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Pe#te histoire d’une belle victoire et d’une grande révolu#on 

« La détermina#on du seuil idéal d’entraînement foncier aérobie de Bio-training© » 
Jean-Paul Eclache 

La publica*on de ce Bulle*n prévue en août a été avancée de quelques semaines du fait d’un 
évènement excep*onnel que j’ai le grand plaisir et l’insigne honneur de vous annoncer, à 
savoir l’accepta*on par le monde scien*fique de notre dernier ar*cle dans une revue 
interna#onale à comité de lecture de renom : European Journal of Applied Pysiology. 
  
Jean P. Eclache, Ibai Garcia-Tabar, Esteban M. Goros#aga (2024). A new objec#ve method 
for determining exercise gas exchange thresholds by respiratory frequency in middle-aged 
men. Eur. J. Appl. Physiol., 14p. 
Received: 11 January 2024 / Accepted: 28 May 2024  

Vous trouverez donc ci-joint les conseils et autorisa*ons de diffusion générale du rédacteur 
en chef de ceSe revue ainsi que l’intégralité de cet ar*cle qui vient valider la méthodologie 
présentée dans notre dernier Bulle*n de vulgarisa*on scien*fique, N°2-2024, sur 
« Comment u)liser un circuit MeRCIastb© exper)sé pour le Bio-training©-marche ». 

Naissance et croissance d’un sophisme  

L’ar*cle de référence sur la détermina*on du seuil anaérobie a été publié en 1986 par Beaver 
et collaborateurs (BEAVER, WILLIAM L., KARLMAN WASSERMAN, AND BRIAN J. WHIPP (1986). A 

new method for detecJng anaerobic threshold by gas exchange. J. Appl. Physiol. 60(6) : 2020-2027.). 
Plus de 2700 ar*cles scien*fiques sur ce thème ont suivi et nourri quarante ans de 
tergiversa*ons, de fausses routes, de remises en cause et de publica*ons qui n’ont 
malheureusement jamais permis d’abou*r à fournir une méthodologie simple et 
scien*fiquement validée. Une longue impasse intellectuelle liée au principe même à l’origine 
de ce travail qui consistait à considérer que, lors d’une épreuve d’effort de puissance 
progressivement croissante, l’observa*on empirique plus ou moins neSe d’une rupture de 
pente affectant la courbe temporelle de consomma*on d’oxygène et de rejet de gaz 
carbonique - sur les enregistrements fournis par les systèmes automa*sés de mesure des 
échanges gazeux - pourrait être le témoin de la zone dite de «transi*on aéro-anaérobie » ou 
de « seuil anaérobie ».  

Les machines ou les ou*ls, en l’occurrence les systèmes automa*sés de mesure des 
échanges gazeux, dont les revendeurs d’ailleurs ne connaissent bien souvent que très mal les 
principes de fonc*onnement, les limites d’u*lisa*on et la précision,  fournissent des valeurs 
numériques et des courbes dont, en fonc*on des tendances scien*fiques du moment et du 
niveau de compétence, les u*lisateurs essaient de *rer le plus rapidement possible un 
maximum de conclusions pseudo-scien*fiques et de publica*ons leur permeSant de 
conserver une situa*on dominante sur le monde scien*fique ; une stratégie qui finissait 
malheureusement par n’obéir qu’à un système carriériste et mercanJle. 



Au lieu de précéder l’élabora*on de protocoles expérimentaux ra*onnels - nécessitant 
d’u*liser des machines et des ou*ls adaptés à un objec*f précis - les hypothèses 
scien*fiques fondées sur une synthèse des connaissances physiologiques du moment, se 
sont donc, dans ce domaine, trouvées reléguées au second rang pendant près de quarante 
ans. Il s’agit là des conséquences d’un paradigme banal qui conduit bien souvent à la pensée 
unique, à la néga*on de la méthode qcien*fique, à la soumission à la doxa impérialiste du 
moment et donc, dans ce domaine, à la stérilisaJon de la recherche et des progrès 
scienJfiques. 

Un terrain favorable au sophisme  

Outre la soumission à la technologie, au carriérisme et au mercan*lisme, il faut aussi meSre 
en exergue la dispariJon progressive de la physiologie généraliste et de la physiologie du 
vivant et donc de celle de l’exercice et des régula*ons, au profit d’hyper spécialisa*ons 
sectorielles conduisant à une concep*on de la structure vivante de l’homme éclatée, voire 
déstructurée ou « wokiste », et considérée comme un simple assemblage ou empilage de 
sous-structures et de fonc*ons de plus en plus déconnectées les unes des autres.  

