheral: your muscles’ ability to pull oxygen out of that blood and use it (capillaries,
mitochondria, oxidative enzymes).

As a rule of thumb, longer easy sessions build the peripheral “pipes and engines”, while intervals
create the strong central stimulus that pushes the ceiling upward. The best programmes include
both, scaled to your recovery budget.

5.3 Flagship Protocol: Norwegian 4x4 HIIT

Structure: 10-minute warm-up at 50-70% heart-rate maximum (HRy,ax); four intervals of 4 min-
utes at 85-95% HRax; 3-minute active recoveries at 60-70% HRyax; 5-minute cool-down. Two
to three sessions weekly for 8—12 weeks consistently produce meaningful V02 max gains in healthy
and clinical populations.[[16, 17] Picture four hard climbs separated by valley jogs: enough time
near the peak to stretch the heart’s stroke volume, without blowing up pacing. What it should
feel like: speech limited to 2-3 words, breathing heavy but posture stable; recoveries feel like
brisk hiking, not standing rest.



5.4 Other Evidence-Backed Options

For readers needing alternatives or complementary stimuli:

o Tabata (supramaximal): 8x20 seconds very hard/10 seconds rest.[] Powerful but
high injury risk; best layered onto an established base. Many “Tabata” classes are not
truly supramaximal and therefore feel easier but produce smaller gains.

o 15/15 intervals: Alternating 15 seconds at 90-95% HRpax with 15 seconds at 70%
HRpax for 20-30 minutes; good entry point for beginners or clinical settings.

o Moderate-intensity continuous training (MICT): 30—60 minutes at 60-75% HRypax
builds volume and capillary density; anchors polarized plans.

An easy way to phase these: start with two weeks of MICT to build tolerance, swap one MICT
for 15/15s in weeks 3-4, then upgrade that day to 4x4 by week 5 if recovery is solid.

Eight-Week Starter Block

An example distribution for recreationally active readers:
e Two 4x4 HIIT sessions per week on non-consecutive days.
e Two MICT sessions of 3545 minutes at conversational pace.

e One short resistance session (push, pull, hinge, squat, carry) to preserve muscle
mass and economy.

e Sleep and nutrition guardrails: 7-9 hours in bed, protein at each meal, hydration
matched to sweat losses.

.

5.5 Polarized Distribution and Periodisation

Polarized training allocates roughly 80% of time to low intensity and 20% to high intensity,
minimising middle-zone fatigue. It suits athletes and time-constrained adults who want con-
tinued gains without chronic soreness.[] The feel is simple: most days are conversational, a
few sessions per week are breath-stealing, and almost nothing sits in the murky middle where
you feel tired but under-stimulated. Example week: two easy sessions (30-60 min), one interval
session (4x4 or 15/15), one longer easy session (60-120 min), plus one short strength session.

5.6 Altitude and Hypoxic Stimuli

“Live high, train low” strategies (reside above 1,800 m; train near sea level) can expand red
cell mass and lift VOQ max Dy a few percent if training quality is maintained. Hypoxic masks
generally do not replicate these effects because they reduce work quality without the sustained
hypoxic exposure that drives erythropoiesis.

5.7 Strength and Plyometric Complement

Heavy resistance and plyometrics improve running economy even when VO3 max itself changes
modestly. They raise the fraction of VOsmax that can be sustained at race pace and support
injury resilience. Think of this work as patching leaks in your “energy plumbing”: stiffer tendons
and stronger hips waste less motion and oxygen per stride.
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5.8 Practical Benchmarks and Progress Tracking

Improvement is usually fast at the beginning, then slower as you become trained. The goal of
this subsection is to set realistic expectations and to give you a simple rhythm for testing and
adjusting without overreacting to weekly noise.

Typical 12-week expectations:

o Beginners: gains of 5-10% VOgmaX over 12 weeks with consistent MICT; add intervals
after two base weeks.

e Recreational: 8-15% gains with two weekly HIIT sessions plus volume.

o Masters athletes: Gains are smaller (3-8%) but meaningful for delaying the functional
independence threshold.

Table 3: Sample 12-week structure (adjust paces to HR or RPE).

Weeks HIIT focus Base/easy Strength

1-2 MICT only: 3040 min at 34 easy sessions 1 full-body session
RPE 4-5

34 1x15/15 (20-24 min 3 MICT 35-45 min 1-2 sessions
total)

58 2x4x4 HIIT per week 2 MICT 40-50 min 2 sessions

9-12 2x4x4 or 1 HIIT + 1 2 MICT 45-60 min 2 sessions

tempo (20 min at RPE 7)

Recovery and Progress Checks

Use simple guardrails: morning resting HR or HRV trend (flat or improving), sleep
>7 hours most nights, soreness resolving within 48 hours, and ability to hold form late in
intervals. If two markers slip for three days, cut volume by 20-30% for a week. Re-test
with your chosen field protocol every 4-6 weeks, same route and conditions.

