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ABSTRACT 

Background & Rationale.  The ventilatory response (V̇E) to exercise-induced increases 

in the rate of CO2 production (V̇CO2) depends on the regulated level of arterial PCO2 

(PaCO2) and the dead space (VD) to tidal volume (VT) ratio, as described by the 

modified alveolar ventilation equation: V̇E/V̇CO2 = 863/[PaCO2 x (1-VD/VT)].  An 

abnormally high V̇E-V̇CO2 response to exercise, reflecting exercise ventilatory 

inefficiency and most often resulting from a high VD/VT, is a key pathophysiological 

feature of patients with chronic cardiopulmonary diseases like heart failure, pulmonary 

arterial hypertension, and chronic obstructive and restrictive pulmonary disease.  In 

these patient populations, exercise ventilatory inefficiency is associated with several 

adverse clinical and patient-reported outcomes, including impaired exercise tolerance; 

increased physical activity-related breathlessness; and increased risk of hospitalization, 

major cardiac events and mortality.  It follows that any intervention capable of 

decreasing the V̇E-V̇CO2 response to exercise has the potential to improve clinical 

and/or patient-reported outcomes.  Unfortunately, our ability to enhance exercise 

ventilatory efficiency is limited by the fact that ventilation-perfusion abnormalities 

reflecting a high VD/VT are often irreversible. 

A largely unexplored approach to decreasing the V̇E-V̇CO2 response to exercise 

is increasing the PaCO2 equilibrium point by inducing a metabolic alkalosis via 

administration of an alkalizing agent such as sodium bicarbonate (NaHCO3).  The 

results obtained from relatively few small physiological studies concerning the effect of 

NaHCO3 administration on the V̇E-V̇CO2 response to exercise have been inconclusive 

and require further investigation.     
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Objective. To test the hypothesis that increasing the PaCO2 equilibrium point via 

induced acute metabolic alkalosis by administration of NaHCO3 improves exercise 

ventilatory efficiency and related physiological and perceptual responses high-intensity 

constant-load cycle exercise testing in healthy adults. 

 

Methods.  In a randomized, double blind, placebo controlled, crossover study of 18 

healthy adults (12 men) aged 22.2 ± 0.5 yrs (mean ± SE), we compared the effect of 

single-dose administration of NaHCO3 (0.3 g/kg) and sodium chloride (NaCl, 4 g) on 

arterialized venous blood gas and acid-base status at rest; and on detailed physiological 

and perceptual responses to symptom-limited constant-load cycle exercise testing 

performed at 80% of maximum incremental power output.   

 

Results.  None of the 18 participants reported any undue effects (e.g., gastrointestinal 

discomfort, belching) after treatment with either NaHCO3 or NaCl.  By design, ingestion 

of NaHCO3 vs. NaCl induced a partially compensated metabolic alkalosis as evidenced 

by decreases in [H+] and increases in PaCO2 and [HCO3
-] at rest (all p<0.0001).  

Compared with the NaCl control condition, treatment with NaHCO3 decreased the 

V̇E/V̇CO2 ratio and increased end-tidal CO2 tensions (PETCO2) at rest and throughout 

exercise (all p<0.05).  NaHCO3-induced decreases in the V̇E-V̇CO2 response to exercise 

could not be easily explained by increased V̇CO2 but reflected statistically significant 

decreases in V̇E; for example, V̇E was reduced by 5.8 ± 1.9 L/min, 5.0 ± 2.4 L/min and 

4.5 ± 2.1 L/min at 2-min, 4-min and the peak of exercise after ingestion of NaHCO3 vs. 
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NaCl, respectively (all p<0.05).  The V̇E/V̇CO2 nadir was lower after treatment with 

NaHCO3 vs. NaCl (p<0.0001). Mean values of PETCO2, V̇E and V̇CO2 corresponding to 

the V̇E/V̇CO2 nadir were higher (by 4.5 ± 0.3 mmHg, p<0.0001), lower (by 4.7 ± 1.8 

L/min, p=0.019) and not significantly different in the NaHCO3 vs. NaCl condition, 

respectively.  Compared to the NaCl control condition, ingestion of NaHCO3 had no 

effect on cardiometabolic, operating lung volume and symptom responses to exercise 

and thus was not associated with improved exercise endurance time.      

 

Conclusion and implications. Induced acute metabolic alkalosis by ingestion of 

NaHCO3 increased the PaCO2 equilibrium point and improved exercise ventilatory 

efficiency as evidenced by a decrease in the V̇E-V̇CO2 response to high-intensity 

constant-load cycle exercise testing in healthy adults.  The results of this study provide 

a physiological rationale to examine the potential benefits of induced acute metabolic 

alkalosis by NaHCO3 administration on exercise ventilatory efficiency and related 

clinical- and patient-reported outcomes (e.g., exercise endurance, breathlessness) in 

selected patients with chronic cardiopulmonary disease. 
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RÉSUMÉ  

Contexte et rationnel. La réponse ventilatoire (V̇E) pour l'augmentation induite par 

l'exercice du taux de production de CO2 (VCO2) dépend du niveau réglementé de PCO2 

artériel (PaCO2) et l'espace mort (VD) pour le ratio de volume courant (VT), tel que décrit 

par l’équation modifiée alvéolaire de ventilation: V̇E / V̇CO2 = 863 / [PaCO2 x (1-VD / 

VT)]. Une réponse Vé-vco2 à l’exercice anormalement élevée, ce qui reflète l'exercice 

ventilatoire inefficace et qui résulte le plus souvent d'une haute VD / VT, est une 

caractéristique physiopathologique clé de patients atteints de maladies chroniques 

cardio-pulmonaires comme les arrêts cardiaques, l'hypertension artérielle pulmonaire, 

et la broncho-pneumopathie chronique obstructive. Dans ces populations de patients, 

l’inefficience ventilatoire liée à l’exercice est associée à plusieurs résultats cliniques et 

rapportés par les patients indésirables, y compris la tolérance à l’exercice avec facultés 

affaiblies; une dyspnée accrue liée à l'activité physique; et le risque d'hospitalisation, 

d'événements cardiaques majeurs et une mortalité accrue. Il en résulte que toute 

intervention capable de diminuer la réponse V̇E-V̇CO2 à l’exercice a le potentiel 

d'améliorer les résultats cliniques et / ou rapportés par les patients. Malheureusement, 

notre capacité à améliorer l'efficacité ventilatoire d'exercice est limité par le fait que les 

anomalies de ventilation-perfusion reflétant un haut VD / VT sont souvent irréversibles.  

Une approche largement inexplorée pour la diminution de la réponse V̇E- V̇CO2 à 

l’exercice augmente le point d'équilibre PaCO2 en induisant une alcalose métabolique 

par administration d'un agent alcalinisant tel que le bicarbonate de sodium (NaHCO3). 

Les résultats obtenus à partir de relativement peu de petites études physiologiques 
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concernant l'effet de l'administration NaHCO3 sur la réponse V̇E- V̇CO2 à l’exercice n’ont 

pas été concluants et nécessitent une enquête plus approfondie. 

 

Objectif. Pour vérifier l'hypothèse que l'augmentation du point d'équilibre de PaCO2 via 

alcalose métabolique aiguë induite par l'administration de NaHCO3 améliore l'efficacité 

de l'exercice ventilatoire et physiologiques connexes et les réponses perceptives aux 

tests d’exercice à haute intensité avec cycle de charge constant chez les adultes en 

bonne santé.  

 

Méthodes. Dans une étude randomisée en double aveugle, contrôlée par placebo, 

étude croisée de 18 adultes en bonne santé (12 hommes) âgés de 22,2 ± 0,5 ans 

(moyenne ± SE ), nous avons comparé l'effet de l'administration d'une dose unique de 

NaHCO3 ( 0,3 g / kg ) et de sodium chlorure (NaCl, 4 g ) sur le gaz de sang veineux et 

sur l’état de l'acide-base artérialisé au repos; et sur les réponses physiologiques et 

perceptifs détaillées à l'épreuve d’exercice avec cycle de charge constant limitée par les 

symptômes effectué à 80% de la puissance maximale incrémentale.  

