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Abstract  21 

 22 

Ventilation (VE) efficiency, a cardinal feature of cardiopulmonary diseases, is defined as the amount of 23 

VE needed for a given carbon dioxide production (VCO2). During exercise it is mainly assessed as the 24 

relationship between VE and VCO2 provided that arterial CO2 pressure is not increased. However, the 25 

current understanding of VE efficiency, is limited and interpretative challenges remain for the wider 26 

clinical workforce. 27 

This review emphasizes the importance of the VE/VCO2 relationship, by assessing its exercise 28 

physiological mechanisms in health and disease, delving into how different diseases, including heart 29 
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failure (HF), chronic obstructive pulmonary disease and pulmonary hypertension, display different 1 

profiles of VE efficiency. 2 

Additionally, we discuss different methodologies for analyzing the VE/VCO2 relationship, including 3 

measuring the slope up to and beyond the respiratory compensation point, assessing the ventilatory 4 

equivalents for CO2 (EqCO2) at defined time points, and evaluating the EqCO2 nadir. 5 

Lastly, we aimed to highlight the prognostic implications of identifying specific ventilatory response 6 

profiles alongside meet the defined cut-offs based on different methodologies of assessment. 7 

All the provided information is aimed at helping clinicians in understanding the VE efficiency concept, 8 

measures and its application in clinical reasoning for improved patient management. Indeed, when 9 

assessing a cardiopulmonary exercise test VE efficiency must be assessed, quantified and its causes 10 

investigated to allow physicians to modify patients’ treatment accordingly. 11 

 12 

Ventilation efficiency: definition and physiological relevance 13 

The present review aims to facilitate the assessment of ventilation (VE) efficiency during exercise in 14 

both healthy individuals and patients with various diseases, including those with a combination of 15 

comorbidities, that may exert similar or opposing effects on VE. In normal subjects during a 16 

progressively increasing workload exercise, i.e., a linear workload increase (ramp protocol), oxygen 17 

uptake (VO2), carbon dioxide production (VCO2) and VE exhibit three kinetic patterns, so that VO2 18 

increase is linear through the entire exercise while VCO2 shows 2 linear relationships: the first from the 19 

beginning of exercise to the anaerobic threshold (AT) and the second from AT to end of exercise. 20 

Differently, VE kinetics, however, are characterized by 3 different and progressively increasing slopes: 21 

the first between rest and AT, the second between AT and the respiratory compensation point (RCP), the 22 

third between RCP and the exercise endpoint. A final, steeper increase in VE is occasionally observed in 23 
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some individuals and named terminal hyperventilation. The driving forces for VE increase during 1 

exercise at sea level changes from VCO2, to H+ and to heat exchange for terminal hyperventilation (see 2 

supplemental fig 1). The latter is a major driver force for VE in fur-coated animals [1-3]. Differently in 3 

hypoxia, VO2 is the driving force for VE increase instead of VCO2.[4]   4 

Specifically, in normobaric normoxia conditions (sea level), from rest through exercise up to the end of 5 

the isocapnic buffering period also known as the second ventilatory threshold or RCP, VE follows the  6 

formula [5]:  7 

VE = k x VCO2/[PaCO2 x (1-VD/VT)]. 8 

This equation can be solved as for VD/VT = 1 – 863 / PaCO2 (VE/VCO2) and is graphically outlined in 9 

figure 1 where dead space/tidal volume ratio (VD/VT) is plotted on the Y-axis, and the ventilatory 10 

equivalent (EqCO2) for carbon dioxide production (VCO2) which is the ratio of VE corrected for mask 11 

dead space VCO2 is reported on the X-axis. In the same figure isocapnic (constant PaCO2) lines are also 12 

presented to indicate different combinations of PaCO2, VE/VCO2 and VD/VT. 13 

The highest VE efficiency is defined as the lowest VE, which allows the needed CO2 removal without 14 

PaCO2 increase. Therefore, a low efficiency may occur when VE is insufficient, leading to an increase 15 

in CO2 levels in the blood and/or tissues, conversely, when VE is excessive, and waste VE develops. 16 

Accordingly, the relationship between absolute VE and VE efficiency follows a U-shaped pattern (figure 17 

2).  18 

Ultimately, the importance of VE for health and disease is best described by examining the acute or 19 

chronic impairment of VE regulation leading to insufficient or excessive VE, both of which lead to the 20 

subjective sensation of breathlessness (i.e. dyspnea). On the one hand the abnormally heightened 21 

ventilatory response results from a complex interaction of reflex dysregulation, cardiopulmonary 22 
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constraints, and autonomic dysfunction, ultimately causing a mismatch between metabolic demand and 1 