5.9 Making the Number Tangible

Use these rough bridges to relate VOQ max b0 common performance markers. Individual economy
and skill matter; treat the table as orientation, not prediction.

Table 4: Approximate links between VOa pay, running, and cycling benchmarks.

VO3 max (mLkg 'min~') VO, category 5 km time 20-min power (W /kg)

30 Very poor/poor 35-40 min ~2.0
40 Average 27-30 min ~2.5
50 Good 22-24 min ~3.3
60 Excellent 18-20 min ~4.0
70 Elite 16-17 min ~4.7

Quick sanity check: if your watch reports 55 mLkg™! min~—! but your 5 km is 35 minutes,

focus first on technique, pacing, and consistent easy miles; the limiter is economy, not the
oxygen engine.

11



6 Special Topics

Some contexts require extra nuance: clinical rehab, how doctors might label VOQ max as a vital
sign, and what sex differences mean for your expectations. Use this section as a side-door
reference while you build or adjust your own plan.

6.1 Clinical Cardiology and Rehabilitation

In cardiology, peak VO, is not a vanity metric. It helps quantify prognosis in heart failure, sup-
ports transplant candidacy decisions, and guides rehab intensity. In stable patients, supervised
interval training can outperform MICT for improving functional capacity, but the supervision
is the point: ECG or rhythm monitoring, blood pressure checks, and symptom tracking keep
intensity inside safe boundaries.[[17]

If you have known cardiovascular disease, treat the training section as a menu to discuss
with your clinician, not a prescription to self-administer.

6.2 VOQmaX as a Vital Sign

Professional societies increasingly frame cardiorespiratory fitness as a “fifth vital sign”. In
practice, that can be as simple as a yearly fitness check the same way you check blood pressure:
one repeatable field test, recorded alongside weight, resting heart rate, and basic labs. The
usefulness comes from change over time: a decline can be an early marker that activity, sleep,
illness, or stress has shifted before symptoms force a reset.

6.3 Sex Differences and Trainability

On average, men show higher absolute VOg mayx partly due to higher haemoglobin concentration
and greater lean mass, but relative improvements with training are similar across sexes. If you
normalise by fat-free mass rather than total body mass, sex differences shrink further. For
women, iron status and menstrual cycle effects can matter in practice: low ferritin can depress
performance and raise perceived exertion even when training is unchanged.

Genetic heritability sets part of the ceiling, yet it does not prevent meaningful gains for
any starting point. The practical rule is simple: adjust interval paces to heart-rate or RPE
targets rather than copying another athlete’s splits, and treat unexpected performance drops
as information (sleep, stress, fueling, iron status) rather than as proof you are “not built for
endurance”.

For wearable guidance and how to interpret watch-derived trends, see .

7 Discussion

Stepping back, the literature and practice cohere around a few simple truths you can act on.
First, VOgmax is a modifiable trait with outsized relevance to longevity and quality of life.
Second, the most time-efficient gains come from structured intervals layered onto a base of
easy volume. Third, safety and adherence hinge on matching intensity to the individual and
monitoring recovery signals such as resting heart rate, sleep, and mood.

Two caveats are worth keeping in mind. Much of the longevity evidence is observational,
so associations can be inflated by confounding (healthier people can train more). And even in
controlled training studies, individual responses vary: some athletes gain quickly, others gain
slowly, and both can be “responders” in different seasons depending on stress, sleep, and fueling.
That is why the paper emphasises systems over heroics: measure consistently, train consistently,
and adjust gradually.
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Common Pitfalls (and Fixes)

If your plan stalls or starts to feel brittle, check these first:

¢ Too much intensity: turn one hard session into easy volume for two weeks; then
reintroduce intervals.

e Too little easy volume: add 20-40 minutes of easy work per week before adding
more HIIT.

e Recovery debt: fix sleep timing and nutrition around hard days; a great plan
cannot out-train poor recovery.

e Chasing numbers: prioritise a repeatable routine and performance benchmarks;
VO3 nax should follow.

8 Conclusion

Raising VOspmax is among the highest-yield investments for longevity, metabolic health, and
day-to-day vitality. The combination of clear physiology, strong population evidence, and prac-
tical protocols makes it accessible to most educated amateur athletes, provided changes are
introduced progressively and with appropriate clinical oversight where indicated.