 

Résultats. Par sa conception, l'ingestion de NaHCO3 contre NaCl a provoqué une 

alcalose métabolique partiellement compensée comme le confirme les diminutions de 

[H +] et l'augmentation des PaCO2 et [HCO3-] au repos (p <0,0001). Par rapport à la 

condition de contrôle NaCl, le traitement avec NaHCO3 a diminué le V̇E / rapport V̇CO2 

et des tensions accrues de CO2 en fin d'expiration (PETCO2) au repos et tout au long 

de l'exercice (p <0,05). Une provocation de NaHCO3 qui diminue la réponse V̇E-V̇CO2 à 
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l’exercice ne pouvaient pas être facilement expliquées par une augmentation de V̇CO2 

mais reflètent une diminution statistiquement significative en V̇E; par exemple, V̇E a été 

réduite de 5,8 ± 1,9 L / min, 5,0 ± 2,4 L / min et 4,5 ± 2,1 L / min à 2 min, 4 min et le pic 

de l'exercice après l'ingestion de NaHCO3 vs. NaCl, respectivement (p <0,05). Le nadir 

V̇E / V̇CO2 était plus faible après le traitement avec NaHCO3 vs NaCl (p <0,0001). Les 

valeurs moyennes de PETCO2, V̇E et V̇CO2 correspondant au nadir V̇E / V̇CO2 étaient 

plus élevés (de 4,5 ± 0,3 mmHg, p <0,0001), inférieure (de 4,7 ± 1,8 L / min, p = 0,019) 

et non significativement différent dans le NaHCO3 vs. NaCl condition, respectivement. 

Par rapport à la condition de contrôle NaCl, l'ingestion de NaHCO3 n'a eu aucun effet 

sur le cardio-métabolique, l’exploitation des réponses de volume pulmonaire et les 

symptômes de l'exercice n'a donc pas été associée à une amélioration du temps 

d'exercice d'endurance.  

 

Conclusion et implications. Une provocation d’alcalose métabolique aiguë par 

ingestion de NaHCO3 a augmenté le point PaCO2 d'équilibre et l'amélioration de 

l'efficacité ventilatoire d'exercice comme le confirme la diminution de la réponse V̇E-

V̇CO2 à l’exercice à haute intensité avec cycle de charge constant chez les adultes en 

bonne santé. Les résultats de cette étude fournissent une justification physiologique afin 

d'examiner les avantages potentiels de la provocation d’alcalose métabolique aiguë par 

administration NaHCO3 sur l'efficacité d’exercice ventilatoire et clinique connexes et les 

résultats rapportés par les patients (par exemple, l'exercice d'endurance, dyspnée) chez 

certains patients souffrant d'une maladie cardio-pulmonaire chronique. 
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1.1. Ventilatory Challenges to Exercise in Health.  

During progressive exercise in human subjects, the respiratory system (airways, lungs 

and respiratory musculature) is faced with the challenge of optimizing pulmonary gas 

exchange while the mixed-venous blood returning to the lungs from the peripheral 

locomotor muscles gets progressively more hypoxic and hypercapnic.  It follows that 

exercise-induced increases in the metabolic rates of O2 consumption (V̇O2) and CO2 

production (V̇CO2) have the potential to disturb acid-base balance and impair exercise 

tolerance by compromising peripheral locomotor muscle metabolic and contractile 

function (i.e., fatigue). 

In order to adequately meet the increased metabolic demands of exercise and 

prevent excessive changes in arterial blood gas and acid-base balance, alveolar 

ventilation (V̇A) must increase in direct proportion to increases in V̇O2 and V̇CO2 so as to 

(1) replenish the O2 extracted from the blood and (2) eliminate the CO2 added to the 

blood.10 This precise matching of V̇A to muscle metabolic demands must be 

accomplished while simultaneously minimizing the work and O2 cost of breathing.11,12 

Briefly, during progressive exercise in healthy adults, tidal volume (VT) expands by 

increasing end-inspiratory lung volume and decreasing the end-expiratory lung 

volume.13 These changes in dynamic operating lung volumes help to ensure that VT 

expansion occurs within the linear (compliant) portion of the respiratory systems 

sigmoid pressure-volume relation where (1) the work breathing is minimized; (2) length-

tension relationships of the diaphragm and accessory inspiratory muscles are 

optimized, i.e., prevent excessive shortening, elastic loading and functional weakening 



 Page 18 

of inspiratory pump muscles; and (3) individuals do not experience undue increases in 

respiratory discomfort (breathlessness).13   

 V̇A is the volume of gas per minute that reaches the alveoli and participates in 

gas exchange; and is calculated by subtracting dead space ventilation (V̇D = anatomic + 

physiologic dead space) from minute ventilation (V̇E = VT x breathing frequency (fR)):  V̇A 

= V̇D - V̇E.  With the consequent increase in V̇E and V̇A due to the increase in metabolic 

demands during exercise, differentiating V̇E from V̇A is compulsory, as the two do not 

always reflect one another. Unlike V̇E, V̇A depends on V̇D which, in turn, depends on 

fR.14  As illustrated in Table 1.1, adoption of a rapid and shallow breathing pattern 

serves to increase V̇D, decrease V̇A, and widen the disparity between V̇E and V̇A.  By 

contrast, adoption of a deep and slow breathing pattern serves to decrease V̇D, increase 

V̇A, and minimize the disparity between V̇E and V̇A.  It follows that adopting a rapid and 

shallow breathing pattern during exercise has the potential to compromise V̇A and 

pulmonary gas exchange efficiency.  Fortunately, in healthy adults, exercise-induced 

increases in V̇E are due primarily to progressive increases in VT rather than fR; that is, 

optimization of breathing pattern during exercise serves to minimize and maximize 

increases in V̇D and V̇A, respectively.13  

Table 1.1. Impact of breathing pattern on dead space ventilation and alveolar ventilation. 

Breathing Pattern    VT (L)    x    fR (bpm) =  V̇E  (L/min) - V̇D (L/min) =  V̇A (L/min) 

Rapid and Shallow 0.15 50 7.5 (0.15 x 50) 0 

Normal 0.50 15 7.5 (0.15 x 15) 5.25 

Deep and Slow 1.5 5 7.5 (0.15 x 5) 6.75 

VT = tidal volume; fR = breathing frequency; V̇E = minute ventilation; V̇D = dead space ventilation, where 
0.15 L represents the sum of anatomic and physiologic dead space; V̇A = alveolar ventilation. 
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Exercise-induced increases in V̇A are determined by concomitant increases in 

V̇CO2 and the regulated level of CO2 in the arterial blood (PaCO2), as defined by the 

alveolar ventilation equation:  V̇A = 863 X V̇CO2/PaCO2, where 863 is the constant that 

corrects for different conditions of reporting the gas volume (for a body temperature of 

37oC) and also the transformation of fractional concentration to partial pressure.15 This 

equation predicts that the V̇A response to any given increment in V̇CO2 during exercise 

is inversely related to the regulated level of PaCO2.  Thus, as the regulated level of 

PaCO2 increases, the relationship between increasing V̇A and increasing V̇CO2 during 

exercise decreases, reflecting increased exercise ventilatory efficiency.  By contrast, as 

the regulated level of PaCO2 decreases, the V̇A-V̇CO2 relationship during exercise 

increases, reflecting increased exercise ventilatory inefficiency.   

Determination of V̇A requires calculation of the physiologic dead space (VD) to VT 

ratio using the Bohr Equation:  VD/VT = (PaCO2-PECO2)/PaCO2, where PECO2 represents 

the partial pressure of CO2 in the expired air.16 Determination of VD/VT, in turn, requires 

direct and serial measurement of PaCO2 either via catheterization of an artery or 

arterialization of venous blood.17 Due to the relatively invasive nature of measuring 

PaCO2 to determine VD/VT and V̇A, most researchers and healthcare professionals have 

adopted use of the relationship between increasing V̇E and increasing V̇CO2 during 

exercise as a non-invasive and readily available index of exercise ventilatory efficiency.  

To this end, the relationship between exercise-induced increases in V̇E and V̇CO2 

depend on the regulated level of PaCO2 and VD/VT, as defined by the modified alveolar 

ventilation equation: V̇E/V̇CO2 = 863/[PaCO2 x (1-VD/VT)].  As illustrated in Fig. 1.1 and 

presented in Table 1.2, this equation predicts that (1) at a constant VD/VT, the V̇E at any 
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given V̇CO2 during exercise will decrease as the regulated level of PaCO2 increases, 

with the opposite being true; and (2) at a constant PaCO2, the V̇E at any given V̇CO2 

during exercise will increase as the VD/VT increases, with the opposite being true.  