VE. On the other hand, insufficient VE leads to CO2 accumulation, acid/base imbalance, mental 2 

confusion and impairment of vascular regulation. Of note, the physiological consequences of excess VE 3 

exhibit significant parallels to adaptations observed in healthy subjects at high altitude. In hypoxic 4 

conditions, as also seen in heart failure (HF) and other cardiopulmonary conditions, compensatory 5 

hyperventilation, increased pulmonary artery pressure due to hypoxic pulmonary vasoconstriction and 6 

autonomic adjustments, which closely resemble the challenges experienced by patients. These 7 

mechanisms contribute to alveolar hyperventilation, an increased physiological dead space (VD), which 8 

has been linked to disease severity in both HF and chronic obstructive pulmonary disease (COPD)[6-10], 9 

and heightened neurochemical afferent signaling, collectively intensifying the perception of 10 

breathlessness despite similar levels of exertion. Ultimately, the physiological strain associated with 11 

excessive VE, whether in pathological states or high-altitude environments or during intense exercise, 12 

manifests as exertional dyspnea, underscoring the impact of low VE efficiency either absolute or relative, 13 

on exercise capacity [11, 12] and quality of life [13, 14]. 14 

 15 

Ventilation efficiency in clinical contexts 16 

The evaluation of VE during exercise has gained a lot of interest in clinical medicine for assessment of 17 

“unexplained dyspnea”, as well as for patients with cardiovascular and respiratory diseases including 18 

HF, chronic obstructive pulmonary disease (COPD), group I and IV pulmonary hypertension (PH)[15], 19 

and in the trickiest but not so rare cases where respiratory and cardiovascular diseases (usually HF and 20 

COPD or PH) coexist in the same subject. Indeed, VE estimation during exercise provides valuable 21 

diagnostic and prognostic information. It is also used to evaluate treatment efficacy and disease 22 

progression.[16] Nowadays this is relevant even in diseases where VE abnormalities are not immediately 23 
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evident such as hypertrophic cardiomyopathy, where VE efficiency plays a major prognostic role also 1 

on top of peak oxygen uptake (VO2).[17-19] In this clinical context, VE efficiency changes have emerged 2 

as a tool to assess treatment efficacy.[20-24]  3 

Figure 1 reports the behaviors during a maximal cardiopulmonary exercise test (CPET) performed with 4 

a progressively increasing workload protocol of a normal subject (Blue), and of patients with HF (Red), 5 

PH (Green) and COPD (Purple). The lines clearly diverge and show specific ventilatory patterns in each 6 

disease.  7 

As stated above, low VE efficiency may occur when VE is inadequate for gas exchange leading to PaCO2 8 

increase or, conversely, when it is excessive, leading to an increased VE. In this case PaCO2 reduces.  9 

The former pattern are typically patients affected by respiratory diseases, while the latter are patients 10 

with PH. The efficiency of VE may be assessed during exercise by EqCO2 or the slope of the VE vs. 11 

VCO2 relationship albeit with no identical meaning. In fact, it has been proposed that values of both 12 

measures are only comparable if the intercept of the relationship between VE and VCO2 passes the origin, 13 

although only happening in approximately 5% of cases [25]. The ratio between VE and VCO2 and the 14 

EqCO2, exhibit a typical pattern during exercise in normal subjects. It decreases at the beginning of 15 

exercise due to alveolar capillary recruitment, remains thereafter flat up to the end of the isocapnic 16 

buffering period, i.e. up to RCP, where it starts to increase to the end of exercise (figure 3 panel A). The 17 

changes of EqCO2 are paralleled by PetCO2 kinetics which reach its highest value at the anaerobic 18 

threshold (AT) and stay still till RCP when it starts to decrease (Figure 3 panel B). The value of PetCO2 19 

during the isocapnic buffering period, i.e., between AT and RCP, is the best moment to assess 20 

chemoreflex activity during exercise [26]. With respect to VE efficiency, the lower the EqCO2 the higher 21 

the VE efficiency, provided that PaCO2 is maintained in the normal range. The lowest EqCO2 value is 22 

observed during a progressive workload exercise at or slightly after the AT. This EqCO2 nadir value 23 
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progressively increases from lung diseases without PH and/or hypocapnia to condition associated with 1 

PH [27] (figure 4, left). In parallel with EqCO2 increase, PetCO2 reduces (figure 4, right). Moreover, the 2 

EqCO2 nadir serves as risk stratification of the overall population with higher values being associated 3 

with an increased cardiovascular risk burden, showing the applicability in both health and disease [28]. 4 