CeSe concep*on du vivant a été favorisée par le développement d’une noJon simpliste de 
l’homéostasie réduisant les régula*ons physiologiques à un simple main*en de constantes 
biologiques, concep*on encouragée par l’évolu*on de la médecine de soins, l’abandon de la 
médecine intégrée, la course au temps et à la rentabilité, l’informa*sa*on déshumanisante, 
les sta*s*ques, la télémédecine et la surabondance d’examens spécialisés. En effet ce que 
l’on considère comme des constantes biologiques ne sont en réalité que des variables dont 
l’amplitude de varia*on s’effectue physiologiquement dans une plage compa*ble avec la 
survie de l’individu d’une espèce donnée, et en fonc*on des perturba*ons énergé*ques 
imposées volontairement ou subies du fait de varia*ons des contraintes environnementales. 
Ces pseudo-constantes ne sont donc en réalité que des moyennes sta*s*ques de référence, 
valeurs déterminées à un moment donné sur des popula*ons par*culières, souvent issues 
d’ailleurs du monde hospitalier et dans des condi*ons qu’il serait nécessaire de connaitre et 
de reproduire pour pouvoir les comparer aux données individuelles, elles-mêmes mesurées 
dans des condi*ons qu’il faudrait pouvoir imposer. Ces pseudo-constantes sont d’ailleurs 
souvent très différentes d’une espèce animale à une autre, en fonc*on de leur mode de vie, 
de leur environnement, de leur milieu, terrestre, aérien ou aqua*que, etc. Et bien 
évidemment, à l’intérieur d’une même espèce, elles sont différentes d’un individu à un autre. 

Une autre raison de ceSe distorsion est liée à la formaJon même des médecins et biologistes 
dont la culture en sciences dites dures, mathéma*ques et physiques en par*culier, est 
généralement rela*vement légère et ne leur permet pas de s’approprier les connaissances 
de base concernant la théorie des asservissements, ses applica*ons, et la compréhension 
des systèmes de régula*on biologiques complexes à l’origine de la vie. Or si les lois de la 
physique et de la thermodynamique qui conduisent à appréhender la no*on d’entropie et de 
déstructura*on universelle « spontanée » sont généralement assez correctement perçues, 
les lois de la biologie du vivant - qui se traduisent par une néguentropie et une structura*on 
temporaire elle aussi universelle et « spontanée » - répondent à des principes physiques de 
régula*on généralement méconnus ou faussement interprétés comme ce fut le cas pendant 
des années pour l’homéostasie et les pseudo-constantes biologiques.  



Le retour à la méthode cartésienne 

L’une des quesJons essenJelles à laquelle auraient dû tenter de répondre ces près de 3000 
travaux et publica*ons était pourtant simple : déterminer en priorité de façon indirecte et 
scien*fique un premier seuil respiratoire*, première limite de puissance en deçà de laquelle :  

- les processus cataboliques se limitent à u*liser les réserves énergé*ques *ssulaires et 
circulantes glucides et lipides sans altérer de façon irréversible les structures, 

- les processus anaboliques de restaura*on des réserves et des structures s*mulées 
par l’ac*vité compensent ou dépassent les effets des processus cataboliques. 

L’intérêt d’une telle déterminaJon est en effet considérable puisque l’entraînement foncier 
aérobie de type Bio-training© est la base de la prépara*on aussi bien des athlètes de haut 
niveau que de l’entre*en ou de la rééduca*on des sujets fragilisés du fait d’un âge avancé ou 
d’accidents pathologiques, (maladies ou traitements imposant une réduc*on de l’ac*vité 
physique et une perte d’autonomie, hospitalisa*ons, interven*ons chirurgicales, etc.). Or, si 
la détermina*on directe de ceSe zone métabolique par des techniques invasives, e.g. la 
détermina*on de l’équilibre lactate mise au point par Esteban Goros*aga et collaborateurs 
fait consensus sur le plan scien*fique, elle nécessite d’être réalisée par une équipe 
spécialisée  
et se heurte donc aux problèmes de temps et de coût de réalisa*on. Dans une op*que 
sociale et économique, la mise au point d’une technique indirecte, simple, rapide, peu 
onéreuse, u*lisable en rou*ne mais scien*fiquement fondée, apparaissait donc comme un 
objec*f fondamental et en cas de succès un progrès majeur pour l’humanité. 