 

Table 1.2.  The effects of changing PaCO2 and VD/VT on exercise ventilatory efficiency. 
a) Effect of increasing PaCO2 equilibrium point from 30 to 40 mmHg on V̇E/V̇CO2 at a constant VD/VT 

PaCO2 (mmHg) V̇CO2 (L/min) VD/VT (%) V̇E (L/min) V̇E/V̇CO2 
30 2.0 0.33 85.8 42.9 
40 2.0 0.33 64.4 32.2 

b) Effect of increasing VD/VT from 0.33 to 0.50 on V̇E/V̇CO2 at a constant PaCO2 
PaCO2 (mmHg) V̇CO2 (L/min) VD/VT (%) V̇E (L/min) V̇E/V̇CO2 

40 2.0 0.33 64.4 32.2 
40 2.0 0.50 86.4 43.2 

PaCO2 = CO2 tension in the arterial blood; V̇CO2 = rate of CO2 output; VD/VT = dead space to tidal 
volume ratio; V̇E = minute ventilation; V̇E/V̇CO2 = ventilatory equivalent for CO2, an index of exercise 
ventilatory efficiency. 

	
	
Figure 1.1. The effect of VD/VT and PaCO2 on V E at various levels of V CO2 from rest (0.2 L/min) to 
maximal exercise (4.0 L/min).  VD/VT = physiologic dead space to tidal volume ratio; PaCO2 = arterial 
CO2 partial pressure; V CO2 = rate of CO2 production.  Refer to text for use of this graph.  Adapted 
from Wasserman et al.5 
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Available evidence suggests that PaCO2 is relatively similar between-subjects 

with normal resting values ranging from 

35-45 mmHg; is relatively unaffected by 

age, sex and cardiopulmonary diseases 

like chronic obstructive pulmonary 

disease (COPD) and heart failure (HF); 

and remains relatively unchanged from 

its resting value through moderate 

intensity exercise in healthy adults and 

in patients with chronic cardiopulmonary 

disease (Fig. 2).6  As a result of this 

relative constancy of PaCO2 at rest and 

during exercise in health and disease, 

alterations in the V̇E-V̇CO2 relationship 

during exercise are interpreted as 

reflecting concomitant alterations in 

VD/VT and, by extension, exercise 

ventilatory efficiency; that is, as V̇E-V̇CO2 

relationships increase, VD/VT and 

exercise ventilatory efficiency worsen; 

and as V̇E-V̇CO2 relationships decrease, 

VD/VT and exercise ventilatory efficiency 

improves.  

Figure 1.2. Effect of chronic heart failure (CHF) and 
chronic obstructive pulmonary disease (COPD) on 
exercise ventilatory efficiency and its physiological 
determinants.  PaCO2 = partial pressure of CO2 in 
arterial blood; VD/VT = ratio of physiologic dead space 
to tidal volume; V E-V CO2 = ventilatory equivalent for 
CO2, an index of exercise ventilatory efficiency; AT = 
anaerobic threshold; Peak = end-exercise.  Figure 
created using data from Kisaka et al.6 
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1.2. Exercise Ventilatory Efficiency: Methods of Assessment and Normal Values.  

The most common methods used to quantify exercise ventilatory efficiency include: (1) 

the V̇E-V̇CO2 slope from rest to the respiratory compensation point for metabolic/lactic 

acidosis; (2) the V̇E-V̇CO2 slope from rest to peak exercise; (3) the V̇E-V̇CO2 ratio at the 

anaerobic threshold (AT); and (4) the lowest V̇E-V̇CO2 ratio during exercise, i.e., nadir.18-

22 Another less common parameter estimate is the y-axis intercept of the V̇E-V̇CO2 

slope, where V̇E in the absence of pulmonary gas exchange (i.e., V̇E when V̇CO2 = 0) is 

theoretically equal to VD.3,18 Although there is some controversy in the literature about 

which of these methods should be used to estimate exercise ventilatory efficiency, a 

comprehensive study of 474 healthy adults aged 17-78 years by Sun et al.18 reported 

that the V̇E-V̇CO2 nadir, which does not require determination of the AT and/or the 

respiratory compensation point, was not significantly different from the V̇E-V̇CO2 ratio at 

the AT; was less variable than the V̇E-V̇CO2 slope below the respiratory compensation 

point; and was unaffected by the type of ergometer (cycle vs. treadmill) and gas 

exchange measurement system used.  Thus, it is both sensible and clinically practical to 

use the V̇E-V̇CO2 nadir to assess exercise ventilatory efficiency, at least in healthy 

subjects.     

The collective results of studies by Poulin et al.,23 Hadebank et al.24 and Sun et 

al.18 suggest that mean values of the V̇E-V̇CO2 slope, the V̇E-V̇CO2 ratio at AT and the 

V̇E-V̇CO2 nadir are about 25-26 in healthy men and women, and increase progressively 

with normative aging (Table 1.3).  In normal subjects, the V̇E-V̇CO2 ratio at peak 

exercise is typically ≤36.23  
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Table 1.3.  Exercise ventilatory efficiency by age and sex in healthy normal adults. 
Groups Sample Size V̇E-V̇CO2 @ AT V̇E-V̇CO2 slope V̇E-V̇CO2 nadir 
Male     
     <20 yrs 46 23.5 ± 2.0 22.9 ± 2.8 23.2 ± 2.0 
     21-30 yrs 90 24.2 ± 2.1 23.6 ± 2.8 23.9 ± 2.1 
     31-40 yrs 49 25.3 ± 2.6 23.9 ± 3.1 25.0 ± 2.7 
     41-50 yrs 37 26.2 ± 2.2 25.2 ± 2.9 26.1 ± 2.2 
     51-60 yrs 54 28.2 ± 2.8 27.2 ± 3.0 28.0 ± 2.9 
     >60 yrs 34 29.4 ± 2.2 27.5 ± 3.1 29.4 ± 2.3 
     Average 316 25.7 ± 3.1 24.7 ± 3.4 25.5 ± 3.2 
Female     
     <20 yrs 29 25.5 ± 1.7 25.2 ± 2.7 25.4 ± 1.8 
     21-30 yrs 50 25.8 ± 2.3 24.1 ± 2.1 25.4 ± 2.2 
     31-40 yrs 27 27.9 ± 2.1 26.9 ± 3.2 27.7 ± 2.3 
     41-50 yrs 28 26.7 ± 2.6 25.8 ± 2.7 26.5 ± 2.6 
     51-60 yrs 20 28.5 ± 3.2 26.5 ± 3.4 28.0 ± 3.3 
     >60 yrs 10 29.4 ± 2.5 28.7 ± 3.1 29.3 ± 2.6 
     Average 164 26.8 ± 2.7 25.6 ± 3.0 26.5 ± 2.7 
TOTAL 474 26.1 ±  3.0 25.0 ±  3.3 25.9 ±  3.0 
Data are presented as mean ± standard deviation.  V̇E-V̇CO2 = ventilatory equivalent for 
CO2; AT = anaerobic threshold.  Reproduced from Sun et al.18 

 

1.3.  Exercise Ventilatory Inefficiency in Cardiopulmonary Disease: Clinical 

Impact and Underlying Mechanisms. Exercise ventilatory inefficiency is a key 

pathophysiological feature of patients with chronic cardiopulmonary disease, such as 

HF,2,19,25-29 COPD,30-32 pulmonary arterial hypertension (PAH)33-35 and interstitial 

pulmonary fibrosis (IPF).36,37  In these patient populations, the V̇E-V̇CO2 slope, V̇E-V̇CO2 

nadir, V̇E-V̇CO2 ratio at AT and/or V̇E-V̇CO2 intercept are abnormally high6,32,34 and 

associated with several important adverse clinical and patient-reported outcomes, 

including: disease severity and progression (Fig. 1.3);2,3,38 symptom-limited peak V̇O2 

(V̇O2peak) on cardiopulmonary exercise testing (Fig. 1.4);26,28,29,39 exertional 

breathlessness;3,40,41 and risk of hospitalization (Fig. 1.5),2,26,42 major cardiac events 

(Fig. 1.6)7,39,43 and mortality (Fig. 1.7).2,31,36,37,39 In fact, a growing body of evidence 

suggests that an abnormally high V̇E-V̇CO2 during exercise (slope, nadir, ratio at AT) is 
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superior to V̇O2peak at predicting all-cause, cardiovascular and respiratory mortality 

patients with HF and COPD.18,19,31,44,45  

 

	
	

Figure 1.3.  Relationship between V E-V CO2 intercept (an index of exercise ventilatory inefficiency) and 
chronic obstructive pulmonary disease (COPD) severity according to Global Initiative for Chronic 
Obstructive Lung Disease (GOLD) staging criteria.  C = healthy control subjects (n=69); GOLD stage 1 
(n=81); GOLD stage 2 (n=112); GOLD stage 3 (n=84); and GOLD stage 4 (n=39).  Adapted from 
Neder et al.3 
  

	
	