Role of the VE/VCO₂ relationship according to different methods of calculation 5 

From a physiological and clinical point of view, the EqCO2 dynamic behavior during exercise is of great 6 

interest. Indeed, in PH patients, group I and IV, the EqCO2 is flat, or in case of severe PH, it increases 7 

during the effort (figure 2 suppl panel A and B) without a nadir. This respiratory pattern results from the 8 

rapid and substantial increase of waste VE which overwhelms the normal VD/VT reduction observed at 9 

the beginning of exercise due to alveolar recruitment. This behavior is typical and easily recognizable 10 

allowing different probability of PH diagnosis (figure 5, see below for details). Of note, Rocha et al [27] 11 

classified COPD patients according to the presence/absence of hypocapnia, and found a higher EqCO2 12 

nadir (42±5) and lower PetCO2 (28±4 mmHg) at peak exercise in hypocapnic compared to non-13 

hypocapnic COPD patients (33±6 and 41±5 mmHg, respectively) [29, 30]. Also, in psychogenic 14 

hyperventilation the VE/VCO2 ratio increase at the beginning of exercise. However, differently from 15 

severe PH cases, patients are unable to maintain for the entire exercise this respiratory pattern and after 16 

the initial increase VE/VCO2 reduces till the end of the isocapnic buffering period. The latter is also 17 

reduced and, in some cases, absent due to the loss of CO2 during the initial hyperventilation phase.   18 

------------------------------------------------------------------------------------------------------------------------   19 

In a cohort of dyspneic patients with preserved ejection fraction a higher EqCO2 nadir was associated 20 

with lower peak cardiac output, increased pulmonary vascular resistance and greater pulmonary capillary 21 

wedge pressure at rest [28]. Further, the nadir predicted cardiovascular hospitalization and death.  22 

Similarly, in a broader community-based cohort (Framingham Heart Study), a greater EqCO2 nadir 23 
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correlated with greater cardiovascular risk factor burden (smoking, higher risk scores, lower fitness), 1 

rendering the VE/VCO2 relationship of importance also for the overall population. [28] The findings of 2 

EqCO2 nadir as a marker of overall cardiac health is further supported by the association of the EqCO2 3 

nadir to heart rate reserve[31] and to heart rate recovery (cardiac autonomic function)[32], which are 4 

reduced in non-severe COPD patients with a higher EqCO2 nadir. [32] 5 

------------------------------------------------------------------------------------------------------------------------ 6 

On the other end of the spectrum, rare diseases such as idiopathic pulmonary fibrosis, might also benefit 7 

from the inclusion of the EqCO2 nadir into prognostic models [33]. Further, there is increased interest in 8 

evaluating the prognostic implications of the EqCO2 nadir in the pre-surgical evaluation of patients, due 9 

to its better reproducibility compared to the VE/VCO2 slope.[34] 10 

An alternative approach analyzing EqCO2, or simply the VE/VCO2 ratio, is to assess it at a specific time 11 

point, independent of the AT. While the nadir reflects VE efficiency during submaximal exercise, the 12 

lowest EqCO2 at peak exercise may indicate the extent of VE efficiency at maximal exertion (i.e. true 13 

hyperventilation counteracting metabolic acidosis). In chronic HF, both methods, evaluating the nadir 14 

and assessing the ratio at peak exercise, have been shown to stratify disease severity and predict clinical 15 

outcomes, with higher values associated with worse prognosis [29, 30]. While both approaches provide 16 

valuable clinical insight, their predictive power differs. The EqCO2 at peak exercise has proven less 17 

effective in predicting clinical outcomes compared to the slope, except in clinical scenarios where RCP 18 

is not achieved such as,PH or COPD. Conversely, the ratio at AT (i.e., close to the nadir) might offer 19 

additional prognostic value when combined with peak data [30]. The value of nadir and peak ratios is 20 

also evident in patients with chronic thromboembolic pulmonary hypertension (CTEPH), where it has 21 

been shown that both the EqCO2 ratio at peak exercise and the EqCO2 ratio nadir are able to differentiate 22 

patients with CTEPH who underwent rehabilitation from controls [35]. In patients with moderate-to-23 
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severe COPD [6], EqCO2 nadir values are often comparable to peak values as patients have no or limited 1 

respiratory compensation during exercise due to their obstructive constraints to increase VE. As a matter 2 

of fact, peak exercise EqCO2, does not constitute an index of VE efficiency in those who are able to 3 

exercise beyond the RCP being dependent on the patient’s effort. 4 

Another way to assess the relationship between VE and VCO2 is by analyzing the slope of their 5 

correlation which remains linear during a progressive workload exercise up to the of the end of the 6 

isocapnic buffering period. This raises the question on how to measure the VE vs. VCO2 relationship 7 

slope: either from the beginning, but excluding the warm up period due to its high VE variability, to the 8 

end of exercise or only to the end of the isocapnic buffering period. The latter is physiologically correct, 9 

being, above RCP, VE primarily driven by unbuffered acidosis rather than by VCO2. However, both 10 

methods have been applied with different cut-off values. Recently, Chaumont et al [36] reported a 11 

difference of around 4 units, a value that clearly demonstrates the need to specify how VE vs. VCO 2 has 12 

been calculated in the CPET report. Furthermore, the VE vs. VCO2 slope physiologically increases with 13 

age and, for the same VCO2, VE is about 1 L higher in females than in males of the same age. 14 