If you want a simple summary, keep it boring and consistent: establish a baseline, do mostly
easy work, add one to two hard interval sessions per week, and re-test regularly. Your future
self will not care whether you reached the perfect laboratory number; they will care that you
can move fast, recover well, and feel resilient in everyday life.

9 Glossary
Key terms in alphabetical order for quick reference.

4x4 HIIT Four repeats of four minutes at high intensity (typically 85-95% HRiax) separated
by three-minute active recoveries; designed to accumulate time near VOg 5.

Active recovery Low-intensity movement between hard bouts (e.g., easy jog/cycle) that main-
tains blood flow without adding much fatigue.

Arterio-venous O; difference (C,02 — C,03) The gap between oxygen content in arterial
and venous blood; a proxy for how much oxygen working muscles extract.

Atorvastatin A commonly prescribed statin used to lower LDL cholesterol; can cause muscle
symptoms in a subset of people.

BDNF Brain-derived neurotrophic factor; a signalling protein linked to neuroplasticity and
often increased with aerobic training.

Beta-blocker Medication class that reduces heart rate and contractility; blunts HR response
during exercise, making HR zones less reliable.

Cardiac output (@) Blood volume the heart pumps per minute (heart rate x stroke volume).

Cardiorespiratory fitness (CRF) Integrated capacity of lungs, heart, blood, and muscles
to deliver and use oxygen; often proxied by VOsax.

Creatine kinase (CK) Muscle enzyme that can rise with heavy training or muscle injury;
used clinically when severe muscle symptoms occur.
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Critical Power (CP) A model-derived estimate of sustainable aerobic power (or pace) com-
puted from multiple hard efforts; useful for tracking endurance development.

CPET Cardiopulmonary exercise testing with breath-by-breath gas analysis; laboratory gold
standard for measuring VOg .« and ventilatory thresholds.

Dot notation (V) Overdot indicates a rate per unit time (flow); VOs means oxygen volume
consumed each minute.

ECG Electrocardiogram; measures heart electrical activity and is used in clinical exercise test-
ing and monitoring.

Ferritin A blood marker related to iron stores; low ferritin can impair endurance performance
and raise perceived effort.

Functional independence threshold Roughly 18-20 mL kg™ min~! VOs .y needed for com-
mon daily tasks without assistance.

Functional threshold power (FTP) A practical cycling proxy for sustainable aerobic power
(often approximated from a 20-minute test); used to set training zones and track progress.

Heart rate (HR) Number of heart beats per minute; used alongside RPE and pace/power to
guide training intensity.

Heart-rate maximum (HR,,,x) Highest heart rate achievable in a maximal effort; individual
and best determined by testing, not formulas.

Heart-rate variability (HRV) Beat-to-beat variability metric reflecting autonomic balance;
useful as a recovery trend, not a daily score.

Heart-rate reserve (HRR) Difference between maximal and resting heart rate; sometimes
used to set training zones.

HIIT High-intensity interval training; alternating hard efforts with recovery to accumulate
time near VOg pax.

Lactate threshold (LT) Intensity at which lactate accumulates faster than it can be cleared;
closely related to sustainable race pace and often trained with tempo/threshold work.

1 1

MET Metabolic equivalent; 1 MET = resting oxygen uptake of 3.5 mL kg™ min~".

MICT Moderate-intensity continuous training; steady efforts at about 60-75% HRpax for 30—
60 minutes.

PGC-1a A transcriptional coactivator that helps drive mitochondrial biogenesis in response
to endurance exercise.

Polarized training Training distribution with most time at low intensity and a minority at
high intensity, minimising work in the moderate middle zone.

Rating of perceived exertion (RPE) Subjective effort scale (commonly 1-10) used to guide
intensity when HR is unreliable or unknown.

Respiratory exchange ratio (RER) Ratio of COy produced to Og consumed; values near
or above 1.10 are often used as a secondary marker of maximal effort.

Running economy Oxygen (or energy) cost to run at a given pace; two athletes can share
the same VOg ¢ yet differ markedly in economy and therefore performance.
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Simvastatin A commonly prescribed statin used to lower LDL cholesterol; studied in exercise
trials where it blunted some training adaptations.

Statin-associated muscle symptoms (SAMS) Muscle pain, cramps, weakness, or unusual
soreness temporally related to statin use; evaluation is clinical and may include CK testing.

