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ardiopulmonary exercise testing

(CPET) is a non-invasive, dynamic

method that allows the simultane-
ous and complete evaluation of parameters
related to the cardiovascular, respiratory,
haemopoietic, neural and skeletal muscle
systems that play a part during the perfor-
mance of physical exercise. As a result, CPET
provides an integrated evaluation of both
the patient’s functional capacity and the
severity of the disease, as well as the course
of its development.'*

A person’s physical condition and any
limitations thereof with regard to physi-
cal exercise are evaluated during CPET
via the parameter peak oxygen consump-
tion (VO,max), in terms of both absolute
values (Weber classification stages A-E)
and as a percentage of the predicted maxi-
mum value for the individual examined (a
normal result requires the achievement of
VO,max >84% of the predicted maximum
value). Along with the remaining meta-
bolic, cardiac and respiratory parameters,
it is possible to check the degree of contri-
bution of the cardiovascular and respira-
tory systems to a person’s decreased capa-
city for physical exercise.>* The main pa-
rameters determined during CPET are
given in Table 1.*

Pulmonary arterial hypertension is
defined as a situation in which the mean
pulmonary artery pressure during cardiac
catheterisation is >25 mmHg at rest. These
findings are accompanied by normal values
for pulmonary capillary wedge pressure
(<15 mmHg), increased levels of pulmo-
nary vascular resistance (>3 Wood units),
and normal or reduced cardiac output.®”

Exercise physiology

During physical exercise, normal pulmo-
nary capillaries receive an increased vol-
ume of blood. As a result, the alveoli have
to increase their ventilation in order to
expel the increased CO, produced, and to
maintain the partial CO, pressure and the
pH at acceptable levels. Pulmonary arterial
hypertension is characterised by reduced
perfusion and normal ventilation of the
alveoli. The over-ventilation of alveoli with
insufficient perfusion is known as “dead
space” ventilation, an increase in which
leads to an increase in the ratio of normal
dead space to total respiratory volume
(Vp/Vr), and to permanently positive end-
expiratory CO, pressure. The consequent
hypoxaemia stimulates the carotid bodies
and causes an increase in ventilation.>®"
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Table 1. Main parameters evaluated during a cardiopulmonary exercise test.

Metabolic:

VO;max (ml/min)
VO,AT (ml/min/kg)

The peak oxygen consumption as an absolute value and in relation to body weight (VO,/kg)
Oxygen consumption at the anaerobic threshold, which also marks the start of anaerobic

production of adenosine triphosphate, resulting in the concentration of lactic acid in the

muscles and blood.
RER (respiratory exchange ratio)
per unit time.
Workload (W-METS)
order to produce work.

Cardiac:

BP (mmHg)
HR, HRR (beats/min)

The gas exchange ratio, which expresses the relation between CO, elimination and O, uptake

The maximum load to which the examinee is subjected, in relation to the predicted value, in

Blood pressure before, during, and after exercise.
Maximum heart rate in relation to the predicted value (220 - age) and the heart rate reserve

(predicted maximum - maximum achieved)

O, pulse (ml/beats)

Oxygen pulse, which represents the cardiac output.

Respiratory:
VE (L/min) Minute ventilation at peak exercise in relation to the predicted value.
BR Breathing reserve at peak exercise.
VE/VCO;, slope The prognostic index of the slope of the respiratory equivalent with regard to CO.,.

O, recovery slope

The slope of the oxygen consumption curve in relation to time during recovery.

During physical exercise, a patient with pulmonary
arterial hypertension exhibits dyspnoea and/or fatigue.
These symptoms are due to increased pulmonary vascular
resistances, resulting in both reduced gas exchange and
the consequent inability of the right ventricle to increase
cardiac output proportionately via the pulmonary artery.’

In more detail, the mechanisms that lead to the
occurrence of dyspnoea during physical exercise in a
patient with pulmonary arterial hypertension are: a)
a disturbance of the ventilation-perfusion relation,
resulting in an increase of the Vp/Vr ratio because of
the under-perfusion of the alveoli; b) an increase in
hydrogen cations because of the early production of
lactic acid (faster achievement of anaerobic threshold:
reduction of bicarbonates, increase in VCO,), resulting
in an increase in minute ventilation; and c¢) hypoxae-
mia, which is due to a pathological pulmonary arte-
rial bed with a clearly reduced circulation of red cells,
either within it or via a right-to-left shunt through a
patent foramen ovale. The fatigue is due to the reduced
production of adenosine triphosphate (ATP) under
aerobic conditions. The ATP production process under
anaerobic conditions triggers anaerobic glycolysis, re-
sulting in the early appearance of lactic acidosis.’