Figure 1.4.  Inter-relationships between V E-V CO2 slope during exercise (i.e., exercise ventilatory 
efficiency), symptom-limited peak oxygen uptake and the dead space-to-tidal volume (VD/VT) ratio at 
peak exercise in 30 patients with chronic heart failure.  Adapted from Wensel et al.1 
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Figure 1.5.  Kaplan-Meier analysis for 1-year cardiac-related hospitalization for heart failure patients 
(n-213) with V E-V CO2 slope threshold of 34 during exercise.  Patients with V E-V CO2 slope <34 
(n=130) were 84.6% event-free, whereas patients with V E-V CO2 slope ≥34 (n=83) were 50.6% 
event-free (p<0.0001).  Adapted from Arena et al.2  
 

	
Figure 1.6.  Kaplan-Meier analysis for 3-year major cardiac-related events for patients with heart 
failure divided by ventilatory class (VC).  HF patients with V E-V CO2 slope during exercise: <29.9 
(VC-I) were 92.2% event-free; between 30.0 and 35.9 (VC-II), were 77.0% event-free; between 36.0 
and 44.9 (VC-III) were 55.2% event-free; and > 45.0 (VC-IV) were only 31.9% event-free.  Adapted 
from Arena et al.7 
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In patients with HF and COPD compared to healthy subjects, the greater V̇E-

V̇CO2 response to exercise cannot be readily explained by a lowering of the PaCO2 

equilibrium point and thus primarily reflects the impact of a high VD/VT on ventilation-

perfusion mismatching (Figs. 1.2 and 1.3).1,6,15,46 In patients with PAH, the increased 

V̇E-V̇CO2 response to exercise reflects the combination of increased VD/VT (and 

ventilation-perfusion mismatching) and a lower PaCO2 equilibrium point by ~8-10 

mmHg.34,40,47,48 From the above, it is clear that VD/VT represents an important 

therapeutic target to improve exercise ventilatory efficiency and its associated clinical 

and patient-centered outcomes in adults with chronic cardiopulmonary disease.  

However, with the possible exception of surgical lung volume reduction techniques in 

COPD49-52 and pulmonary vasodilator therapy in PAH33 and HF,53 our ability to enhance 

	
Figure 1.7.  Kaplan-Meier analysis for 1-year cardiac mortality for heart failure patients (n-213) with 
V E-V CO2 slope threshold of 34 during exercise.  Patients with V E-V CO2 slope <34 (n=130) were 99.2% 
event-free, whereas patients with V E-V CO2 slope ≥34 (n=83) were 83.1% event-free (p<0.0001).  
Adapted from Arena et al.2  
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exercise ventilatory efficiency is limited by the fact that ventilation-perfusion 

abnormalities as a result of high VD/VT are often irreversible. 

 

1.4. Impact of Acid-Base Balance on Exercise Ventilatory Efficiency.  A largely 

unexplored approach to decreasing the V̇E-V̇CO2 response to exercise and improving 

exercise ventilatory efficiency and related physiological and perceptual outcomes (e.g., 

breathlessness) is increasing the PaCO2 equilibrium point by inducing a metabolic 

alkalosis.  Briefly, induction of a strong positive ion (cation) alkalosis by administration of 

sodium bicarbonate (NaHCO3, i.e., baking soda) has been shown to decrease 

ventilatory chemoreflex responsiveness by decreasing the concentration of hydrogen 

ions ([H+]) in the arterial blood and presumably also the cerebrospinal fluid.54,55 The 

resultant effect would be a decrease in V̇E and consequent increase in the PaCO2 

equilibrium point. 

 While the effects of induced metabolic alkalosis by NaHCO3 on exercise 

performance in athletic young adults are variable and relatively well described in the 

literature,56-59 we are aware of only a few studies that have examined the effect of 

increasing the PaCO2 equilibrium point via NaHCO3 administration on V̇E and gas 

exchange responses to exercise.4,8,9,60  

A randomized, double blind, placebo-controlled, crossover study by Jones et al.4 

examined the acute effects of induced metabolic alkalosis and acidosis by oral 

administration of 0.3 g/kg of NaHCO3 and of ammonium chloride (NH4Cl), respectively, 

on cardiorespiratory and metabolic responses to constant load cycle exercise testing at 

33%, 66% and 95% of peak incremental cycle power output (PPO) in 5 healthy men 
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aged 30.8 yrs.  Compared with the calcium carbonate (CaCO3) control condition, 

NaHCO3 increased whereas NH4Cl decreased arterialized venous pH, [HCO3
-] and 

PCO2 (Pa-vCO2) at rest and during 

exercise (Table 1.4, Fig. 1.8).  During 

exercise at 95% PPO, endurance time 

was higher after treatment with 

NaHCO3 (438 ± 120 sec) and lower 

after treatment with NH4Cl (160 ± 22 

sec) compared with the CaCO3 control 

condition (270 ± 13 sec).  As illustrated 

in Fig. 1.8 and as predicted by the 

modified alveolar ventilation equation 

(refer to Fig. 1.1), NaHCO3-induced 

increases in Pa-vCO2 were associated 

with mean decreases in the V̇E-V̇CO2 

response to exercise, whereas NH4Cl-

induced decreases in Pa-vCO2 were associated with mean increases in the V̇E-V̇CO2 

response to exercise.  Unfortunately, in that small study, no data were given on the 

statistical significance (or insignificance) of the observed changes in the V̇E-V̇CO2 

response to exercise with NaHCO3 and NH4Cl.    

A subsequent randomized, double blind, placebo controlled, crossover study by 

Oren et al.,61 examined the effect of induced chronic (3 days) metabolic alkalosis by 

NaHCO3 administration (0.7 g/kg/day) and induced chronic metabolic acidosis by NH4Cl 

	
Figure 1.8.  Effects of induced metabolic alkalosis by 
sodium bicarbonate administration (NaHCO3, 0.3 
g/kg) and induced metabolic acidosis by ammonium 
chloride administration (NH4Cl, 0.3 g/kg) on 
arterialized venous CO2 partial pressure (Pa-vCO2) 
and the ventilatory equivalent for CO2 (V E-V CO2) 
during constant-load cycle exercise at 33% and 66% 
of peak incremental power output in 5 healthy men.  
CaCO3 = calcium carbonate control condition.  Figure 
created using mean data from Jones et al.4 
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administration (0.3 g/kg/day) on V̇E-V̇CO2 responses to constant-load and incremental 

cycle exercise tests in 7 healthy men aged 22.4 yrs.  During metabolic acidosis, Pa-vCO2 

was significantly lower than the CaCO3 control condition and during metabolic alkalosis 

it was higher, although this difference was not statistically significant (Table 1.4).   

Table 1.4.  Effects of alkalinizing and acidifying salts on arterialized venous acid-base status.  
 NaHCO3 

(Metabolic Alkalosis) 
CaCO3  

(Control) 
NH4Cl  

(Metabolic Acidosis) 
pH 7.43 ± 0.005* 7.38 ± 0.01 7.23 ± 0.02* 
[HCO3

-], meq/l 32.5 ± 1.4* 24.4 ± 1.2 15.0 ± 0.8* 
Pa-vCO2, mmHg 47.1 ± 1.3 43.7 ± 2.9 36.3 ± 2.1* 
Values are means ± SE.  NaHCO3 = sodium bicarbonate (0.7 g/kg/day x 3 days); CaCO3 = calcium 
carbonate (0.1 g/kg/day x 3 days); NH4Cl = ammonium chloride (0.3 g/kg/day x 3 days); Pa-vCO2 = 
arterialized venous CO2 partial pressure; [HCO3

-] = arterialized venous bicarbonate concentration.  
*p<0.05 versus CaCO3 (control) values.  Adapted from Oren et al.9 

 

In keeping with the results of Jones et al.,4 the significantly reduced Pa-vCO2 levels 

caused by NH4Cl administration were 

associated with increased V̇E-V̇CO2 

responses to both constant-load (Fig. 

1.9) and incremental (Fig. 1.10) cycle 

exercise testing compared with the 

CaCO3 control condition.  By contrast, 

administration of NaHCO3, in the setting 

of an unchanged Pa-vCO2, had no 

significant effect on the V̇E-V̇CO2 

response to either constant-load (Fig. 

1.9) or incremental (Fig. 1.10) cycle 

exercise testing relative to the CaCO3 

control condition.  

