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VO2 max versus VO2  peak
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Oxygen ConsumptionOxygen Consumption

Where VO2 is oxygen consumption in ml/min; HR is 
heart rate in bpm; SV is stroke volume in ml/beat; and 
CaO2 – CvO2 is the arteriovenous oxygen difference in 
ml/dL of blood.

VO2 = HR x SV x (CaO2 – CvO2)
.

.



Key PlayersKey Players
VariableVariable Rest Rest ®® ExerciseExercise Relative IncreaseRelative Increase

Heart Rate

Stroke Volume

Cardiac Output

a-v O2 Difference

Blood Pressure

Pulmonary Ventilation

SBP
DBP

2.7 x ­

1.4 x ­

4 x ­

3 x ­

1.3 – 1.5 x ­
«or ¯

15-25 x ­
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Resting Metabolic Rate*
• 5,000 ml blood/min x 5 ml O2/100 ml 
blood = 250 ml O2/min = 1.25 Kcal/min

• 250 ml O2/min ÷ 70 kg = 3.5 ml O2/kg/min

• 3.5 ml O2/kg/min = 1 MET

*70 kg man



Exercise Metabolic Rate

• 20,000 ml blood/min x 15 ml O2/100 ml blood = 
3,000 ml O2/min = 15 Kcal/min

• 3,000 ml O2/min ÷ 70 kg = 42.9 ml O2/kg/min

• 42.9 ml O2/kg/min ÷ 3.5 = 12 METs



The typical 12-fold increase in oxygen transport and 
utilization achieved at maximal exercise is brought 
about by respective increases in the hemodynamic 
correlates of VO2, that is, a 4-fold increase in cardiac 
output and a 3-fold increase in arterio-venous oxygen 
difference (4 x 3 = 12 METs)

.



Understanding Exercise Intensity Expressed as Metabolic 
Equivalents (METs) & Exercise Prescription

© 1 MET =  Amount of oxygen consumed at rest
© 2 METs = 2 mph , 0% grade
© 3 METs = 3.0 mph, 0% grade or 2.0 mph, 3.5 % grade
© The ~ energy cost (METs) of varied activities has been measured directly 

or estimated. These include:
©Sexual Activity = 2-3 METs
©Table Tennis or Ping Pong = 2-3 METs
©Singles Tennis = 7 METs
©Jogging at 6 mph = 10 METs          





Maximal Oxygen Consumption for 
Varied Population Subsets

Group METs

Normals

Cardiacs

Endurance Athletes

10-12

6-8

15-20+



The reduced aerobic (MET) capacity in the cardiac patient 

appears primarily due to decreased maximal cardiac output, 

secondary to reduced stroke volume and/or heart rate, 

rather than impairment in the peripheral extraction of 

oxygen.



Measurement of  VO2

Where VE is the expired minute ventilation, FEO2 is the 
directly measured concentration of O2 in the expired 
air, FIO2 is the concentration of oxygen in the inspired 
air, and normal room air is 0.2093.

VO2 = VE (FI O2 – FE O2)
.

.

.

.
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Anaerobic or 
Ventilatory Threshold





J Appl Physiol 1976;41:544

Anaerobic
Threshold



Understanding the Ventilatory Threshold

HLA  + NaHCO3      NaLa

(lactic acid)(sodium bicarbonate) (sodium lactate)

 + H2CO3   H2O + 

(carbonic acid)

02

CO2

CO2











Why Increased Peak METs → ↓ Fatigue
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WHEN TRYING TO 
ASSESS A PATIENT’S 

RISK OF DEATH FROM 
CARDIOVASCULAR 

CAUSES, 
WHAT QUESTIONS DO 

YOU ASK?

MET Capacity: An Underutilized Prognostic Indicator (Men) 

Myers, J. Circulation 2003;107:e2-e5

Age-adjusted mortality rates in healthy men categorized by level of fitness

Exercise capacity is
a stronger predictor of mortality than 

established risk factors of
hypertension, smoking, and diabetes, 
and stress testing parameters of ST-

segment depression, peak HR, or 
arrhythmias during exercise





Low Cardiovascular Fitness Increases Relative 
Risk of All-Cause Mortality vs. Being Fit
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Wei M. et al.  JAMA 1999;282:1547



Although physical activity or 

exercise training may not make all 

people lean, it appears that an active 

way of life may have important 

health benefits, even for those who 

remain overweight.



Kodama S et al.
JAMA 2009;301:2024



CHD/CVD

Overall 100.00 0.85 (0.82-0.88)

Kodama S et al.  JAMA 2009;301:2024



A Memorable Teaching Experience: 
My ‘Stupid’ ?