Accordingly, an age- and sex-based normalization of the VE/VCO₂ slope has been proposed [37]. 15 

Therefore, a CPET report must specify how VE vs. VCO2 was calculated, whether using the nadir of the 16 

ratio or the slope, and, in case of the slope, the exercise frames considered (until or beyond RCP). 17 

Additionally, when the ratio is assessed its specific exercise time point, while when the slope is 18 

physiologically built, both the absolute value and the percent of the predicted value should be reported 19 

[37]. Indeed, 34 is a common absolute cut off value for HF prognostication using the VE vs. VCO2 20 

relationship slope calculated up to RCP. However, significantly lower values have been reported [38] 21 

(30 ± 6. 9) in patients with dilated cardiomyopathy who are more frequently young/-middle-aged males. 22 

A few reports analyzed also the VE vs. VCO2 slope above RCP, to assess waste ventilation development 23 
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in this part of effort [28, 39]. A summary on how to report ventilation efficiency data is described in table 1 

1.  2 

Currently there is no convincing evidence to prefer the calculation of the VE vs. VCO2 slope over the 3 

entire curve versus up to RCP, although the latter has a strong physiological basis and importantly can 4 

be entirely assessable also in submaximal CPET, these tests are  indicated by an early test termination 5 

[before achieving a respiratory exchange ratio (RER) of 1.05], due to concomitant conditions, such as 6 

orthopedic comorbidities, arrhythmias, cardiac ischemia or insufficient patient effort. As a matter of fact, 7 

comparisons between the two methods for measurement have been rarely done (table 2). Of note, as 8 

regards the prognostic capacity, the Cohen-Solal group showed a better prognostic power in HF for the 9 

slope calculated over the entire exercise duration [29, 40] (table 2).  10 

Setting aside the challenges of slope measurements during a maximal CPET, the possibility of studying 11 

the relationship between VE and VCO2 during submaximal exercise is fascinating. Studies conducted 12 

with HF subjects performing daily life activities, have shown that, for the same workload, individuals 13 

with more advanced HF exhibit lower absolute VO2 values but higher EqCO2 [41]. This confirms the 14 

predominant role of low VE efficiency as a marker of HF also during the patient’s ordinary tasks. 15 

The crucial role of the chemoreceptors in regulating the VE in response to the same amount of VCO2 16 

also deserves a brief comment. These specialized sensors, located in both the central and peripheral 17 

nervous systems, detect changes in arterial CO₂ levels and pH, triggering appropriate respiratory 18 

adjustments. Few previous studies [20, 26, 42] have shown that certain pharmacological therapies, such 19 

as non-selective β-blockers like carvedilol, can reduce the VE/VCO₂ ratio, most likely by acting at the 20 

chemoreceptor level. This effect was not observed with selective β-blockers (bisoprolol and nebivolol) 21 

at equivalent doses. These findings suggest that a drug-induced modulation of chemoreceptors and lung 22 

(alveolar) β2 receptors [43] may influence VE  efficiency by modifying their sensitivity to CO₂, emerging 23 
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10 

as a potential area for the development of new pharmacological agents or respiratory devices designed 1 

to target these mechanisms [44]. By targeting chemoreceptor sensitivity and low VE efficiency, such 2 

treatments could help improve respiratory function and overall quality of life in affected individuals 3 

reducing the burden of exertional dyspnea. Finally, VE/VCO2 increases in response to baro- metabo-4 

receptors activation and to increase right ventricle diastolic stiffness and afterload [45, 46]. Of note, 5 

activation of chemo- baro- and metabo- reflexes are linked to increased sympathetic activity affecting 6 

negatively prognosis and quality of life.  7 

 8 

Clinically, the combined assessment of VE/VCO2, either as EqCO2 or VE/VCO2 slope, and PetCO2 has 9 

gained a lot of interest being used to judge the presence of pulmonary hypertension. Indeed, in the early 10 

days of modern CPET assessment the presence of pulmonary vascular abnormalities as the cause of 11 

exercise limitation was possible only through arterial blood gas measurements which still have a relevant 12 

clinical role [47]. Specifically, presence of exercise limitation due to pulmonary vascular impairment 13 

was considered in case of A) an Alveolar to arterial pO2 gradient (ΔPA-aO2) increasing during exercise 14 

to ≥45mmHg, B) a drop in hemoglobin oxygen saturation >3% without PaCO2 rise and C) dead space to 15 

tidal volume ratio (VD/VT) using PaCO2 measured by arterial gas analysis increasing during exercise > 16 