	
	

Figure 1.9.  Best-fit first-order response of 
ventilation (V E) during 3 chronic acid-base states in 
a representative subject.  NH4Cl = ammonium 
chloride-induced metabolic acidosis; NaHCO3 = 
sodium bicarbonate-induced metabolic alkalosis; 
CaCO3 = calcium carbonate control.  The exercise 
transitions were from a baseline of unloading cycling 
(0 watts) to 90 watts.  Reproduced from Oren et al.9 
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 A randomized, double-blind, placebo controlled crossover study of 6 healthy men 

by Iwaoka et al.,8 examined the effects of acute administration of NaHCO3 (0.2 g/kg) on 

V̇E and gas exchange responses to 

constant-load cycle exercise 

maintained at 40% of maximal 

incremental V̇O2 (V̇O2max) for 10-min,  

followed by 15-min at 12 watts above 

the respiratory compensation point, 

followed by an endurance test at 95% 

V̇O2max.  In that study, NaHCO3
- 

decreased the V̇E-V̇CO2 response to 

exercise above the respiratory 

compensation point (Fig. 1.11) 

coincident with a small but non-

significant increase in Pa-vCO2 at rest. 

While the studies of Jones et 

al.,4 Oren et al.9 and Iwaoka et al.8 

employed a rigorous experimental 

study design, tests were performed in 

a combined total of just 18 men and the impact of induced acid-base states, particularly 

metabolic alkalosis, on exercise ventilatory efficiency could not be demonstrated with 

any level of certainty.  Moreover, neither of these studies examined the effect of 

changes in the PaCO2 equilibrium point on other relevant exercise physiological and 

	
Figure 1.10.   Effects of induced chronic metabolic 
alkalosis by sodium bicarbonate administration 
(NaHCO3, 0.3 g/kg/day for 3 days) and induced chronic 
metabolic acidosis by ammonium chloride administration 
(NH4Cl, 0.3 g/kg/day for 3 days) on the relationship 
between increasing ventilation (V E) and increasing CO2 
production (V CO2) during incremental cycle exercise 
testing in 7 healthy men, except where specified 
otherwise.  CaCO3 = calcium carbonate control 
condition.  Reproduced from Oren et al.9   
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perceptual outcomes; for example, breathlessness and leg discomfort.  Consequently, it 

remains unclear whether induced metabolic alkalosis by NaHCO3 administration 

improves exercise ventilatory efficiency 

and related physiological and symptom 

responses to exercise by increasing 

the PaCO2 equilibrium point.   

 

1.5. Objectives & Hypothesis  

The primary objective of this 

randomized, double-blind, placebo-

controlled crossover study was to 

examine the acute effects of induced 

metabolic alkalosis by oral 

administration of NaHCO3 on exercise 

ventilatory efficiency, i.e., V̇E-V̇CO2 

nadir.18 Our secondary objective was to examine the effect of induced metabolic 

alkalosis on (i) exercise endurance and (ii) detailed physiological and perceptual 

responses to exercise.  To this end, 18 healthy adults (12 men, 6 women) aged 18-40 

years performed a symptom-limited constant-load cycle exercise test at 80% of their 

peak incremental power output following single-dose administration of either NaHCO3 

(0.3 mg/kg) or sodium chloride placebo (NaCl, 4 mg), randomized to order. Arterialized 

venous blood gases were measured at rest 90-min after administration of NaHCO3 and 

NaCl.  Exercise tests were performed ≥90 and ≤120-min after administration of NaHCO3 

	
	

Figure 1.11.  Effect on induced metabolic alkalosis 
(0.2 g of NaHCO3

-/kg of body mass) on the 
ventilatory equivalent for CO2 (V E-V CO2) at rest and 
during constant-load cycle exercise maintained at 
40% of maximal incremental V O2 (V O2max) for 10-
min, followed by 15-min at 12 watts above the 
respiratory compensation point, followed by an 
endurance test at 95% V O2max.  Open circles = 
placebo control condition; Closed circles = sodium 
bicarbonate (NaHCO3

-) condition. *p<0.05 vs. 
placebo control condition.  Adapted from Iwaoka et 
al.8 
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and NaCl and included detailed evaluation of breathing pattern, dynamic operating lung 

volume, cardiometabolic, gas exchange and symptom parameters.  We hypothesized 

that, compared to NaCl, induced metabolic alkalosis by single-dose administration of 

NaHCO3 vs. NaCl would: increase the PaCO2 equilibrium point; decrease the V̇E-V̇CO2 

nadir; increase exercise endurance time; and decrease intensity ratings of perceived 

breathlessness during exercise.   
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CHAPTER 2: EFFECT OF INDUCED ACUTE METABOLIC ALKALOSIS BY SODIUM 

BICARBONATE ADMINISTRATION ON EXERCISE VENTILATORY EFFICIENCY IN 

HEALTHY ADULTS 



 Page 34 

2.1. ABSTRACT 

In a randomized, double blind, placebo controlled, crossover study of 18 healthy adults 

aged 22.2 ± 0.5 yrs (mean ± SE), we tested the hypothesis that increasing the arterial 

PCO2 equilibrium point via induced acute metabolic alkalosis by sodium bicarbonate 

(NaHCO3, 0.3 g/kg) administration would decrease the ventilatory equivalent for CO2 

(V̇E-V̇CO2) at its lowest point (“nadir”) during high-intensity constant-load cycle exercise 

testing, reflecting improved exercise ventilatory efficiency.  Compared to the NaCl 

control condition, administration of NaHCO3: increased arterialized venous pH, HCO3
- 

and PCO2 at rest by 0.05 ± 0.01 units, 4.3 ± 0.7 mmHg and 6.4 ± 0.4 meq/L, 

respectively (all p<0.0001); decreased the V̇E/V̇CO2 nadir by 9.4% (p<0.0001) 

secondary to reduced V̇E (by 4.7 ± 1.8 L/min, p=0.019); had no effect on 

cardiometabolic and symptom responses to exercise; and did not improve exercise 

tolerance. In conclusion, induced acute metabolic alkalosis by NaHCO3 administration 

improved exercise ventilatory efficiency in healthy adults.  
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2.2. INTRODUCTION  

The ventilatory response (V̇E) to exercise-induced increases in the rate of CO2 

production (V̇CO2), an index of exercise ventilatory efficiency, depends on the regulated 

level of arterial PCO2 (PaCO2) and the dead space (VD) to tidal volume (VT) ratio, as 

described by the modified alveolar ventilation equation: V̇E/V̇CO2 = 863/[PaCO2 x (1-

VD/VT)] (Fig. 1.1).62,63 

An abnormally high V̇E-V̇CO2 response to exercise, reflecting exercise ventilatory 

inefficiency and consequent to a high VD/VT and/or low PaCO2 equilibrium point,62,63	is a 

key pathophysiological feature of patients with chronic cardiopulmonary disease, 

including heart failure (HF),19,25 pulmonary arterial hypertension (PAH),34 idiopathic 

pulmonary fibrosis (IPF)36 and chronic obstructive pulmonary disease (COPD).32 In 

these patient groups, exercise ventilatory inefficiency6,32,34 is associated with: disease 

severity and progression;2,3,34,38 exercise intolerance;26,28,29,34,36,39 exertional 

breathlessness;3,41 and increased risk of hospitalization,26,42 major cardiac events7,39,43 

and mortality.19,31,36,39,64 It follows that any intervention capable of decreasing the V̇E-

V̇CO2 response to exercise has the potential to improve clinical and/or patient-reported 

outcomes.  Unfortunately, our ability to enhance exercise ventilatory efficiency is limited 

by the fact that, with the possible exception of lung volume reduction surgery in 

COPD49-52 and pulmonary vasodilator therapy in PAH33 and HF,53 ventilation-perfusion 

abnormalities reflecting a high VD/VT are often irreversible. 

A largely unexplored approach to decreasing the V̇E-V̇CO2 response to exercise 

is increasing the PaCO2 equilibrium point by inducing a metabolic alkalosis via 

administration of an alkalizing agent such as sodium bicarbonate (NaHCO3).  Oren et 
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al.9 examined the effect of induced chronic metabolic alkalosis by 3 consecutive days of 

NaHCO3 administration (0.7 g/kg/day) on V̇E-V̇CO2 responses to exercise in 7 healthy 

men.  Compared to the calcium carbonate control condition (CaCO3, 0.1 g/kg/day), 

NaHCO3 increased PaCO2 by ~3.5 mmHg at rest and decreased V̇E-V̇CO2 responses to 

(i) symptom-limited incremental cycle exercise testing and (ii) constant-load cycle 

exercise testing at a power output below the anaerobic threshold; however, none of 

these differences were statistically significant.  A study of 6 healthy men by Iwaoka et 

al.8 reported that, compared to the starch control condition, single-dose administration 

of NaHCO3 (0.2 g/kg) significantly decreased V̇E-V̇CO2 ratios during cycle exercise 

above but not below the respiratory compensation point coincident with small, 

statistically non-significant increases in PaCO2 at rest and during exercise.  Based on 

the results of these small studies, it remains unclear whether increasing the PaCO2 

equilibrium point via induced metabolic alkalosis by NaHCO3 administration has the 

potential to decrease V̇E-V̇CO2 responses to exercise in human subjects.     