Exercise tests

Nowadays, we are in a position to evaluate the sever-
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ity of pulmonary arterial hypertension and to fol-
low its course over time using various non-invasive
methods (echocardiographic examination, CPET,
6-minute walk test).!”

The reduction of exercise capacity is significantly
correlated with the haemodynamic parameters of car-
diac catheterisation, the time course of patients’ clinical
worsening, as well as survival. Thus, exercise tolerance
has proven to be a significant prognostic factor for the
evaluation of patients with pulmonary arterial hyper-
tension.!!

CPET is able to assess quantitatively the patient’s
physical exercise capacity in a more integrated way
than can more simple tests, such as the 6-minute
walk. CPET can evaluate separately the contributions
of various pathophysiological mechanisms that are
implicated in pulmonary arterial hypertension.!'

The 6-minute walk test is a sub-maximal form
of exercise, usually used for patients who are unable
to undergo maximal stress testing. It is a simple test,
which requires no special equipment, can be easily
repeated, and is considered safe, since the patient de-
termines the limits for its termination.!>!4

Peak oxygen consumption (VO,max) and the VE/
VCO, slope seem to be correlated with mortality in
patients with heart failure. Reduced peak oxygen con-
sumption (VO,max <14 ml/kg/min) and a VE/VCO,
slope >34 are negative prognostic factors for survival
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in heart failure patients.'>!” Since the results of the
6-minute walk test in patients with heart failure are
significantly correlated with both VO,max and the
VE/VCO; slope, parameters that are evaluated during
CPET, the 6-minute walk test is also used as a prog-
nostic index of survival.'®!?

Patients with idiopathic pulmonary arterial hy-
pertension who during the 6-minute walk test cover
a distance <332 m have significantly lower survival
compared to those who cover longer distances. This
distance is a powerful and independent prognostic pa-
rameter for mortality in patients with idiopathic pul-
monary arterial hypertension.?’ Another prognostic
parameter evaluated during the test is the decrease in
haemoglobin saturation (O, saturation), where a de-
crease by 1% corresponds to a 27% increase in mor-
tality.?!

The question of the substitution of CPET by the
6-minute walk test in patients with pulmonary arterial
hypertension has been raised, based on the ease of
performance of the latter. It appears that, for such
a substitution to be scientifically correct, it should
satisfy certain criteria: a) the laboratories that carry
out CPET must have experience in interpreting its re-
sults; and b) during the performance of the 6-minute
walk test the patient’s body type must be taken into
consideration, multiplying the distance achieved in
metres by the patient’s body weight in kilograms.?*>
In the multi-centre STRIDE trial, in which patients
with pulmonary arterial hypertension were under
treatment with the selective endothelium antagonist
sitaxestan, it was found that if these criteria are not
met, there is no correlation between the results of the
6-minute walk test and the peak oxygen consumption
during CPET. >

The quantity and completeness of the data ob-
tained during CPET make it the examination of choice
during the diagnostic evaluation and monitoring of
patients with pulmonary arterial hypertension, who
from the first stages of the disease show severe limita-
tion of their capacity for physical exercise, with right
heart failure coming later, and the final endpoint
being death. D’Alonzo et al found that patients with
idiopathic pulmonary arterial hypertension show a re-
duction in peak oxygen consumption and an increase
in the VE/VCO, ratio during CPET, while Rhodes et
al showed the superiority of CPET over other non-
invasive methods as regards the diagnosis of patients
with idiopathic pulmonary arterial hypertension who
were ineligible for catheterisation because of a high
risk.2728

CPET in patients with pulmonary arterial hypertension

During the evaluation of the results of CPET in pa-

tients with pulmonary arterial hypertension the fol-

lowing changes are seen regarding the main param-

eters:’

® A reduction in VO,max to <84% of the predicted
value, which expresses the patient’s reduced capa-
city for maximal exercise.

® A reduction in the anaerobic threshold (VO,AT)
to <40% of the predicted value, which shows the
early appearance of anaerobic metabolism and
seems to be an independent prognostic factor in
the course of pulmonary arterial hypertension.

® A reduction in the O, pulse to <80% of the pre-
dicted value, which expresses indirectly the reduc-
tion in stroke volume and cardiac output.

® An increase in the respiratory equivalent slope

as regards CO, consumption (VE/VCO, 234),

suggesting failure of the respiratory system in

terms of the gas exchange during exercise.

® Desaturation of haemoglobin (Asat >4-5%).

® Anincrease in alveolar-arterial oxygen difference,
with a simultaneous drop in partial arterial oxygen
pressure.