Stroke volume (SV) Amount of blood ejected by the left ventricle each heartbeat.

Tabata Interval protocol of 8 x20 seconds very hard with 10 seconds rest; very demanding and
not ideal as a first interval method.

Tempo/threshold session Sustained “comfortably hard” work (often 15-30 minutes total)
that raises the pace/power you can hold at high aerobic effort.

Vascular shear stress Frictional force of blood flow on vessel walls; increases during exercise
and helps stimulate endothelial adaptations.

VO, peak Highest observed oxygen uptake in a test that ends before a clear plateau; often
used when a true VO .« plateau is not achieved.

VO, Oxygen uptake at a given workload.

VO3 max Maximal oxygen uptake achievable during incremental exercise; ceiling for sustained
aerobic energy production.

10 Disclaimer

This paper is provided for educational and informational purposes only. It does not constitute
medical advice, diagnosis, or treatment, and it is not a substitute for individual consultation with
a licensed physician, physiotherapist, or other qualified health professional. Exercise—and high-
intensity interval training in particular—carries inherent risks that vary with age, health status,
medication use, and training history. Before you change your training, seek individual medical
clearance, especially if you have a cardiovascular, metabolic, pulmonary, renal, or psychiatric
condition, take prescription medication, are pregnant, or have been sedentary for an extended
period.

The evidence summarised here is drawn from studies with specific populations, protocols,
and endpoints; reported associations do not guarantee individual outcomes. Normative tables,
training zones, and improvement estimates are approximations, and fitness testing—whether in
a laboratory or on a wrist-worn device—involves measurement error. Interpret every number
in this paper as a trend to discuss with a professional, not a threshold to chase.

If you experience chest pain, severe or rapidly worsening shortness of breath, fainting, un-
explained palpitations, or other red-flag symptoms during exercise, stop immediately and seek
emergency care. To the maximum extent permitted by applicable law, the author accepts no
liability for any injury, loss, or damage arising from the use or misuse of the information in this

paper.
References

[1] E. Jansson, “Maximal oxygen uptake and performance,” Scand. J. Med. Sci. Sports,
17(6):553-554, 2007. onlinelibrary.wiley.com

[2] K. Mandsager, R. Harb, G. Cremer, et al., “Association of cardiorespiratory fitness with
long-term mortality among adults,” JAMA Netw. Open, 1(6):183605, 2018. jamanet-
work.com

15


https://onlinelibrary.wiley.com/doi/10.1111/j.1600-0838.2007.00750.x
https://jamanetwork.com/journals/jamanetworkopen/fullarticle/2707428
https://jamanetwork.com/journals/jamanetworkopen/fullarticle/2707428

[3]

[4]

[10]

[11]

[12]

D. Bassett and E. Howley, “Limiting factors for maximum oxygen uptake and determinants
of endurance performance,” Med. Sci. Sports Exerc., 32(1):70-84, 2000. journals.lww.com

L. Kaminsky, R. Arena, and J. Myers, “Reference standards for cardiorespiratory fitness
measured with CPET,” Mayo Clin. Proc., 90(11):1515-1523, 2015. mayoclinicproceed-
ings.org

C. R. Mikus, L. J. Boyle, S. J. Borengasser, et al., “Simvastatin impairs exercise training
adaptations,” J. Am. Coll. Cardiol., 62(8):709-714, 2013. pubmed.ncbi.nlm.nih.gov

B. A. Parker, M. A. Capizzi, C. L. Grimaldi, et al., “Effect of statins on skeletal muscle
function and performance,” Circulation, 127(1):96-103, 2013. pubmed.ncbi.nlm.nih.gov

K. Forton, H. M. de Ruysscher, W. K. de Jong, et al., “Effect of bisoprolol on heart
rate response and predicted maximum heart rate,” Sports Med. Open, 8(1):150, 2022.
pubmed.ncbi.nlm.nih.gov

Mayo Clinic Staff, “Beta blockers: how do they affect exercise?” Mayo Clinic, accessed
March 2026. mayoclinic.org

J. Fleg, L. Morrel, A. Bos, et al., “Accelerated longitudinal decline of aerobic capacity in
healthy older adults,” Circulation, 112:674-682, 2005. ahajournals.org

H. Tanaka, D. Desouza, and D. Seals, “Decline in VO3 max With aging in master athletes
and sedentary men,” J. Appl. Physiol., 71(6):2406-2411, 1991. journals.physiology.org

P. Kokkinos, J. Lavie, and R. Almeida, “Cardiorespiratory fitness and mortality risk,” J.
Am. Coll. Cardiol., 80(13):1196-1205, 2022. doi.org