Therefore, the primary objective of this randomized, double blind, placebo 

controlled, crossover study was to test the hypothesis that increasing the PaCO2 

equilibrium point via induced acute metabolic alkalosis by single-dose administration of 

NaHCO3 would improve exercise ventilatory efficiency, as evidenced by a decrease in 

the V̇E-V̇CO2 ratio at its lowest point (“nadir”)18 during high-intensity constant-load cycle 

exercise testing in healthy adults.  
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2.3. METHODS 

2.3.a. Participants.  Participants included healthy, non-smoking, non-obese (body 

mass index [BMI] <30 kg/m2) men and women aged 18-40 years with normal 

spirometry: forced expiratory volume in 1-sec (FEV1) ≥80% predicted65 and a FEV1-to-

forced vital capacity ratio (FEV1/FVC) >70%.  Participants were excluded if they were 

taking doctor-prescribed medications other than oral contraceptives and/or had a history 

of gastrointestinal, cardiovascular, respiratory, kidney, liver, musculoskeletal, endocrine, 

neuromuscular and/or metabolic disease/disorder.  Pregnancy in women was ruled out 

via standard (urine) pregnancy test prior to study enrolment.  Participants were recruited 

from McGill University and the general population.   

 

2.3.b.  Study design.  This was a randomized, double blind, placebo controlled, 

crossover study wherein participants visited the laboratory on three separate occasions 

over a period of 8-14 days.  Visit 1 included screening for eligibility, spirometry and a 

symptom-limited incremental cycle exercise test to determine peak power output (PPO).  

After randomization of treatments (Visits 2 and 3), participants received a single-dose of 

either 0.3 g/kg of NaHCO3 (Arm and Hammer Baking Soda, Church and Dwight Co., 

Inc., Mississauga, ON, Canada) or 4 g of sodium chloride placebo (NaCl; Kalas Iodized 

Sea Salt, Piloros Inc., Laval, QC, Canada).  Briefly, both NaHCO3 and NaCl were 

dissolved in 700 mL of water mixed with 4 tablespoons of President’s Choice® Extra 

Rich Chocolate Milk Mix (Loblaws, Inc., Toronto, ON, Canada) to mask the taste of 

NaHCO3 and help ensure that participants were blinded to the treatments.  The 

supplemented and chocolate flavored water was drunk in sips from 120- to 90-min prior 
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to each test, an administration strategy employed by Egger et al.66 to obviate the 

potentially confounding effects of gastrointestinal discomfort and belching often 

associated with consuming NaHCO3.  Arterialized venous blood samples were obtained 

at rest exactly 90-min post-treatment.  Immediately after blood sampling, participants 

completed a symptom-limited constant-load cycle exercise test at 80% of their PPO.  

Visits were separated by ≥48-hr and conducted at the same time of day (±1 hr) 

for each volunteer.  Participants were asked to avoid strenuous exercise as well as 

alcohol and xanthine-containing food and drinks (e.g., coffee, tea, cola) on each test 

day.  The study protocol and consent form were approved by the Institutional Review 

Board of the Faculty of Medicine at McGill University (A02-M19-15B) and conformed to 

the ethical standards set by the Declaration of Helsinki.  Each participant provided 

written, informed consent.  

 

2.3.c. Randomization and blinding of treatments.  The randomization scheme was 

generated using the Web site Randomization.com (http://randomization.com) by an 

unblinded third party of the Principal Investigator’s research team that was not affiliated 

with either participant recruitment and/or data collection or analysis.  This person also 

prepared the treatments so that neither the participant nor the research staff directly 

involved with the study were aware of the treatment allocation before or after 

randomization.        

 

2.3.d. Blood biochemistry. Arterialized venous blood samples for the determination of 

PaCO2 and of hydrogen ion ([H+]) and bicarbonate ([HCO3
-]) concentrations were drawn 
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from the earlobe at rest 90-min after administration of NaHCO3 and NaCl.  Briefly, the 

earlobe was warmed for 10-min prior to blood sampling using the rubefacient Finalgon® 

Cream (Boehringer Ingelheim GmbH); a puncture was made with a lancet so that a free 

flow of blood appeared; and blood was drawn into pre-heparinized capillary tubes 

(safeCLINITUBES, D957P-70-125; Radiometer Copenhagen, Denmark) and analyzed 

immediately using an Opti CCA-TS2 Portable Blood Gas Analyzer (OPTI Medical 

Systems, Inc., Roswell, Georgia, USA) at a standard temperature of 37oC.  

 

2.3.e. Spirometry and cardiopulmonary exercise testing.  Spirometry was performed 

with participants seated using automated equipment (Vmax Encore®; Carefusion, Yorba 

Linda, CA, USA) and according to recommended techniques.67  Exercise tests were 

conducted on an electronically braked cycle ergometer (Ergoline 800s; Carefusion) 

using a Vmax Encore® cardiopulmonary exercise testing system.  Incremental exercise 

tests consisted of a steady-state resting period of ≥6-min, followed by 25 watt increases 

in power output (starting at 25 watts) every 2-min: PPO was defined as the highest 

power output that the participant was able to sustain for ≥30-sec, while the peak rate of 

O2 uptake (V̇O2peak) was taken as the average of the last 30-sec of loaded pedaling.  

Constant-load exercise tests consisted of a steady-state resting period of ≥6-min, 

followed by a 1-min warm-up at 25% of PPO and then a step increase in power output 

to 80% of PPO.  During both incremental and constant-load tests, pedaling cadence 

was maintained between 60-80 rev/min and participants were verbally encouraged to 

exercise to the point of symptom-limitation (i.e., volitional fatigue). 
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Standard respiratory and gas exchange parameters were collected breath-by-

breath while participants breathed through a rubber mouthpiece and low-resistance flow 

transducer with nasal passages occluded by a nose clip. Heart rate was monitored 

continuously by 12-lead electrocardiography. Inspiratory capacity (IC) maneuvers were 

performed at rest, within the last 30-sec of every 2-min interval during exercise, and at 

end-exercise.  Assuming that total lung capacity does not change during exercise,68 

changes in IC and inspiratory reserve volume (IRV = IC - tidal volume [VT]) reflect 

changes in dynamic end-expiratory and end-inspiratory lung volume, respectively.  

Using Borg’s 0-10 category-ratio scale (Borg CR10),69 participants rated the intensity of 

their perceived breathlessness and perceived leg discomfort at rest, within the last 30-

sec of every 2-min interval during exercise, and at end-exercise. At end-exercise, 

participants verbalized their main reason(s) for stopping exercise; and quantified the 

percentage contribution of breathlessness and leg discomfort to exercise cessation. 

 

2.3.f. Analysis of exercise end-points.  Physiological parameters measured breath-

by-breath were averaged in 30-sec intervals at rest and during exercise at 80% PPO.  

These parameters, collected over the first 30-sec period of every 2-min interval during 

exercise, were linked with symptom ratings and IC-derived measurements collected 

over the latter 30-sec of the same minute.  Measured parameters were examined at rest 

(i.e., steady-state period after at least 3-min of breathing on the mouthpiece while 

seated at rest before the start of exercise); at standardized submaximal time points 

completed by all participants during all constant-load exercise tests (i.e., 2-min and 4-

min); at the highest equivalent submaximal time completed by a given participant during 
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each of his/her two constant-load exercise tests (i.e., isotime); and at peak exercise, 

defined as the average of the last 30-sec of loaded pedaling.  Exercise endurance time 

(EET) was defined as the duration of pedaling at 80% of PPO.  Our primary outcome, 

the V̇E-V̇CO2 nadir, was identified for each participant and treatment period as the 

lowest 30-sec average data point during constant-load cycle exercise testing: 

corresponding values of V̇E, V̇CO2 and end-tidal CO2 tension (PETCO2) were also 

identified.  