30%.[47, 48]Of note it has been proposed to normalize the ΔPA-aO2 over VO2 [49, 50] to better evaluate 17 

the O2 pressure gradient across the alveolar- capillary membrane and the role of lung diffusion 18 

impairment.  19 

Later the Wasserman group proposed a different approach to this issue. Indeed, Yasunobu et al. 20 

demonstrated that  in a CPET on a cycloergometer with a progressively increasing workload that the 21 

likelihood of PH increased as PetCO2 reduced and EqCO2 increased [51] (Figure 5). Similar results were 22 

reported by Ferrazza et al. on a treadmill exercise [52]. More recently, Pezzuto et al. showed in a large 23 
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multicenter study that in PH patients (group I and IV) the relationship between VE vs. VCO2 slope and 1 

PetCO2 is directly linked to pulmonary pressure values [53]. Of relevant interest are the physiological 2 

consequence of VE efficiency which may be assessed by evaluating the pressure gradient between 3 

arterial PCO2 and end tidal pCO2 (ΔPa-etCO2). The latter is directly linked to VE / perfusion 4 

abnormalities in the lung [54]. The highest ΔPa-etCO2 values, obtained by simultaneous measurements 5 

of respiratory and arterial blood gases, are observed in case of PH, pulmonary embolism and HF, 6 

particularly in patients with preserved ejection fraction HF. Indeed, a high ΔPa-etCO2 indicates the 7 

presence of lung regions ventilated with little to no perfusion and/or a relevant increase during exercise 8 

of VD/VT usually mediated by increase of reflex VE. The latter is frequently observed in HFpEF [55]. 9 

A similar approach may be utilized for the assessment of O2 exchange at the alveolar capillary membrane 10 

level. In such a case 3 elements come into play, namely the alveolar-arterial pO2 gradient (ΔA-aPO2), 11 

alongside VO2 and alveolar capillary diffusion abnormalities. Accordingly, VO2 can increase by 12 

expanding the gas exchange surface; however, for a given surface area, it can only rise by increasing the 13 

ΔA-aPO2.  An upper limit for the ΔA-aPO2 at 25 mmHg has been suggested during acute hypoxia 14 

exposure [56]. On the other side, at rest, in case of severely reduced lung diffusion, reduction of resting 15 

VO2 has been shown by Morosin et al [49].  16 

 17 

Alternative assessment to ventilation efficiency during exercise.  18 

Two other parameters have been proposed for low VE efficiency analysis, the O2 ventilatory equivalent  19 

(EqVO2) and the O2 uptake efficiency slope (OUES). The former is calculated as the   ratio of VE/VO2 20 

corrected for mask dead space ventilation while the latter is the rate of VO2 increase in response to VE 21 

increase during incremental exercise. Since this relationship is not linear the VO2 increase is plotted 22 

against the logarithm of VE increase. OUES has been proposed by Baba et al in 1996 [57] and is 23 
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frequently utilized in clinical and research setting [58]. It should be underlined that OUES has a limited 1 

physiological sense since artificially transform a curvilinear relationship into a linear-one [59].   2 

 3 

Clinical applications 4 

The analysis of the VE vs. VCO2 linear relationship offers more information on top of the slope.  Indeed, 5 

all the linear relationships are represented by the equation Y = aX + b, where Y = VE, X = VCO 2, a = 6 

slope and b = the intercept on the Y-axis, which corresponds to the VE value extrapolated at VCO₂ = 0.  7 

In a multicenter study, Apostolo et al [60] showed that the Y-axis intercept allows to separate HF patients 8 

from HF+COPD or COPD, while the slope was unable to do it. In brief, in HF patients, a Y-axis intercept 9 

greater than 4.07L in the VE vs. VCO2 relationship suggests that the concomitant presence of lung disease 10 

is likely.  11 

At this point, a schema of the VE vs. VCO2 relationship including slope and Y-intercept in different 12 

disease is helpful. VE is the sum of alveolar and dead space VE, with the former following a linear 13 

relationship with its extrapolation close to the origin of the VE (Y-) and VCO2 (X-) axis. The presence 14 

of dead space VE, i.e. VE not participating to gas exchange, which progressively reduces in a normal 15 

subject as exercise increases, explains the presence of a positive Y-intercept (figure 6). The Y-intercept 16 

can be upshifted if an external dead space is added [60, 61]. However, it must be underlined that the Y-17 