CPET provides information about the progno-
sis of patients with primary pulmonary arterial hy-
pertension. Patients who achieve a VO,max <10.4
ml/kg/min are at risk of early death during the first
(50%) or second (85%) year after the examination.
In contrast, patients who achieve a VO,max >10.4
ml/kg/min have corresponding risks of 10% and 30%,
respectively. Patients who achieve a VO,max <10.4
ml/kg/min and a peak arterial pressure during the
test of <120 mmHg show 23% survival in the next
12 months, whereas those who have one or none of
the preceding risk factors have better 1-year survival:
79% and 97%, respectively.”

As regards the diagnostic value, it has been found
that patients who undergo CPET as part of an investi-
gation of symptoms of dyspnoea and fatigue and show
a reduction in breathing reserve, with a simultaneous
increase in the VE/VCO, slope, dead space (Vp/Vr)
and alveolar-arterial oxygen difference, have an 88%
possibility of exhibiting increased pulmonary vascular
resistances (>120 dyn/s/cm) during cardiac catheteri-
sation; however, the examination is not considered
front line for the diagnosis of pulmonary hyperten-
sion. %

Groepenhoff et al compared the prognostic value
of CPET and the 6-minute walk test in patients with
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pulmonary arterial hypertension. They found that
the patients with the best prognosis (p<0.05) were
those who achieved a VO,max >13.2 ml/kg/min, a
VE/VCO, slope <48, and AO,pulse >3.3 ml/beat
during CPET, or covered a distance >399 m in the
6-minute walk test. In addition, the prognostic value
of the latter test reached a statistically significant level
(p<0.05) when the parameter AO,pulse was included
in the statistical model.*!

Conclusions

CPET is considered the examination of choice for the
evaluation of reduced exercise tolerance in patients
with cardiovascular or respiratory diseases, based on
the principle that the dysfunction of a system (cardio-
vascular, respiratory, and musculoskeletal) becomes
apparent when that system is assessed under maximum
loading conditions. CPET is the only non-invasive meth-
od that provides such a large quantity of information
regarding the physical condition of the examinee within
a short space of time. The use of CPET in a diagnostic
algorithm, in monitoring, and in assessing the prognosis
should be considered an essential prerequisite in pa-
tients with pulmonary arterial hypertension,* although
the contribution of the 6-minute walk test should not
be underestimated as an alternative form of exercise for
patients who are unable to undergo maximal exercise.

References

1. Palange P, Ward SA, Carlsen K-H, et al. Recommendations
on the use of exercise testing in clinical practice. Eur Respir
J.2007; 29: 185-209.

2. Ingle L. Theoretical rationale and practical recommendations
for cardiopulmonary exercise testing in patients with chronic
heart failure. Heart Fail Rev. 2007; 12: 12-22.

3. ATS/ACCP Statement on cardiopulmonary exercise testing.
Am J Respir Crit Care Med. 2003; 167: 211-277.

4. Wasserman K, Hansen JE, Sue DY, Casabury R, Whipp B.
Principles of the Exercise Testing and Interpretation. 3rd ed.
Baltimore: Lippincott, Williams & Wilkins; 1999. p. 116-138.

5. Nanas S. Cardiopulmonary exercise test in clinical practice.
1st. ed. Athens: Zevelekakis Publications; 2004. p. 17-64.

6. McLaughlin VV, McGoon MD. Pulmonary arterial hyperten-
sion. Circulation. 2006; 114: 1417-1431.

7. Barst RJ, McGoon M, Torbicki A, et al. Diagnosis and differ-
ential assessment of pulmonary arterial hypertension. J Am
Coll Cardiol. 2004; 43 (12 Suppl S): 40S-47S.

8. Stefanadis C, Karamanou M, Androutsos G. Michael Serve-
tus (1511-1553) and the discovery of pulmonary circulation.
Hellenic J Cardiol. 2009; 50: 373-378.

9. Sun XG, Hansen JE, Oudiz RJ, Wasserman K. Exercise patho-
physiology in patients with primary pulmonary hypertension.
Circulation. 2001; 104; 429-435.

248 @ HJC (Hellenic Journal of Cardiology)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Karyofillis P, Manginas A, Thomopoulou S, Balanos D, Spar-
gias K, Cokkinos DV. Pulmonary arterial hypertension: many
years’ experience and modern approach to a malignant dis-
ease in a pulmonary hypertension centre. Hellenic J Cardiol.
2009; 50: 484-492.

Oudiz RJ. The role of exercise testing in the management
of pulmonary arterial hypertension. Semin Respir Crit Care
Med. 2005; 26: 379-384.

Dumitrescu D, Rosenkranz S. [The role of CPET in the as-
sessment of PAH.] Dtsch Med Wochenschr. 2008; 133 Suppl
6: S176-179. German.