Mais après avoir précisé la ques*on à résoudre et son intérêt socio-économique, il aurait 
enfin été nécessaire, pour bâ*r une stratégie scien*fiquement fondée, de faire le point des 
connaissances sur la validité des témoins biologiques indirects du métabolisme sans oublier 
la fréquence respiratoire.  

La fréquence respiratoire : un témoin à charge  

Les effets délétères sur les structures d’un excès de contraintes par rapport à leur ap*tude 
sont consécu*fs à la mise en jeu d’un certain degré de métabolisme producteur de radicaux 
libres, en par*culier de protons (ions H+) non ou mal tamponnés, dont la charge électrique - 
comme l’agita*on moléculaire liée à une produc*on anormale de chaleur - déforme et 
détruit les structures protéiques. Ces phénomènes sont directement liés à une mise en jeu 
excessive du métabolisme anaérobie se traduisant par un relargage croissant de lactate dans 
le torrent circulatoire quand la capacité de réu*lisa*on *ssulaire, en par*culier musculaire, 
est saturée. CeSe augmenta*on de l’acidité circulante est enregistrée par les récepteurs 
situés sur les vaisseaux artériels, les sinus caro*diens et le plancher du 4ième ventricule. Ils 
s*mulent les centres respiratoires bulbaires qui, en retour, augmentent les volées d’influx à 
des*na*on des nerfs et des effecteurs musculaires respiratoires, en par*culier les nerfs 
phréniques et le diaphragme, et s’accompagnent d’une augmenta*on parallèle de la 
fréquence respiratoire.  

* Nous n’aborderons pas ici le problème de l’existence d’autres seuils respiratoires, en parJculier d’un deuxième, lié à des altéraJons 

Jssulaires touchant aussi les molécules de « super carburant » telles que l’ATP avec appariJon dans le sang circulant de produits de 
dégradaJon comme l’ion NH3+ qui majorent la sJmulaJon des récepteurs régulant la respiraJon. Situé entre le premier seuil et le 
maximum aérobie et marqué par une nouvelle rupture de pente, ce seuil ne présente de réel intérêt que dans la gesJon des entraînements 
durs de puissance sous-maximale, maximale ou supra-maximale, et ceux fracJonnés et/ou à visée d’apprenJssage biomécanique. 



La fréquence respiratoire : un témoin influençable 

En l’absence de perturba*ons volontaires ou involontaires de la fréquence respiratoire, sa 
pente d’augmenta*on lente et régulière avec la puissance de l’exercice se trouve donc 
majorée à par*r de ce niveau par*culier de puissance in*tulé premier seuil ven*latoire.  
L’amplitude de ceSe majora*on aSeint approxima*vement environ deux fois celle qu’on 
peut observer au repos. Malheureusement la zone d’ac*vité comprise entre le repos et ce 
premier seuil est celle qui permet, en dépit d’une augmenta*on de la dépense énergé*que, 
d’u*liser volontairement la respira*on pour assurer des fonc*ons autres que celle 
d’échanges gazeux qui est vitale et soumise à une régula*on puissante et involontaire. A ces 
perturba*ons de la fréquence respiratoire, parole, chant, manœuvres de Valsalva, toux, etc., 
peuvent s’ajouter celles provoquées par des s*mula*ons psycho-sensorielles d’autant plus 
importantes que les sujets ne sont pas habitués à l’exercice physique et/ou à un 
environnement stressant comme le milieu médical ou le laboratoire. 

La fréquence respiratoire : un témoin négligé 

Ces perturba*ons sont à l’origine d’un abandon quasi général par les physiologistes depuis 
plus de quarante ans de la fréquence respiratoire comme témoin poten*el d’un niveau 
d’astreinte métabolique. Mais si ces auteurs avaient eu un minimum de forma*on en 
sciences dures leur permeSant d’appréhender les régula*ons physiologiques, ils auraient pu 
comprendre que ces modifica*ons volontaires de la fréquence respiratoire étaient d’autant 
moins possibles et présentes que l’intensité de la demande énergé*que était élevée, en 
par*culier quand on aSeint et dépasse ce fameux seuil où, par exemple, il devient quasiment 
impossible d’entretenir une conversa*on. C’est d’ailleurs ce témoin empirique et subjec*f 
que de nombreux entraineurs avaient déjà, et depuis longtemps, u*lisé pour guider leurs 
séances d’entraînement foncier aérobie. 