axis intercept is not directly representing the dead space, but is influenced by the amount of dead space 18 

at rest and by its changes during exercise: a high (>4.07 L) value, excluding well trained subjects and 19 

athletes, suggests an increased dead space at rest, as in COPD; a low value (around 0 or negative) is 20 

suggestive of dead space development during effort, as in PH and in HF, particularly in case of HF with 21 

preserved ejection fraction[62]. Examples of exercise behavior of VE and its partitioning, alveolar and 22 
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dead space VE, vs. VCO2 are reported in figure 6 for COPD, HF and PH case, in panel C, D and E, 1 

respectively.   2 

An elevation of VE/VCO2, slope or ratio, is frequently observed in HF and particularly in patients with 3 

preserved ejection fraction where ventilatory abnormalities may be one of the few abnormal findings [55, 4 

63]. EqCO2 has a pivotal role in HF severity and prognosis assessment, being also included in the current 5 

recommendation for heart transplant referral [64]. In the MECKI score data set, which now includes 6 

8464 HF patients the average VE/VCO2 slope was 33.4±8.0 equal to 127±30% pred. Grouping patients 7 

according to the classical cut off value of 34 clearly separate prognosis with an AUC = 0.622. However, 8 

with HF being a multifaced syndrome, it is more appropriate to evaluate VE/VCO2 as just one – albeit 9 

crucial - of the prognostic tools. The MECKI score demonstrated that VE/VCO2 is an independent 10 

prognostic factor which significantly adds power to our capability to assess HF prognosis (figure 3 suppl) 11 

[17, 64, 65]. 12 

Importantly, new HF therapies have been shown to positively impact low VE efficiency, in addition to 13 

targeting multiple other mechanisms. In this regard, prospective studies, have demonstrated that 14 

sacubitril/valsartan and SGLT2 inhibitors (gliflozins) can reduce the VE/VCO₂ slope, alongside 15 

beneficial effects on biomarkers, cardiac remodeling, and NYHA class improvement [66-68]. Similarly, 16 

in hypertrophic obstructive cardiomyopathy mavacamten and aficamten showed in parallel with a peak 17 

VO2 increase a reduction of VE/VCO2 slope [23, 24]. Moreover, improvement of VE efficiency has been 18 

reported with exercise and inspiratory muscles training [69, 70].  19 

It must be underlined that a low VE efficiency is also present when VE increase is not enough for VCO2 20 

elimination and PaCO2 increases (see figure 2) as it happens in patients with severe COPD [71]. In such 21 

cases the VE/VCO2 slope is not able to pick up this setting albeit the Y-intercept is high. A few authors 22 

proposed for this condition a new approach to evaluate low VE efficiency based on complex calculations 23 
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[72]. Specifically, similarly to OUES it is possible to calculate VCO2 vs log VE (ηVE) and compare the 1 

observed value vs a theoretical maximum ηVE [73]. This approach must be validated in the clinical 2 

setting but, due to its intrinsic difficult physiological background, it is unlikely that it will become popular 3 

[74].   4 

 5 

Future prospective and knowledge gaps. 6 

A systematic assessment of VE efficiency in specific cardiorespiratory diseases is definitively needed. 7 

For instance, in HF a precise definition, clinical and prognostic meaning of ventilation efficiency 8 

according to LVEF phenotypes is still lacking, Similarly the effects of treatment strategies is only 9 

imperfectively known. Moreover, few other research gaps should be underlined. First, we need to define 10 

what is the daily and inter laboratory variability of VE efficiency measurements, either EqCO 2 or 11 

VE/VCO2 slope, as well as of other parameters associated with VE efficiency. This is relevant for normal 12 

subjects as well as for patients with different diseases. Second, we still do not know when and whether a 13 

change in VE efficiency is associated to a change in patients’ prognosis, and third whether on this regard 14 

differences in methods to assess VE efficiency exist.  Finally, how to assess VE efficiency in patients 15 

with exercise induced oscillatory breathing (EOV) is at present unknown, albeit differences between 16 

subjects with EOV lasting for the entire exercise vs. those in whom EOV disappears during effort suggest 17 

the presence of variable VE efficiency [75]. 18 

Conclusion. 19 

In brief, when assessing VE efficiency during exercise it is mandatory to report which parameter you are 20 

using for the VE vs. VCO2 relationship, EqCO2 or slope and, in case of the former, the exercise time 21 

point and, in case of the latter, how you calculated it. Adding PetCO2 significantly increase the VE 22 
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efficiency assessment as more advances parameters which imply arterial gas measurements do, such as 1 

ΔPa-etCO2 and ΔA-aPO2. Moreover, we need to report the quantification of low VE efficiency and its 2 

causes to allow physicians to modify patients’ treatment accordingly aiming to improve VE efficiency. 3 
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 19 