Fitness versus Heart Function

Left Ventricular
Ejection Fraction



Am J Cardiol 2007;99:436-441





JAMA 2013;309(2):143

Each 1-MET increase in exercise capacity is associated with an 8% to 35% 

(average, 16%) reduction in mortality, which compares favorably with the 

survival benefit conferred by low-dose aspirin, statins, ß-blockers, and 
angiotensin-converting enzyme inhibitors after acute myocardial infarction.

=
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Metabolic Equivalents as
Pre-Operative Risk Assessment

• One of the strongest indicators of all-cause and cardiovascular 
mortality is aerobic capacity.

• Reduced cardiorespiratory fitness levels are associated with 
increased morbidity/mortality after:

• Bariatric surgery

• Liver transplantation

• Noncardiac thoracic surgery

• Major abdominal surgery 
McCullough, P et. al. Chest 2006;130;517-525
Epstein, S. et al. Liver Transplantation  2004;10;418-424
Bechard D, Wetstein L. Ann Thorac Surg 1987;44:344-349
Older P, Hall A, Hader R. Chest 1999;116:355-362



Chest 2006;130:517-525



Cardiorespiratory Fitness and 
Outcomes after Bariatric Surgery

Death, unstable angina, myocardial infarction, venous thromboembolism, renal failure, or stroke Moy J, Gallagher M de Jong A, Sandberg K, 
Trivax J, Alexander D, Kasturi G, Jafri S, Krause K, Chengelis D, Franklin B, McCullough P.  Obesity Research 2005;13, A14 (54-OR).
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Patient population
• 596 patients underwent pre-operative exercise stress testing < 90 

days prior to their bypass at William Beaumont Hospitals in Royal Oak 

and Troy, MI campuses, from 2002-2010.



Smith JL et al.  AJC 2013; 112:1104

Specifically, low preoperative cardiorespiratory fitness (<5 
METs) was associated with higher operative and 30-day 
mortality after CABG (p<0.05).
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Bed Rest Deconditioning
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Saltin B et al.  Circ 1968;38[suppl 7]:1

Three weeks of bed rest resulted in a reduction in 

the maximal oxygen uptake (VO2 max) of 25 %, 

equivalent to the decrease in aerobic capacity that 

normally occurs over 30 years!



6

Mean Changes in Aerobic Capacity Mean Changes in Aerobic Capacity 
(VO(VO22 max) Before and After Bed Restmax) Before and After Bed Rest**..

RemedialRemedial
TreatmentTreatment

ModeMode
Bed RestBed Rest

(days)(days) BeforeBefore AfterAfter % % DD

VOVO22 max (liters/min)max (liters/min)..

NoneNone

Venous poolingVenous pooling
1414

1414

3.93.9

3.33.3
3.33.3

3.13.1
--1515

-- 66

** ConvertinoConvertino VA et al.  JVA et al.  J Appl PhysiolAppl Physiol 1982;52:13431982;52:1343--13481348

% % DD = percent = percent changechange



It appears that deterioration of exercise performance 

resulting from bed rest may be largely obviated by 

regular exposure to orthostatic stress, such as 

intermittent sitting or standing during the hospital 

confinement period.*

*Convertino VA et al.  J. Cardiac Rehabil. 1983;3:660



Cardiopulmonary Exercise Testing (CPX) 



Respiratory Quotient (RQ) or RER: The ‘Lie’ Detector (Values > 1.15-1.20 = Max Effort)





Risk Stratification Algorithm
PVO2

≤ 10
ml/kg/min

10-18
ml/kg/min

≥ 18
ml/kg/min

RER
< 1.15

RER ≥
1.15

VE/Vco2
slope ≥ 35

VE/Vco2
slope < 35

Low
Risk

High
Risk

Very
High
Risk

Mod.
Risk

Corra U et al.  Chest 2004;126:942

Mod-High
Risk



Conclusions

Last 3 slides…Last 3 slides…



Exercise Physiology:
Take Home Messages

• In the normal healthy individual, heart rate increases 2.7x, 
stroke volume increases 1.4 x, and arterial-venous oxygen 
difference increases 3x from rest to maximal exercise.

• The anaerobic threshold typically occurs between 50 and 
80% of the maximal oxygen consumption. 



• For persons with and without heart disease, each 1 MET 
increase in exercise capacity is associated with ~ a 15% 
reduction in mortality.

• Regardless of body habitus (normal weight, overweight, 
obese) or risk factor profile, unfit patients are 2 to 3 times 
more likely to die prematurely in follow-up studies. 

• The primary goal is to move clients/patients out of the ‘least 
fit’, high risk cohort (< 5 METs); on the other hand, the 
survival benefits of regular exercise appear to plateau 
beyond a fitness level > 10 METs.

Exercise Physiology: Take Home Messages