Les échanges gazeux : des témoins faux amis 

Enfin, pour meSre en évidence une rupture de pente signant une modifica*on marquée du 
régime métabolique de produc*on énergé*que, il aurait été nécessaire aussi d’u*liser une 
méthode sta*s*que irréprochable et reproduc*ble, et dont l’u*lisa*on aurait permis une 
efficacité certaine au moins supérieure à celle d’une simple apprécia*on visuelle. Par ailleurs 
il aurait été nécessaire qu’elle soit applicable à un fort pourcentage des membres des 
popula*ons testées, quels que soient l’âge, le sexe, le niveau d’ap*tude, les pathologies, etc., 
et qu’elle évite d’imposer une suppression trop fréquente des trop nombreux sujets qui ne 
répondaient pas de façon posi*ve à la technique proposée. Finalement il était évident que 
l’applica*on même d’une excellente méthode de détermina*on de rupture de pente à une 
variable biologique comme le débit de gaz carbonique rejeté, dont l’amplitude n’est pas une 
grandeur régulée directement soumise à la s*mula*on de capteurs spécifiques du type de 
métabolisme mis en jeu, avait toutes chances de conduire à un pourcentage élevé d’échecs ; 
et ce, d’autant plus que les capacités de modifier le volume des réserves organiques de CO2 
sont suscep*bles de créer un déphasage et un amor*ssement importants entre le signal de 
produc*on métabolique cellulaire et le signal d’élimina*on respiratoire observé à la bouche. 



La réhabilita#on d’un témoin délaissé 

Après avoir été les premiers à meSre au point un système automa*sé de mesure des 
échanges gazeux cycle à cycle dont l’originalité était sa modularité et son principe fondé sur 
l’u*lisa*on de la mesure du débit inspiratoire et non expiratoire*, nous avons donc émis 
l’hypothèse, dès les années quatre-vingt, d’une possibilité mathéma*que de mise en 
évidence d’une rupture de pente de l’adapta*on de fréquence respiratoire lors d’un exercice 
de puissance progressivement croissante. CeSe hypothèse ayant été validée, ce témoin a été 
u*lisé de façon confiden*elle à par*r des années 1985 pour guider l’entraînement foncier 
aérobie de plusieurs équipes et athlètes français de haut niveau et préparer des 
compé**ons et des records de niveau interna*onal avec les succès que l’on connait. C’est 
l’applica*on qui en a été faite depuis une dizaine d’années pour l’entre*en ou la rééduca*on 
et la luSe contre la perte d’autonomie des seniors et des sujets fragilisés qui nous a amenés 
à rendre publics ces travaux et ceSe synthèse pour laquelle les chances d’une accepta*on 
interna*onale étaient probléma*ques compte-tenu de la remise en cause qu’elle impliquait 
pour de très nombreuses équipes de chercheurs.  

Je me dois donc ici de faire part de mes remerciements en premier à Esteban Goros*aga, Ibaï 
Garcia-Tabar et collaborateurs, pour leur par*cipa*on ac*ve à une mise en forme de ce 
travail réalisé dans le Laboratoire Performance et Santé de l’ASTB, mise en forme respectant 
les codes interna*onaux du moment et abou*ssant à une présenta*on suffisamment 
orthodoxe qui permeSait, tout en gardant son fondement scien*fique original et rigoureux, 
d’éviter autant que faire se peut, de déclencher l’ire de reviewers possiblement intoxiqués 
par l’orthodoxie scien*fique dominante. Il faut donc aussi saluer l’honnêteté et l’impar*alité 
des reviewers et du rédacteur en chef de ceSe revue qui ont pris le risque de se démarquer 
d’une doxa profondément ancrée depuis plusieurs années dans le monde scien*fique. 

