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Le poumon! Le poumon, vous dis-je!

Moliere, le Malade Imaginaire, 1673

Shortness of breath is related to a loss of ventilatory efficiency [1, 2]. Wasted ventilation is proportional to
the ratio of ventilation (V′E) to carbon dioxide output (V′CO2) taken as a measure of metabolic rate.
Excessive V′E/V′CO2 measured during an exercise stress test is uniformly associated with a decreased life
expectancy in cardiorespiratory diseases. Therefore, as argued by WEATHERALD et al. [3] in a scholarly
fashion in the present issue of the European Respiratory Journal, cardiopulmonary exercise testing with
measurements of ventilation and gas exchange have to be part of the initial evaluation and follow-up of
any patient with a cardiac or a respiratory condition.
The limits of normal of V′E/V′CO2 relationships vary from 21 to 31, with an average at 26 [4]. The
relationship of V′E to V′CO2 is usually defined by the slope of a linear regression on multipoint coordinates
from resting to maximum exercise. Considering V′E/V′CO2 at the anaerobic threshold only (or at its lowest
value, which is close) during an exercise test decreases variability because at that point dead space is the
lowest and ventilation not yet stimulated by metabolic acidosis [4]. But even so, individual variability
remains striking. Clearly, some individuals ventilate way more than others to perform the same tasks.
Subjects at the upper limit of the normal spectrum or slightly above like in the idiopathic hyperventilation
syndrome complain of shortness of breath and are permanently hypocapnic [5].
WEATHERALD et al. [3] discuss the two mean determinants of increased V′E/V′CO2: increased
chemosensitivity and altered alveolar ventilation/perfusion (V′A/Q′) matching [3]. This differential
diagnosis relies basically on a measurement of arterial partial pressure of carbon dioxide (PaCO2). An
increase in V′E/V′CO2 caused by an increased chemosensitivity is inevitably associated with hypocapnia,
except when V′E cannot increase because of disease-related mechanical constraint on the respiratory
system. Excessive ventilation of high V′A/Q′ regions, or increased dead space ventilation does not affect
PaCO2. However, as underscored by WEATHERALD et al. [3], when both determinants of increased V′E/V′CO2
coexist, quantifying the contribution of each is not simple.
Assessment of altered V′A/Q′ relationships can be done by a calculation of physiologic dead space (VD/
VTphys) using the Enghoff−Bohr equation, that is dead space volume (VD) divided by tidal volume (VT),
VD/VT=(PaCO2−PETCO2)/PaCO2 where PETCO2 is mixed expired partial pressure of carbon dioxide.
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Physiologic dead space encompasses the ventilation to conducting airways with no gas exchange (or
anatomic dead space) and to alveoli which do not eliminate carbon dioxide (or alveolar dead space). In
healthy subjects VD/VTphys is approximately equal to anatomic dead space [6]. When VD/VTphys is
increased, more ventilation is needed to maintain gas exchange at any metabolic rate and normocapnia.
Central and peripheral chemoreceptors inform the respiratory centre of breath-by-breath changes in PaCO2
allowing for feedback-adjusted ventilation [7]. Thus, theoretically both increased chemosensitivity and high
V′A/Q′ components of increased V′E/V′CO2 can be determined by a VD/VTphys calculation [2].
However, as recently reviewed by ROBERTSON [6], VD/VTphys increases not only in case of lung regions with
higher than normal V′A/Q′, but also with shunting (V′A/Q′=0), globally altered V′A/Q′ matching,
decreased lung diffusing capacity and, importantly: increased ventilation. An increased VD/VTphys caused
by increased ventilation at unchanged V′A/Q′ matching was already mathematically predicted by WEST [8]
in the late 1960s. Inert gas elimination studies confirmed that hyperventilation shifts retention minus
excretion versus solubility relationships to higher solubility, which inevitably increases gradients for the
most soluble gases and increases the calculated VD/VTphys [6].
Yet insight into the differential diagnosis between increased chemosensitivity and altered V′A/Q′ as causes
of hyperventilation can be obtained graphically by plotting V′E/V′CO2 as a function of PaCO2, as was time
ago proposed by JOHNSON [9] to identify increased dead space ventilation in patients with advanced
chronic heart failure (CHF). This is illustrated in figure 1 with measurements taken at the anaerobic
threshold during an exercise test in patients with compensated CHF, pulmonary arterial hypertension
(PAH) and chronic obstructive pulmonary disease (COPD) from our database. Hyperventilation shifts data
points to lower alveolar partial pressure of carbon dioxide (PACO2; estimated by PETCO2) and higher V′E/V
′CO2 as predicted by the alveolar ventilation equation. Altered V′A/Q′ increases the gradient between
PETCO2 and PaCO2 (P(a−ET)CO2) at all levels of V′E/V′CO2. The P(a−ET)CO2 gradient is normally around zero
or slightly negative. The upper limit of normal of P(a−ET)CO2 is 5 mmHg at rest but may increase
somewhat at high levels of exercise. In figure 1, patients with CHF (and no congested lungs)
hyperventilated because of increased chemosensitivity as their V′E/V′CO2 versus PaCO2 coordinates were on
an extrapolation of normal V′E/V′CO2 versus PETCO2 or PaCO2 relationships, patients with PAH
hyperventilated because of increased chemosensitivity but with an additional small component of dead
space ventilation, and patients with COPD hyperventilated because of increased chemosensitivity and dead
space in variable proportions. A similar analysis has been previously applied to show a more important
contribution of dead space ventilation in chronic thromboembolic PH compared to PAH [10].
The V′E/V′CO2 versus PaCO2 plot may thus be more informative than VD/VTphys to differentiate pulmonary
and extrapulmonary determinants of hyperventilation. As also discussed by WEATHERALD et al. [3] it is
important to avoid under-estimation or over-estimations of PACO2 by PETCO2 in patients with abnormal
breathing patterns [3]. This problem is minimised by measuring P(a−ET)CO2 at the anaerobic threshold. It
remains that P(a−ET)CO2 is a small number, sensitive to errors of measurement, and therefore to be
determined with great care and cautious interpretation. Surrogates to PaCO2 are best avoided. One does not

