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Cardiopulmonary Exercise Testing.  Part II.

Measurements

Testing measurements.

O2 uptake - VO2
Increases nearly linearly with work.

Normal slope about 8.5 – 11 ml/min/watt.


Independent of age, sex, height.


Obesity may have higher VO2 per work, but slope the same.

It is reduced in inadequacies of the heart, lungs, and myopathies.

VO2max or VO2 peak.

Achieving a plateau is gold standard of VO2max and cardiopulmonary fitness.

Normal determinants of VO2max are genetic factors and muscle mass.

Value is often normalized by index of body size (height or weight).


Problem with weight is that fat metabolism does not contribute significantly to VO2max.



In obesity, normalization can give low values.

In obesity, normalization by height may be better indicator.

Normals can increase VO2 15 times above resting value (30-50 ml/minute/kg).

Athletes can increase resting value by 20 times (80 ml/kg/min)

A reduced VO2 is not diagnostic of anything but rather a starting point in evaluating.

CO2 output.

Because dissolved CO2 is a weak acid, the body uses it to regulate for acute metabolic acidosis.

During low levels of work CO2 increases in proportion to O2 as glycogen is utilized.

As lactic acidosis develops, H+ buffers with HCO3- creating even more CO2.

VCO2/VO2 changes slope at the onset of metabolic acidosis or anaerobic threshold.


Using this graph is called the V-slope method.

Measurement of CO2 output is vital for RER, Respiratory Quotient, A-a gradient, VD/VT.

Respiratory exchange ratio (RER).

Under steady state the RER = RQ.


Determined by fuels used for metabolic processes.


RQ of 1.0 = carbohydrate metabolism.


RQ of 0.7 = carbohydrate plus fats.


RQ of protein is 0.8.

RQ usually refers to what is happening at the cellular level.

RER is measured by gas exchange at the mouth.

RER > 1 can be seen when CO2 is derived from lactic acid or hyperventilation.

Anaerobic threshold (lactate threshold).

Considered the onset of metabolic acidosis.

Expressed as percent of predicted maximum VO2.

Normal can range from 35% to 80%.

If low, it is nonspecific and other parameters need to be evaluated as to etiology.


Can be due to cardiac, pulmonary, or skeletal muscle causes.

It cannot always be determined in severe COPD or in some ventilatory responses.

After cardiac rehabilitation, even after increases in VO2max, AT does not change.

There are multiple methods for establishing AT (see below).

Arterial lactate method for determining AT.

Requires direct blood sampling.

Need at least 4 data points in addition to resting sample to find where slope changes.

Several mathematical models have been proposed but none better than above slope.

Arterial bicarbonate method for determining AT.

Same principles as lactate but it changes inversely to lactate.

Ventilatory equivalents method for determining AT.

Simultaneously measuring VE/VO2, VE/VCO2, PETO2, and PETCO2.


The VO2 where VE/VO2 and PETO2 reach a minimum and then begin to rise.


The VE/VCO2 and PETCO2 at that point are at a steady state.

Cardiac output (Q).

Q is calculated using the Fick equation:  VO2 = Q x [C(a-v)O2] .

So Q = (SV x HR) = VO2 / [C(a-v)O2]

Initially in exercise Q is increase by increases in SV and HR.

Late in exercise increases in Q (cardiac output) are accomplished by increases in HR.

Heart rate – VO2 relationship.

The HR / VO2 is called the heart rate response.  

A value > 50 is considered abnormal.

Normally HR increases nearly linearly with VO2 at higher work rates.

It is often nonlinear at low work rates.

Achieving age predicted values for maximal HR is often used as reflection of maximum effort.

Use of this alone is not recommended.


There is considerable variability: 10-15 beats/minute.

The difference between rate achieved and predicted maximum is called the heart rate reserve.

There are several reference equations.


HRmax = 220 – age (underestimates in older individuals).


HRmax = 210 – (age x 0.65) 

HR is higher than normal in lung disease for comparable levels of VO2.


Indicating SV is lower because cardiac output is similar to normals.


Could reflect deconditioning, or dynamic hyperinflation affecting SV.

HR/VO2 is increased if O2 delivery is low.

In hypoxemia, anemia, carboxyhemoglobin, myopathy, deconditioning.

O2 pulse.

The ratio of VO2/HR is termed the O2 pulse and reflects the O2 extracted per heartbeat.


It is an indirect measure of stroke volume.

The Fick equation above is rearranged to give the below equation.

SV = ( VO2  / [C(a-v)O2] ) / HR.


It increases rapidly early in exercise approaching an asymptotic value.

If it is flat early it may reflect a reduced SV and/or failure of O2 extraction.

At its peak, it can be low in deconditioning, ventilatory limitations, and cardiovascular disease.


It is a nonspecific finding by itself.

Blood Pressure.

The net effect of exercise is to cause an increase in BP.

Diastolic may stay the same or decrease.

No change or a fall may indicate a cardiac abnormality or sympathetic control problem.


CHF, or ischemia, or aortic stenosis.


It can decrease in pulmonary vascular disease, or central venous obstruction.

Breathing patterns.

Initially, tidal volume increases early in exercise.

As work increases, both TV and respiratory rate increase.

At 70-80% of peak exercise, an increase in respiratory frequency predominates.

Young adults increase VT by 3 to 5 fold.

Elderly increase VT by 2 to 4 fold.

Frequency increases up to 3 fold in normal subjects but by as much as 6 to 7 fold in athletes.

Increased VT is accomplished by 2 actions.

A decrease in end expiratory volume (EELV).


Optimizes muscle fiber length and rebound from abdominal wall.

But mainly by an increase in end inspiratory volume (EILV).

Ventilatory measurements (i.e., reserve, capacity, etc.).

Ventilatory demand.