*Ce système dont la conception et la réalisation ont été assurées par des membres de TBM issus du département technique de 
l’ASTB ont fait l’objet de nombreuses convoitises, en particulier de sociétés américaines et grecques, qui ont tenté soit de 
débaucher des cadres scientifiques de cette association, soit de copier cette nouvelle technologie. Le caractère modulaire 
innovant de ce système installé dans différente structures de recherche, ASTB, Université Lyon1, HCL, CRSSA, outre 
l’avantage d’une meilleure stabilité des mesures de débit respiratoire effectuées sur l’inspiration, s’accompagnait en effet d’une 
économie conséquente en permettant un remplacement rapide d’un élément modulaire en cas de panne, analyseur O2, 
analyseur CO2, chambre cycle à cycle, système pneumo-tachographique, carte d’interfaçage, ordinateur et logiciel MET, 
périphériques. 

Pour plus de détails consulter :!
S. ECLACHE, J. FRUTOSO, N. BENISTANT, A. BAKKAR, JP. ECLACHE (1985). Le système MMMS7785 (Marianne Modular 
Metabolism System) de suivi des exercices et épreuves d"effort en physiologie et physiopathologie humaines par mesure 
automatisée des échanges gazeux cycle à cycle en circuit ouvert et des adaptations cardiaques, électriques, morphologiques 
et rythmiques, et vasculaires de pression - Présentation synthétique introductive. In : Rapp. Tech., TBM, 1985: 1-5.  
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Abstract
Purpose To evaluate the agreement between the two Gas Exchange Thresholds (GETs = GET1 and GET2), identified by the 
conventional V-Slope method, and two Respiratory Frequency Thresholds  (fRTs =  fRT1 and  fRT2) obtained from a novel, 
low-cost, and simple method of breakpoint determination.
Methods Fifty middle-aged males (age: 50–58 years; V̇o2peak: 37.5 ± 8.6 mL·Kg−1·min−1), either healthy or with chronic ill-
nesses, underwent an incremental cycle exercise test to determine maximal oxygen uptake ( V̇o2max/V̇o2peak), GETs and  fRTs.
Results There were no statistical differences [P > 0.05; ES: 0.17 to 0.32, small] between absolute and relative (56–60% V̇
o2peak) oxygen uptake ( V̇o2) values at GET1 with those obtained at  fRT1, nor between V̇o2 values at GET2 with those at  fRT2 
(76–78% V̇o2peak). Heart rate (HR) at  fRT1, and V̇o2 and HR at  fRT2 showed very large correlations (r = 0.75–0.82; P < 0.001) 
and acceptable precision (SEE < 7–9%) in determination of their corresponding values at GET1 and GET2. The precision 
in the estimation of V̇o2 at GET1 from  fRT1 was moderate (SEE = 15%), while those of power output at GET1 (SEE = 23%) 
and GET2 (SEE = 12%) from their corresponding  fRTs values were very poor to moderate.
Conclusion HR at  fRT1 and V̇o2 and HR at  fRT2, determined using a new objective and portable approach, may potentially 
serve as viable predictors of their respective GETs. This method may offer a simplified, cost-effective, and field-based 
approach for determining exercise threshold intensities during graded exercise.

Keywords Respiratory frequency breakpoint · Ventilatory threshold · Anaerobic threshold · Cardiorespiratory exercise 
testing · Exercise intensity domains

Abbreviations
CIs  Confidence intervals
deoxy-BP  Near-infrared spectroscopy-derived mus-

cle deoxyhemoglobin break point
DS  Group of males with chronic illnesses
ES  Hedges’ g effect sizes

fR  Respiratory frequency
fRi  Respiratory frequency for specific exer-

cise stage
fRT1  Respiratory frequency threshold 1
fRT2  Respiratory frequency threshold 2
fRTs  Respiratory frequency thresholds
GET  Gas exchange thresholds
GET1  First gas exchange threshold
GET2  Second gas exchange threshold
HR  Heart rate
HRma  Maximal heart rate
HS  Group of healthy males
i  Specific exercise stage
LOAs  Limits of agreement
LTs  Lactate thresholds
PETCO2  End-tidal carbon dioxide expiration
PETO2  End-tidal oxygen expiration
PO  Power output
RER  Respiratory exchange ratio
RLs  Regression lines
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SD  Standard deviation
SEEs  Standard errors of the estimates
V̇co2  Carbon dioxide output
V̇E  Minute ventilation
V̇E/V̇co2  Ventilatory equivalent for  CO2
V̇E/V̇o2  Ventilatory equivalent for  O2
V̇o2  Oxygen uptake
V̇o2max/V̇o2peak  Maximal oxygen uptake
Vt  Tidal volume
Wmax  Maximal workload

Introduction

Maximal oxygen uptake ( V̇o2max/V̇o2peak) attained during 
maximal graded exercise testing is the most commonly uti-
lized measure to quantify aerobic fitness and cardiorespira-
tory health in both healthy and patients individuals (Iannetta 
et al. 2019a, b; Meyer et al. 2005; Powers et al. 1984).