 

2.3.g. Statistical analysis.  Two-tailed paired t-tests were used to compare the effects 

of treatment with NaHCO3 and NaCl on: resting PaCO2, [H+] and [HCO3
-]; EET; V̇E-

V̇CO2 nadir and corresponding measures of V̇E, V̇CO2 and PETCO2; and the percentage 

contribution of breathlessness and leg discomfort to exercise cessation (SigmaStat; 

Systat Software Inc., San Jose, CA, USA). The effect of treatment (NaHCO3 vs. NaCl), 

measurement time (rest, 2-min, 4-min, isotime and peak exercise) and their interaction 

on measured parameters was examined using a two-tailed, two-way repeated 

measures analysis of variance with correction for multiple comparisons using Tukey’s 

HSD test.  Fisher’s exact test was used to compared the effect of treatment with 

NaHCO3 and NaCl on reasons for stopping exercise.  Statistical significance was set at 

p<0.05 and values are reported as mean ± SE. 
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2.4. RESULTS  

2.4.a. Participant characteristics.  Participants included 18 young (22.2 ± 0.5 yrs), 

non-obese (BMI, 24.2 ± 0.7 kg/m2) men and women (n=12 and 6, respectively) with 

normal spirometry (FEV1, 104 ± 3% predicted; FEV1/FVC, 82.1 ± 1.8%) and a PPO of 

219.4 ± 13.9 watts (108 ± 6% predicted70) and a V̇O2peak of 51.8 ± 2.6 ml/kg/min (129 ± 

6% predicted70). 

 
2.4.b. Blood biochemistry.  As illustrated in Fig. 2.1, single-dose administration of 

NaHCO3 induced a partially compensated metabolic alkalosis with decreases in [H+] (by 

4.3 ± 0.5 meq/L) and increases in PaCO2 and [HCO3
-] (by 4.3 ± 0.7 mmHg and 6.4 ± 0.4 

meq/L, respectively) compared with the NaCl control condition (all p<0.0001).  

 

2.4.c. Exercise endurance time and symptom responses.  None of the 18 

participants reported any undue effects (e.g., gastrointestinal discomfort, belching) after 

ingestion of either NaHCO3 or NaCl.  As illustrated in Fig. 2.2, neither EET nor intensity 

ratings of breathlessness and leg discomfort were different after treatment with NaHCO3 

vs. NaCl.  Similarly, NaHCO3 had no effect on the number of participants stopping 

exercise due to leg discomfort (NaCl, 55.5% vs. NaHCO3, 50%); breathlessness (NaCl, 

5.6% vs. NaHCO3, 11%); or a combination of leg discomfort and breathlessness (NaCl, 

38.9% vs. NaHCO3, 33.3%) (all p>0.05).  Moreover, the percentage contribution of leg 

discomfort (NaCl, 58.1 ± 5.2% vs. NaHCO3, 53.6 ± 5.8%; p=0.451) and breathlessness 

(NaCl, 41.9 ± 5.2% vs. NaHCO3, 46.4 ± 5.8%; p=0.451) to exercise cessation were 

similar between NaCl and NaHCO3 conditions. 
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Figure 2.1. Effect of single-dose administration of sodium bicarbonate (NaHCO3) compared with 
sodium chloride (CTRL) on blood biochemistry parameters at rest, with mean ± SE responses (A, C 
and E) and individual subject responses (B, D and F) presented. [H+], arterialized venous hydrogen ion 
concentration; [HCO3

-], arterialized venous bicarbonate concentration; PaCO2, arterial venous CO2 
partial pressure.  *p<0.05 vs. CTRL. 
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2.4.d. Exercise ventilatory efficiency.  Compared with NaCl, ingestion of NaHCO3 

decreased the V̇E/V̇CO2 ratio (Fig. 2.3A) and increased PETCO2 (Fig. 2.3B) at rest and 

throughout exercise.  The V̇E/V̇CO2 nadir was lower (by 2.34 ± 0.20 units, p<0.0001) 

after treatment with NaHCO3 vs. NaCl (Figs. 2.3C-D).  Mean values of PETCO2, V̇E and 

V̇CO2 corresponding to the V̇E/V̇CO2 nadir were higher (by 4.5 ± 0.3 mmHg, p<0.0001), 

lower (by 4.7 ± 1.8 L/min, p=0.019) and not significantly different in the NaHCO3 vs. 

NaCl condition, respectively (Figs. 2.3E-J). 

Figure 2.2. Effect of single-dose administration of sodium bicarbonate (NaHCO3) compared with 
sodium chloride (CTRL) on exercise endurance time (EET) and Borg 0-10 category ratio scale 
intensity ratings of perceived breathlessness and leg discomfort during constant-load cycle exercise 
testing performed at 80% of peak incremental power output, equivalent to 176 ± 10 watts.  A) Mean ± 
SE values after treatment with NaHCO3 vs. CTRL.  B) Individual subject responses in EET to 
treatment with NaHCO3 vs. CTRL.  C and D) Data points are mean ± SE values at rest, at 
standardized submaximal times of 2-min and 4-min, at isotime (9.78 ± 0.93 min), and at peak 
exercise. 
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Figure 2.3. Effect of single-dose administration of sodium bicarbonate (NaHCO3) compared with 
sodium chloride (CTRL) on the ventilatory equivalent for CO2 (V E/V CO2), an index of exercise 
ventilatory efficiency, and related outcomes at rest and during constant-load cycle exercise testing at 
80% of peak power output, equivalent to 176 ± 10 watts.  A and B) Data points are mean ± SE values 
at rest, at standardized submaximal times of 2-min and 4-min, at isotime (9.78 ± 0.93 min), and at 
peak exercise.  C, E, G and I) Mean ± SE values at the V E/V CO2 nadir after treatment with NaHCO3 
vs. CTRL.  D, F, H and J) Individual subject responses at the V E/V CO2 nadir after treatment with 
NaHCO3 vs. CTRL.  PETCO2 = end-tidal CO2 partial pressure; V CO2 = rate of CO2 production. *p<0.05 
vs. CTRL. 
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2.4.e. Cardiometabolic and ventilatory responses.  With the exception of a 0.24 ± 

0.06 L/min (p=0.002) increase in V̇CO2 during exercise at isotime after treatment with 

NaHCO3 vs. NaCl, cardiometabolic responses to exercise were similar between 

treatments (Fig. 2.4).  Compared with NaCl, ingestion of NaHCO3 decreased V̇E by 5.8 

± 1.9 L/min during exercise at 2-min, by 5.0 ± 2.4 L/min during exercise at 4-min, and by 

4.5 ± 2.1 L/min at end-exercise (all p<0.05) (Fig. 2.5A).  These differences in V̇E were 

due to small but consistent decreases in VT expansion (Fig. 2.5B) with no associated 

changes in breathing frequency (Fig. 2.5C) or the behavior of dynamic IC and IRV (Fig. 

2.5D).      

Figure 2.4. Effect of single-dose administration of sodium bicarbonate (NaHCO3) compared with 
sodium chloride (CTRL) on cardiometabolic responses at rest and during constant-load cycle exercise 
testing at 80% of peak power output, equivalent to 176 ± 10 watts. Data points are mean ± SE values 
at rest, at standardized submaximal times of 2-min and 4-min, at isotime (9.78 ± 0.93 min), and at peak 
exercise. V O2 and V CO2 = rates of O2 uptake and CO2 production, respectively. *p<0.05 vs. CTRL.	
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Figure 2.5. Effect of single-dose administration of sodium bicarbonate (NaHCO3) compared with 
sodium chloride (CTRL) on ventilation, breathing pattern and dynamic operating lung volume response 
at rest and during constant-load cycle exercise testing at 80% of peak power output, equivalent to 176 
± 10 watts. Data points are mean ± SE values at rest, at standardized submaximal times of 2-min and 
4-min, at isotime (9.78 ± 0.93 min), and at peak exercise. IRV = inspiratory reserve volume; TLC = 
total lung capacity; IC = inspiratory capacity. *p<0.05 vs. CTRL. 
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2.5. DISCUSSION 
 
The primary finding of this randomized, double blind, placebo-controlled, crossover 

study is that increasing the PaCO2 equilibrium point via induced acute metabolic 

alkalosis by ingestion of NaHCO3 decreased the V̇E-V̇CO2 response to high-intensity 

constant-load cycle exercise testing in healthy adults.  

The modified alveolar ventilation equation (V̇E/V̇CO2 = 863/[PaCO2 x (1-VD/VT)]) 

predicts that the V̇E response to any given increment in V̇CO2 during exercise will 

decrease as VD/VT decreases and/or as the regulated level of PaCO2 increases (Fig. 