S. Leite, H. Fonseca, and D. Santos, “Low cardiorespiratory fitness in people at risk for
type 2 diabetes,” BMC Public Health, 9:278, 2009. biomedcentral.com

K. Erickson, M. Voss, R. Prakash, et al., “Exercise training increases size of hippocampus
and improves memory,” Proc. Natl. Acad. Sci. USA, 108(7):3017-3022, 2011. pnas.org

T. Tolmunen, T. Lakka, J. Hintikka, et al., “Low maximal oxygen uptake and depressive
symptoms in middle-aged men,” Fur. Psychiatry, 21(3):191-195, 2006. sciencedirect.com

A. Onerup, E. Sundstréom, and P. Rosenlund, “Cardiorespiratory fitness in youth and
site-specific cancer incidence in men,” Br. J. Sports Med., 57(20):1298-1305, 2023.
bjsm.bmj.com

J. Helgerud, K. Hgyem, J. Wislgff, and J. Hoff, “Aerobic high-intensity intervals improve
VOs9,x more than moderate training,” Med. Sci. Sports Ezerc., 39(4):665-671, 2007.
pubmed.ncbi.nlm.nih.gov

U. Wislgff, A. Stgylen, J. Loennechen, et al., “Superior cardiovascular effect of aerobic
interval training versus moderate continuous training in heart failure patients,” Circulation,
115:3086—3094, 2007. ahajournals.org

L. Tabata, K. Nishimura, and M. Kouzaki, “Effects of moderate-intensity endurance and
high-intensity intermittent training on anaerobic capacity and VOsax,” Med. Sci. Sports
FEzerc., 28(10):1327-1330, 1996. pubmed.ncbi.nlm.nih.gov

T. Stoggl and B. Sperlich, “Polarized training impact on endurance variables,” Front. Phys-
iol., 5:33, 2014. frontiersin.org

16


https://journals.lww.com/acsm-msse/Fulltext/2000/01000/Limiting_factors_for_maximum_oxygen_uptake_and.12.aspx
https://www.mayoclinicproceedings.org/article/S0025-6196(15)00556-4/fulltext
https://www.mayoclinicproceedings.org/article/S0025-6196(15)00556-4/fulltext
https://pubmed.ncbi.nlm.nih.gov/23583255/
https://pubmed.ncbi.nlm.nih.gov/23224281/
https://pubmed.ncbi.nlm.nih.gov/36538192/
https://www.mayoclinic.org/healthy-lifestyle/fitness/expert-answers/beta-blockers-and-exercise/faq-20057943
https://www.ahajournals.org/doi/10.1161/CIRCULATIONAHA.105.545459
https://journals.physiology.org/doi/abs/10.1152/jappl.1991.71.6.2406
https://doi.org/10.1016/j.jacc.2022.07.010
https://bmcpublichealth.biomedcentral.com/articles/10.1186/1471-2458-9-278
https://www.pnas.org/doi/10.1073/pnas.1015950108
https://www.sciencedirect.com/science/article/pii/S0924933806000282
https://bjsm.bmj.com/content/57/20/1298
https://pubmed.ncbi.nlm.nih.gov/17414804/
https://www.ahajournals.org/doi/10.1161/CIRCULATIONAHA.106.675041
https://pubmed.ncbi.nlm.nih.gov/8897392/
https://www.frontiersin.org/articles/10.3389/fphys.2014.00033/full

	Introduction and Audience
	Definition and Measurement
	Conceptual Definition
	The Fick Equation and Determinants
	Measurement: CPET and Field Estimates
	Field and At-Home Assessment
	Relative vs. Absolute VO2max (and Why It Matters)
	VO2max vs. VO2 Peak
	Normative Reference Tables

	Age-Related Decline
	Why VO2max Matters
	Longevity and All-Cause Mortality
	Cardiovascular and Metabolic Health
	Brain and Mental Health
	Cancer Risk and Functional Independence

	How to Improve VO2max
	Choosing a Protocol
	Physiological Drivers of Adaptation
	Flagship Protocol: Norwegian 44 HIIT
	Other Evidence-Backed Options
	Polarized Distribution and Periodisation
	Altitude and Hypoxic Stimuli
	Strength and Plyometric Complement
	Practical Benchmarks and Progress Tracking
	Making the Number Tangible

	Special Topics
	Clinical Cardiology and Rehabilitation
	VO2max as a Vital Sign
	Sex Differences and Trainability

	Discussion
	Conclusion
	Glossary
	Disclaimer