Figure legend 20 

Figure 1 illustrates the relationship between the dead space to tidal volume ratio and ventilation 21 

efficiency assessed as ventilatory equivalents for CO2: ventilation to carbon dioxide production. 22 

Ventilation is corrected for mask dead space. Isopleth curves represents different levels of arterial carbon 23 

dioxide partial pressures in mmHg. The trajectories are different conditions, including normal subjects 24 

(blue), chronic obstructive pulmonary disease (purple), heart failure (red), and primary pulmonary 25 

hypertension (green). The reported trajectories are representative of the behavior during exercise of 26 

patients with different diseases. These trajectories may slightly vary with different disease severity. 27 

Abbreviations: COPD, chronic obstructive pulmonary disease; EqCO2: ventilatory equivalents for CO2; 28 

HF, heart failure; PaCO2, arterial partial pressure of carbon dioxide; PH, pulmonary hypertension; VD/VT, 29 

dead space-to-tidal volume ratio.  30 

Figure 2 illustrates the relationship between ventilation (VE, L/min) and ventilation efficiency, depicted 31 

as a U-shaped curve, highlighting the optimal VE range and the progressive decline in ventilation 32 
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efficiency at both extremes. Different efficiency zones are marked by colored dots, representing various 1 

levels of ventilation efficiency. The dark blue dot indicates low VE with low efficiency, while the light 2 

blue dot signifies low VE with moderate inefficiency. The green dot represents the point of optimal 3 

efficiency, where VE is most effective. As VE increases, efficiency declines, with the orange dot showing 4 

high VE with moderate inefficiency and the red dot indicating high VE with low efficiency. 5 

Abbreviations: VE, Ventilation; Ineff., ventilatory inefficiency. 6 

Figure 3 illustrates the characteristic pattern of ventilation efficiency and gas exchange during exercise 7 

in normal subjects. (A) The ventilatory equivalent for carbon dioxide initially decreases due to alveolar 8 

capillary recruitment, remains stable throughout the isocapnic buffering period, and increases after the 9 

respiratory compensation point until the end of exercise. (B) The end-tidal carbon dioxide partial pressure 10 

reaches its peak at the anaerobic threshold, remaining stable until the RCP, and then declining thereafter. 11 

Abbreviations: AT, anaerobic threshold; EqCO2: ventilatory equivalents for CO2; PetCO2, end-tidal 12 

carbon dioxide partial pressure; RCP, respiratory compensation point.  13 

Figure 4 illustrates the relationship between the VE/VCO₂ ratio at nadir (left panel) and PetCO₂ at the 14 

same workload (right panel) across different physiological and pathological states. In the left panel, the 15 

VE/VCO₂ nadir increases from left to right, with healthy individuals having the lowest values, followed 16 

by COPD, COPD + HF, HF, and PH, which exhibits the lowest ventilation efficiency. In the right panel, 17 

PetCO₂ decreases from left to right, with healthy individuals having the highest values, followed by 18 

COPD, COPD + HF, HF, and PH, which has the lowest values. This visualization highlights the 19 

progressive decline in ventilation efficiency and gas exchange capacity in cardiopulmonary diseases. 20 

Abbreviations: VE/VCO₂, ventilation to carbon dioxide production; PetCO₂, end -tidal partial pressure of 21 

carbon dioxide; COPD, chronic obstructive pulmonary disease; HF, heart failure; PH, pulmonary 22 

hypertension. 23 
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Figure 5 illustrates the relationship between end-tidal carbon dioxide partial pressure and the VE/VCO2 1 

ratio, both at the anaerobic threshold, assessing the likelihood of pulmonary vasculopathy in patients 2 

with exertional dyspnea of unknown cause. The hyperbolic curve represents the probability of pulmonary 3 

hypertension, with graded likelihood categories based on comparisons with normal subjects. 4 

Abbreviations: AT, anaerobic threshold; PetCO2, end-tidal carbon dioxide partial pressure; PPH, primary 5 

pulmonary hypertension; VE/VCO2, ventilation to carbon dioxide production relationship. Reproduced 6 

from. Yasunobu et al 2005 [51] 7 

Figure 6 illustrates the VE/VCO2 relationship and the Y-axis intercept concept. Ventilation (VE) has 8 

two components: alveolar (VEAlv) and dead space ventilation (VEDS),  VEAlv follows a linear trend. In 9 

healthy individuals (A) the positive Y-intercept results from VEDS, which normally decreases with 10 

exercise. Differently, an increased Y-intercept suggests high resting dead space, as seen when adding an 11 

external dead space (B) or in COPD (C), while a low or negative value indicates dead space development 12 

during exercise, typical of PH (E) and HF (D Abbreviations: COPD, chronic obstructive pulmonary 13 

disease; HF, heart failure; PH, pulmonary hypertension; VE, ventilation; VEAlv, alveolar ventilation; 14 