Most healthy adults reach a maximum ventilation of 70% of MVV at peak exercise.


Normal reserve can be as low as 15% in fitness and aging.

VE is linked to other physiologic factors by the equation.


VE = [863 x VCO2] / [PaCO2 x (1 – VD/VT)]


863 is a correction factor for the following.

Converting volumes (STPD vs. BTPS).

Correcting fractional concentrations to partial pressures.

VE can be altered in any disease that affects one of the above equation parameters.

The relationship of VD/VT can be better understood by rearranging this equation.


VD/VT =  1 – [(863x VCO2) / (VE x PaCO2)]

Calculation of VD/VT performed during exercise system exercise testing.

The Bohr equation is used most often for calculating dead space during exercise testing.

This is defined as VD/VT = (PetCO2 – PACO2) / PetCO2


The above derivation can be found in most pulmonary textbooks.

PetCO2 = PaCO2, and  PACO2 = PECO2 so the above equation becomes.

VD/VT  =  (PaCO2 – PECO2) / PaCO2  =  1 – (PECO2 / PaCO2)

One must take into account the dead space in the mouthpieces and sensors so...
VD/VT  =  1 – (PECO2 / PaCO2) – VDS/Vt


VDS is the volume of dead space of the mouthpieces.


Obtained by filling the mouthpieces with syringe and measuring the volume.



Depending on device it ranges from 0.50 L to .150 (we use .100 L).


Vt is the subjects tidal volume.



Obtained by dividing the VE by the respiratory rate.


PECO2 = FECO2 x (P Bar – 47)



FECO2 = fractional excretion of CO2 and this is obtained as follows.



FECO2 = VCO2/VEstpd + FICO2 

FICO2 is a correction for the inspiratory fraction of CO2 and is measured.

VEstpd is a STPD vs. BTPS correction.
VD/VT = 1 - ((VCO2/VEstpd + FICO2)*(745 - 47) / PaCO2rest) - (0.100 / (VE (ml) / RespRate))

Ventilatory capacity.

Predicted VEmax can be taken from MVV or calculated from the FEV1.


i.e., FEV1 x (35 - 40).

Problems with MVV.


Breathing patterns are different in MVV that exercise.



MVV is performed at higher volumes than during exercise.


MVV cannot be sustained for more than 15 to 20 seconds.


It does not take into account bronchodilatation of exercise.


May not be appropriate for those with inspiratory resistance.



Vocal cord disease, soft tumors of the neck, neuromuscular diseases.



Also problems in extreme obesity and CHF.

Using MVV or FEV1 x (35 – 40): both methods are considered acceptable.

Ventilatory equivalents.

VE/VO2 is the ventilatory equivalent for O2.

VE/VCO2 is the ventilatory equivalent for CO2.

Both increase with increased dead space as well as hyperventilation.

Both decrease hyperbolically before AT in exercise.

At anaerobic threshold VE/VO2 begins to rise before VE/VCO2.

In hyperventilation (anxiety, pain, hypoxemia) they rise in concert.

As further metabolic acidosis develops the VE/VCO2  rises causing a decrease in the PaCO2. 

VE/VCO2 is normally around 25 but can exceed 30 in older individuals.


It is < 34 at or near anaerobic threshold.


It is less than 36-40 at peak exercise in normal subjects.

Lack of increase at its lowest point can be seen in a number of situations.


Insensitivity to stimuli from metabolic acidosis.


High airway resistance.


Increase in respiratory muscle load in ventilatory limited COPD.


Severe obesity.

End Tidal O2 and CO2.

As exercise progresses, PETO2 decreases and PETCO2 rises.

At anaerobic threshold PETO2  rises as VE/VO2 rises and at this point PETCO2 stabilizes.


This stabilization of PETCO2  is called isocapneic buffering.  

Then the PETCO2 begins to fall as VE/VCO2 begins to rise in response to the increasing acidosis.


The worsening acidosis is greater than the buffering capacity of the lungs.

If PETCO2 does not fall it suggests increased dead space ventilation.

Alveolar – arterial pressure difference.

Normally in exercise the A-a gradient increases.

It is calculated by the following.


(A – a) = [(PB – 47) x FIO2] – [PaCO2/R] – PaO2

R is taken from direct measurement from testing.


A difference of 0.2 in R can change A-a gradient by 10.

At rest values are less than 10.

At peak exercise they can be above 20.

Above 35 is abnormal indicating a gas exchange abnormality.

Above 50 usually indicates pulmonary disease.

Many well-trained athletes can desaturate during exercise and it is also age related.

Physiologic dead space.

VD/VT = (PaCO2 – PECO2) / PaCO2  (PECO2 =  mixed expiratory CO2).

End expiratory CO2 should not be substituted for the PaCO2.

In normals at rest, end tidal CO2 is less than PaCO2 underestimating VD/VT.

With exercise it is greater over estimating VD/VT
In lung disease due to areas of increased VA/Q.

End tidal CO2 is less than PaCO2, so VD/VT is underestimated.

Normal VD/VT at rest is 0.3 to 0.4.

It decreases during exercise due to the rise in tidal volume.

At peak exercise VD/VT < 0.2 in the young, < 0.28 if < 40 years old, and < 0.3 if > than 40 years. 

Increases are seen in COPD, ILD, pulmonary vascular disease, and other lung diseases.

It is not very sensitive or specific.

Perceptual assessments.

Two popular scales are used to score symptoms.

VAS – visual analog scale.


A line is visualized 100 mm in length with descriptors at top and bottom.


Patient picks level of breathlessness on the line.

CR-10 Borg scale.


Uses a scale of descriptors from 0 to 10. 

Patient picks level of dyspnea.

Most pick 5-8 on Borg scale or 50 to 80 mm on VAS.

Borg is usually preferable.
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