1.1).62,63 To the best of our knowledge, there is no reason to believe that acutely 

increasing blood [HCO3
-] via ingestion of NaHCO3 vs. NaCl decreased VD/VT at rest or 

during exercise in our participants.  It follows that increases in the PaCO2 equilibrium 

point (by ~4.5 mmHg at rest and presumably also during exercise based on measured 

values of PETCO2) were most likely responsible for the observed decrease in V̇E-V̇CO2 

relationships at rest and during exercise after treatment with NaHCO3 vs. NaCl.  With 

the exception of measurements made during exercise at isotime, NaHCO3-induced 

decreases in the V̇E-V̇CO2 response to exercise were accounted for by statistically 

significant decreases in V̇E; for example, the decrease in the V̇E-V̇CO2 nadir (by 9.4%) 

after ingestion of NaHCO3 vs. NaCl reflected a 4.7 L/min (or 7%) decrease in V̇E without 

a significant change in V̇CO2.   

Relatively few studies have examined the effect of induced metabolic alkalosis 

on the ventilatory response to exercise in health and/or disease.4,8,9,71,72  Jones et al.4 

studied the effect of induced acute metabolic alkalosis by ingestion of NaHCO3 on the 

cardiorespiratory and metabolic responses of 5 healthy young men to constant-load 
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cycle exercise testing.  In that study, single-dose administration of NaHCO3 vs. CaCO3 

(both 0.3 g/kg) had no statistically significant effect on the V̇CO2 response to exercise, 

but was associated with a 4-5 mmHg increase in PaCO2 and a 3.5-4.5 L/min decrease 

in V̇E during exercise at 33 and 66% of PPO.  However, the investigators did not report 

on whether these differences in PaCO2 and V̇E were statistically significant nor did they 

report on the effect of treatment with NaHCO3 vs. CaCO3 on V̇E-V̇CO2 relationships 

during exercise.  A subsequent study from the same laboratory by Kowalchuk et al.71 

reported no change in PaCO2, V̇E and V̇CO2 responses at rest or during incremental 

cycle exercise testing to exhaustion in 5 healthy young men after single-dose 

administration of NaHCO3 vs. CaCO3 (both 0.3 g/kg).  A study of 7 healthy young men 

by Oren et al.9 found that chronic metabolic alkalosis induced by 3 consecutive days of 

treatment with NaHCO3 (0.7 g/kg/day) vs. CaCO3 (0.1 g/kg/day) increased PaCO2 by 

~3.5 mmHg at rest and decreased V̇E-V̇CO2 responses to both incremental and 

constant-load cycle exercise testing; however, none of these differences were 

statistically significant. Iwaoka et al.8 observed that V̇E-V̇CO2 ratios were significantly 

lower during constant-load cycle exercise testing performed above but not below the 

respiratory compensation point following single-dose administration of NaHCO3 vs. 

starch (both 0.2 g/kg) among 6 healthy young men. Moreover, Coppoolse et al.72 found 

that induced acute metabolic alkalosis by ingestion of NaHCO3 (0.3 g/kg) increased 

mean resting values of PaCO2 by 2-7 mmHg, but did not alter the V̇E response to 

symptom-limited incremental cycle exercise testing in 5 healthy young men or in 6 older 

adults (5 men) with severe COPD; however, no data were given on the effect of 

NaHCO3 ingestion on V̇E-V̇CO2 relationships during exercise in either group. 
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 The reasons for the discrepant results concerning the effects of NaHCO3 

administration on V̇E and V̇E-V̇CO2 responses to exercise between the current and 

earlier studies are unclear, particularly in view of similarities in experimental study 

design (i.e., randomized, double blind, placebo controlled, cross over), study 

participants (i.e., healthy young adults, the majority of whom were male), exercise test 

modality (i.e., cycle ergometer) and dose of NaHCO3 used (i.e., 0.3 g/kg).  

Notwithstanding these similarities, our sample size of 18 was 2-4 times larger than 

those of all earlier studies and thus less susceptible to a Type II statistical error. It is 

also possible that the lack of effect of induced metabolic alkalosis on V̇E and V̇E-V̇CO2 

responses to exercise in earlier studies4,9 reflected their use of relatively lower exercise 

intensities.  To this end, the metabolic hyperbola, which represents the curvilinear 

relationship between V̇E and PaCO2 at any given V̇CO2, is relatively flat at low levels of 

V̇CO2 and steepens with increasing V̇CO2 (Fig. 1.1).63  Thus, an increase in the PaCO2 

equilibrium point on the order of magnitude reported in the current study and in earlier 

studies (i.e., 3-5 mmHg) after treatment with NaHCO3 would have little effect on V̇E 

during exercise at levels of V̇CO2 less than ~2.5 L/min.  Indeed, neither Jones et al.4 nor 

Oren et al.9 were able to demonstrate a statistically significant effect of induced 

metabolic alkalosis by ingestion of NaHCO3 on the V̇E response to constant-load cycle 

exercise testing performed at mean levels of V̇CO2 ranging 1.13 to 2.42 L/min.  In the 

current study, constant-load cycle exercise tests were performed at 80% of PPO, 

corresponding to mean levels of V̇CO2 ≥3 L/min (Fig. 2.4b).  It follows that NaHCO3-

induced increases in the PaCO2 equilibrium point by ~4.5 mmHg were associated with 
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statistically significant reductions of in the V̇E-V̇CO2 response to exercise, presumably 

reflecting enhanced exercise ventilatory efficiency. 

 Sue19 has argued, on the basis of pulmonary gas exchange, that because V̇E is 

the sum of alveolar ventilation (V̇A) and dead space ventilation (V̇D), true ventilatory 

inefficiency exists only if an abnormally high V̇E-V̇CO2 response to exercise results from 

increased V̇D.  The corollary of this is that, in the current study, NaHCO3-induced 

reductions in the V̇E-V̇CO2 response to exercise may not necessarily reflect enhanced 

exercise ventilatory efficiency since reductions in V̇E (in the setting of a relatively 

unchanged V̇CO2) resulted from an increased PaCO2 equilibrium point.  

 As reviewed in detail elsewhere,59,73,74 the results obtained from numerous 

studies concerning the effects of NaHCO3 on human exercise tolerance/performance 

have been conflicting and inconclusive. Under the experimental conditions of the current 

study, induced acute metabolic alkalosis by ingestion of NaHCO3 had no meaningful 

effect on cardiometabolic, operating lung volume and perceptual responses to exercise 

and thus was not associated with improved EET.  

 

2.5.a. Methodological considerations.  Although there is some controversy in the 

literature about which method should be used to estimate exercise ventilatory efficiency, 

a comprehensive study of 474 healthy adults aged 17-78 years by Sun et al.18 

concluded that the V̇E-V̇CO2 nadir (our primary outcome) is the preferred noninvasive 

parameter estimate of exercise ventilatory efficiency, at least in healthy subjects.  

Our participants were healthy, young, non-obese and non-smoking men and 

women with normal-to-above normal levels of cardiorespiratory fitness.  It follows that 

the results of this study may not be generalizable to any one or combination of the 
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following: elderly men and women; obese men and women; physically 

inactive/deconditioned men and women; current or ex-smokers; and adults with chronic 

cardiovascular, metabolic, pulmonary and/or neuromuscular disease.         

We examined the acute effect of induced metabolic alkalosis by ingestion of 0.3 

g of NaHCO3 per kilogram body mass on exercise physiological and perceptual 

responses.  Thus, we cannot extrapolate our results to longer-term use of NaHCO3 nor 

can we comment on the efficacy and/or tolerability of NaHCO3 ingestion at doses >0.3 

g/kg.   

 

2.5.b.  Clinical implications.  It is relatively well established that any therapeutic 

intervention capable of decreasing exercise ventilatory requirements (e.g., exercise 

training, supplemental oxygen) has the potential to improve exercise endurance and 

decrease intensity ratings of physical activity-related breathlessness in patients with 

chronic cardiopulmonary disease.  Although NaHCO3-induced reductions in exercise V̇E 

and V̇E-V̇CO2 responses were not associated with improved EET and/or relief of 

exertional breathlessness in our group of healthy young adults, the results of the current 

study nevertheless provide a physiological rationale to examine the potential benefits of 

induced acute metabolic alkalosis by NaHCO3 administration on exercise ventilatory 

efficiency and related clinical- and patient-reported outcomes (i.e., EET, 

breathlessness) in selected patients with HF, PAH, COPD and IPF.  A particularly 

interesting question is whether acute administration of NaHCO3 prior to each bout of 

exercise performed in the context of a rehabilitative training program can enable such 
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patients to train at higher exercise intensities and thus derive greater physiological 

benefits/adaptations.   

 

2.5.c.  Conclusion.  The results of our study provide new evidence to support the 

hypothesis that increasing the PaCO2 equilibrium point via induced acute metabolic 

alkalosis with NaHCO3 can enhance exercise ventilatory efficiency, at least in healthy 

young adults.  
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