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Supplementary material 

Advanced physiological considerations on ventilatory efficiency measurement 

As outlined in the main text, ventilatory efficiency depends on the extent to which lung minute 

ventilation (V'E) subserves its pulmonary gas exchange and acid-base regulatory functions. 

The modified Bohr equation (S11) describes how the ventilatory request during exercise (V'E) is 

quantitatively determined by the rate of pulmonary carbon dioxide output (V'CO2), the ‘‘set-point’’ 

at which arterial CO2 partial pressure (PaCO2) is regulated, and the physiological dead space 

fraction of the breath (VD/VT): 
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Before reaching the respiratory compensation point (RCP, see below “Methodological 

considerations” for further explanations), V'E is known to change as a linear function of V'CO2: 

f(x) =  m ∙ x + c (2) 

y =  m ∙ x + c (3) 

V'E =  m ∙ V'CO2 + c (4) 

where m is the slope of the linear relationship and c is the intercept on the y (V'E) axis. The latter is 

a mathematical extrapolation from the linear regression and clearly represents a theoretical 

parameter, given the fact that V'CO2 can’t equal 0 in real life. In healthy subjects, intercept is 

usually positive and encompassed between 3-5 L/min (S9). 

Being V'E vs V'CO2 relationship linear, the change in their ratio (i.e. V'E/V'CO2) during the exercise 

will be described by a curve whose function depends from m and c/V'CO2: 



V'E/V'CO2 =  m + c/V'CO2 (5) 

As shown in figure S1, this is represented by a decreasing hyperbolic curve whose asymptote on 

the y axis approximates the slope (m) of the linear V'E vs V'CO2 relationship. Therefore, during sub-

maximal exercise (i.e. before RCP) the V'E/V'CO2 ratio will reach its lowest point (nadir), which 

represents the closest estimate of m value. Indeed, at every point during the exercise, V'E/V'CO2 

exceeds m by the variable factor c/V'CO2, so that it approaches it at high levels of V'CO2. In 

practice, it means that V'E/V'CO2 nadir equates V'E/V'CO2 slope provided that, at the nadir itself, c 

is a small number relative to V'CO2, as it is often the case in healthy, young subjects (S12):  

V'E/V'CO2 nadir ≈  m        for (c/V'CO2) → 0 (6) 

However, a different scenario emerges when intercept (c) is not negligible compared to V'CO2, as 

it was shown in patients with COPD (S4, S5). In this case, the relative contribution of c/V'CO2 

(mostly driven by high intercept than low V'CO2,) to the V'E/V'CO2 nadir increases progressively 

with the severity of airflow obstruction at pulmonary function tests (PFT). 

This phenomenon is due to the presence of ventilatory mechanical constraints that limit the slope 

from rising together with the severity of lung disease. In case of severe limitations, it is possible to 

identify a process of “pseudo-normalization” of the slope from mild to severe lung disease (S4, S5). 

Since V'E/V'CO2 slope and intercept represent the gradient and the constant term, respectively, of 

a linear function (see equation 4), they are inversely related and, thus, reduction in slope will be 

associated with a concurrent increase in intercept values. 

Methodological considerations 

Assessment of ventilatory efficiency must be performed through the integrated analysis of the 

following four indices: slope and intercept of the linear relationship between V'E and V'CO2, the 

lowest value of V'E/V'CO2 recorded during the exercise (nadir) or its surrogate measured at the 



anaerobic threshold (θL). Substantially indistinguishable values of V'E/V'CO2 at nadir and θL have 

been shown in healthy subjects (S8). V'E/V'CO2 at θL is known to be prognostically relevant in 

several cardiopulmonary diseases (S1 – S3, S5 – S7). However, use of nadir should be preferred in 

patients in which reduced exercise tolerance could affect the reliability of non-invasive detection 

of θL (S5). This is the reason why, in our study, V'E/V'CO2 at θL was not used for statistical 

purposes. 

Among subjects with preserved exercise tolerance, it is possible to observe the development of a 

hyper-ventilatory response at the very final stages of exercise induced by late-exercise acidosis, 

called respiratory compensation point (RCP). This constitutes the end of the isocapnic buffering 

and from this point onwards, V'E is no longer linearly related to V'CO2 and the V'E/V'CO2 ratio 

starts to increase again after reaching its nadir (S10). That is the reason why, in patients with clear 

evidence of late hyper-ventilatory response, analysis of ventilatory efficiency should be limited to 

the pre-RCP phase of exercise. Therefore, end-exercise V'E/V'CO2 should not be used as an index 

of ventilatory efficiency [S5]. 

To measure V'E/V'CO2 slope and intercept, the end of the isocapnic buffering must be identified, 

corresponding to the point in which V'E/V'CO2 starts to increase and, conversely, end-tidal CO2 

partial pressure (PETCO2) starts to decrease (S10). The linear phase of the V'E vs V'CO2 relationship 

must be detected on the V'E (y axis) on V'CO2 (x axis) plot, between the beginning of loaded 

exercise and the end of the isocapnic buffering period. Linear regression must be applied and 

slope and intercept on the y axis calculated. 

V'E/V'CO2 nadir and V'E/V'CO2 at θL are manually detected on the plot with V'E/V'CO2 on the y axis 

and V'CO2, preferably, on the x axis. 

Figure S1 shows an example of how ventilatory efficiency indices were measured. 
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Figure S1. Assessment of ventilatory efficiency through identification of V'E/V'CO2 slope, intercept (a) 
and nadir (b) in a healthy subject. Linear regression has been applied to the V'E vs V'CO2 relationship (a), 
excluding the late phase of exercise beyond the respiratory compensation point (RCP), when the slope 
changes due to increased ventilatory drive induced by metabolic acidosis. V'E/V'CO2 nadir (b) represents 
the closest estimate of the asymptote of the V'E/V'CO2 curvilinear relationship and, therefore, it 
approximates the slope value (see text for further explanations). In this example, estimated nadir (see 
equation 5) perfectly matches measured nadir: indeed, being V'CO2 3.4 L/min at V'E/V'CO2 nadir, calculated 
and measured nadir both correspond to 22.9.  
Abbreviations. V'E: minute ventilation; V'CO2: carbon dioxide output; RCP: respiratory compensation point. 