VEDS, dead space ventilation; VCO2, carbon dioxide production. Reproduced from Apostolo et al., 2015 15 

[60] 16 

 17 

Central illustration This central illustration outlines the stratification of dyspnea using cardiopulmonary 18 

exercise testing (CPET) with a focus on ventilation efficiency. Patients presenting with shortness of 19 

breath and signs of low ventilation efficiency, whether due to excessive or insufficient ventilation, 20 

undergo CPET as a standardized diagnostic tool. During CPET, ventilation efficiency is assessed through 21 

two key parameters: the VE/VCO₂ slope and the VE/VCO₂ ratio. The VE/VCO₂ slope can be evaluated 22 

up to the respiratory compensation point (RCP), across the full exercise range, and by its y-intercept. In 23 
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parallel, the VE/VCO₂ ratio can be examined at its nadir, at the anaerobic threshold (AT), and at peak 1 

exercise. Abbreviations: AT, anaerobic threshold; CPET, cardiopulmonary exercise testing; RCP, 2 

respiratory compensation point; VE, minute ventilation; VCO2, carbon dioxide production 3 

  4 
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Table 1: Reporting Format for Ventilation efficiency assessed by Cardiopulmonary Exercise Testing  1 

Table 1 provides a standardized template for reporting ventilation efficiency, based on either the VE/VCO₂ ratio 2 
(nadir) or the VE/VCO₂ slope. The table includes guidance for reporting the reference point, numerical values, 3 
reference cut-offs, percent predicted, graphical verification, and RCP status. Abbreviations: RCP, respiratory 4 
compensation point; RER, respiratory exchange ratio; VCO2, carbon dioxide output; VE, minute ventilation. 5 

 6 

Table 2: Comparison of VE/VCO₂ Slope Measurement Methods Across Cardiopulmonary Conditions  7 

Disease Study 

Number 

of 

patients 

(n) 

VE/VCO2 slope – 
measured until 

RCP 

VE/VCO2 slope – 
measured 

beyond RCP 

Approx. 

difference 

between 

measurements 

Unknown/Mixed 

Chaumont et 
al.[36] 

308 33 (29-37) 37 (33-41) 4 

Nayor et  
al.[28]  

FHS: 1936 24.8 ± 3.1 27.6 ± 3.5 3 

MGH-
ExS: 493 

31.7 ± 7.0 35.7 ± 7.7 4 

Barron et  
al.[77]  

93 35.1 37.2 2 

Tetralogy of 

Fallot  

Leonardi et 
al.[78]  

57 28.5 (IQR: 4.6) 32.2 (IQR 4.5) 4 

Heart Failure   

Arena et  
al. [79]  

188 29.9 ± 6.8 32.5 ± 8.0 2.6 ± 4.1* 

Ingle et  
al.[80]  

394 29.9 ± 6.8 32.1 ± 7.8 2 

Tabet et  
al.[40] 

97 31.8 ± 7.5 39.3 ± 11.6 8 

Reporting Element 
  

Method used VE/VCO₂ ratio VE/VCO₂ slope 

Reference point / segment • Nadir  

• Start to RCP 

• Start to End of Exercise 

(RER<1.05) 

• Start to End of Exercise 

(RER≥1.05) 

Numerical value [Insert value] [Insert value] 

Reference cut-off Not applicable ≥34 

% of predicted based on Salvioni et al. [37] Not applicable [Insert %] 

Graphical representation 
Nadir identified visually: Yes / 

No 
Linear slope confirmed: Yes / No 

RCP status Not applicable Detected / Not reached 
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Pulmonary 

Hypertension 

Groepenhoff 
et al.[81]  

115 44.6 ± 11.3  48.5 ± 12.6 4 

Ferreira et 
al.[82]  

84 56 ± 25 59 ± 21 3 

 1 

Table 2 compares VE/VCO₂ slopes across different cardiopulmonary conditions and measurement methods. The 2 
VE/VCO₂ slope, a key CPET parameter, reflects ventilation efficiency and varies depending on whether it is 3 
measured up to the respiratory compensation point (RCP) or beyond it. Abbreviations: AT, anaerobic threshold; 4 
FHS, Framingham Heart Study; IQR, interquartile range; MGH-ExS, Massachusetts General Hospital Exercise 5 
Study; RCP, respiratory compensation point; VE/VCO₂, ventilation to carbon dioxide production. * Reported mean 6 
and standard deviation by Arena et al. 7 

 8 
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Figure 6 2 
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