V'E/V'CO2 at AT

60

40

20

Increased
VD/VT
Increased
chemosensitivity

COPD
PAH
CHF
Controls

0
20

25

30
35
PaCO2 at AT mmHg

40

45

FIGURE 1 Plots of ventilatory equivalent for carbon dioxide (V′E/V′CO2) as a function of arterial partial pressure
of carbon dioxide (PaCO2) measured at the anaerobic threshold (AT) in seven patients with pulmonary arterial
hypertension (PAH), seven patients with chronic heart failure (CHF), seven patients with chronic obstructive
pulmonary disease (COPD) and six normal controls. A leftward shift of V′E/V′CO2 versus PaCO2 plots to higher
V′E/V′CO2 indicates an increased chemosensitivity. An upward shift of the V′E/V′CO2 versus PaCO2 plots discloses
an increased dead space ventilation (VD/VT).
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know for example if the carbon dioxide partial pressure gradient maintains its diagnostic accuracy when
PaCO2 is replaced by capillary partial pressure of carbon dioxide measurement as it is the practice in some
exercise laboratories.
How relevant is this physiology? Treatment of causal respiratory or cardiac conditions to improve V′A/Q′
and thereby decrease V′E/V′CO2 is the obvious first step in a breathless patient. This includes for example
bronchodilators in patients with severely obstructed airways or diuretics for heart failure patients with
congested lungs. However, breathlessness may remain refractory. It is therefore curious that there has not
been more development of treatments targeting specifically the chemoreceptors. Opiates have been shown
to improve dyspnoea and decrease V′E/V′CO2 without altering aerobic exercise capacity in patients with
advanced heart failure [11] or emphysema [12], and in athletes at high levels of exercise [13]. However,
addiction to these drugs is a concern. Selective carotid body denervation, initially reported more than half
a century ago for the treatment of intractable asthma in children [14] has been shown to improve
dyspnoea and quality of life in chronic lung disease [15] and in heart failure [16]. However, the procedure
carries a risk of potentially fatal worsening of hypoxaemia and hypercapnia by excessive impairment of
ventilatory control [17]. Deaths of chemodenervated children have been reported during underwater swims
[17]. Thus carotid body denervation has remained controversial [18]. Easier and more straightforward
ways to control excessive chemosensitivity include of course supplemental oxygen in hypoxaemic patients,
and exercise training to decrease afferent muscle ergoreflex signalling and delay onset of metabolic acidosis
[3]. All these therapeutic options should be carefully considered for patients plagued by permanent
breathlessness.
Shortness of breath makes patients’ lives miserable and is associated with decreased survival. The report by
WEATHERALD et al. [3] is timely, as the authors remind us of the therapeutic relevance of correct
pathophysiological reasoning in respiratory medicine, the utmost importance of cardiopulmonary exercise
testing with arterial blood sampling in the evaluation of dyspnoea, and wasted ventilation and dyspnoea
being linked as inseparable villains. Their thoughtful analysis of the relationships between ventilatory
control and pulmonary gas exchange to uncover and quantify the pulmonary and extrapulmonary
contributors to dyspnogenic hyperventilation is a call for improved care of breathless patients and
improved specific drug development.
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