Guyatt GH, Sullivan MJ, Thompson PJ, et al. The 6-minute
walk: a new measure of exercise capacity in patients with
chronic heart failure. Can Med Assoc J. 1985; 132: 919 -923.
Wu G, Sanderson B, Bittner V. The 6-minute walk test: how
important is the learning effect? Am Heart J. 2003; 146: 129-
133.

Myers J, Gullestad L, Vagelos R, et al. Clinical, hemody-
namic, and cardiopulmonary exercise test determinants of
survival in patients referred for evaluation of heart failure.
Ann Intern Med. 1998; 129: 286-293.

Arena R, Myers J, Aslam SS, Varughese E, Peberdy MA.
Peak VO2 and VE/VCO?2 slope in patients with heart failure:
A prognostic comparison. Am Heart J. 2004; 147: 354-60.
Chua, TP, Ponikowski P, Harrington D, et al. Clinical cor-
relates and prognostic significance of the ventilatory response
to exercise in chronic heart failure. J Am Coll Cardiol. 1997;
29: 1585-1590.

Woo MA, Moser DK, Stevenson LW, Stevenson WG. Six min-
ute walk test and heart rate variability: lack of association in ad-
vanced stages of heart failure. Am J Crit Care. 1997; 6: 348-354.
Cahalin LP, Mathier MA, Semigran MJ, Dec GW, Di-Salvo
TG. The six-minute walk test predicts peak oxygen uptake
and survival in patients with advanced heart failure. Chest.
1996; 110: 325-332

Roul G, Germain P, Bareiss P. Does the 6-minute walk test
predict the prognosis in patients with NYHA class II or III
chronic heart failure? Am Heart J. 1998; 136: 449-457.
Paciocco G, Martinez FJ, Bossone E, Pielsticker E, Gillespie
B, Rubenfire M. Oxygen desaturation on the six-minute walk
test and mortality in untreated primary pulmonary hyperten-
sion. Eur Respir J. 2001; 17: 647-652.

Miyamoto S, Nagaya N, Satoh T, et al. Clinical correlates
and prognostic significance of six-minute walk test in patients
with primary pulmonary hypertension. Comparison with car-
diopulmonary exercise testing. Am J Respir Crit Care Med.
2000; 161: 487-492.

Oudiz RJ, Barst RJ, Hansen JE, et al. Cardiopulmonary ex-
ercise testing and six-minute walk correlations in pulmonary
arterial hypertension. Am J Cardiol. 2006; 997: 123-126.
Barst RJ, Langleben D, Frost A, et al. Sitaxsentan therapy
for pulmonary arterial hypertension. Am J Respir Crit Care
Med. 2004; 169: 441-447.

Chuang ML, Lin IF, Wasserman K. The body weight-walk-
ing distance product as related to lung function, anaerobic
threshold and peak VO2 in COPD patients. Respir Med.
2001; 95: 618-626.

Hoeper MM, Oudiz RJ, Peacock A, et al. End points and
clinical trial designs in pulmonary arterial hypertension: clini-
cal and regulatory perspectives. J Am Coll Cardiol. 2004; 43:
48S-558.

D’Alonzo GE, Gianotti LA, Pohil RL, et al. Comparison
of progressive exercise performance of normal subjects and



Cardiopulmonary Exercise Testing in Pulmonary Hypertension

28.

29.

30.

patients with primary pulmonary hypertension. Chest. 1987;
92: 57-62.

Rhodes J, Barst RJ, Garofano RP, Thoele DG, Gersony WM.
Hemodynamic correlates of exercise function in patients with
primary pulmonary hypertension. J Am Coll Cardiol. 1991;
18:1738-1744.

Wensel R, Opitz CF, Anker SD, et al. Assessment of survival in
patients with primary pulmonary hypertension: importance of car-
diopulmonary exercise testing. Circulation. 2002; 106: 319-324.
Markowitz DH, Systrom DM. Diagnosis of pulmonary vas-
cular limit to exercise by cardiopulmonary exercise testing. J
Heart Lung Transplant. 2004; 23: 88-95.

31

32.

Groepenhoff H, Vonk-Noordegraaf A, Boonstra A, Spreeu-
wenberg MD, Postmus PE, Bogaard HJ. Exercise testing to
estimate survival in pulmonary hypertension. Med Sci Sports
Exerc. 2008; 40: 1725-1732.

Gali¢ N, Hoeper MM, Humbert M, et al. Guidelines for the
diagnosis and treatment of pulmonary hypertension: The
Task Force for the Diagnosis and Treatment of Pulmonary
Hypertension of the European Society of Cardiology (ESC)
and the European Respiratory Society (ERS), endorsed by
the International Society of Heart and Lung Transplantation
(ISHLT). Eur Heart J. 2009; 30: 2493-2537.

(Hellenic Journal of Cardiology) HJC @ 249