Two submaximal breakpoints or thresholds of impor-
tant physiological and metabolic implications (Hagberg 
2022), occurring at variable fractions of V̇o2max, have been 
traditionally identified from the profiles of pulmonary gas 
exchange and ventilatory measures during maximal graded 
exercise (Keir et al. 2015, 2022): (1) The first threshold, 
referred to as the “first gas exchange threshold (GET1)” 
(Keir et al. 2022) in this paper, corresponds to the first dis-
proportionate increase in the rates of pulmonary carbon 
dioxide output ( V̇co2) compared to oxygen uptake ( V̇o2) as 
the work rate increases. Alternative markers of GET1 are 
the steeper increase in minute ventilation ( V̇E) compared to 
V̇o2 with no increase in V̇E compared to V̇co2, or an increase 
in end-tidal oxygen expiration  (PETO2) with no decrease in 
end-tidal carbon dioxide expiration  (PETCO2) (Beaver et al. 
1986). (2) The second threshold, referred to as the “second 
gas exchange threshold (GET2)” (Keir et al. 2022) in this 
paper, is reached at a higher relative intensity than GET1 and 
marks the first disproportionate rise in V̇E compared to V̇co2. 
Alternative indicators of GET2 are a second steeper increase 
in V̇E compared to V̇o2 or/and the point at which  PETCO2 start 
to decrease after an apparent steady state (Beaver et al. 1986; 
Meyer et al. 2005; Whipp et al. 1989).

There is currently no widely accepted method for 
determination of GETs (Keir et al. 2022; Shimizu et al. 
1991). Traditional methods involved inspecting graphi-
cal plots, which heavily relied on subjective evaluation 
(Hagberg 2022; Wasserman et al. 1973). Other methods 
involve objective computerized techniques, with the most 
cited method (> 2.700 times) (Hagberg 2022) being the 
so-called “V-slope” method. This method, proposed by 
Beaver, Wasserman and Whipp in the mid 1980’s (Beaver 
et al. 1986), involves a mathematical analysis of the slopes 
of the V̇E and  CO2 output curves to determine GET2, 

followed by an analysis of the slopes of  CO2 and  O2 output 
curves to determine GET1. Finally, some authors utilize a 
combination of visual and computerized methods in their 
decision-making (Keir et al. 2022).

These methods have raised concerns regarding their valid-
ity and reliability (Powers et al. 1984). In addition, in up to 
40% of cases, some of these methods fail to detect deflection 
points due to irregular physiological behavior (Cheng et al. 
1992). Another major limitation is that they require costly 
and sophisticated laboratory equipment, expert testers, and 
rather complex interpretive procedures (Carey et al. 2005; 
James et al. 1989). These limitations restrict the assessment 
and application of both GETs to laboratory environments 
(Carey et al. 2005; Cross et al. 2012; Nabetani et al. 2002; 
Neder and Stein 2006). Considering the importance of these 
thresholds, it may be beneficial to explore a more economi-
cal and straightforward technique for identifying both GET1 
and GET2 (Neder and Stein 2006).

Changes in the respiratory rate, also referred to as respira-
tory frequency  (fR), during exercise, have traditionally been 
disregarded (Nicolo et al. 2020). Since V̇E is the algebraic 
product of the mean tidal volume (Vt) and  fR, it could be 
expected that disproportionate changes in Vt and/or  fR would 
occur close to GET1 and GET2. Martin et al. ( 1979) and 
Whipp, Davis and Wasserman 10 years latter (Whipp et al. 
1989) pointed out through subjective visual inspection that the 
disproportionate and progressive increase in V̇E compared to 
V̇o2 that occur at GET1 was quite coincidental with a dispro-
portionate increase in  fR (referred to as respiratory frequency 
threshold 1 “fRT1” in this paper). In the figures reported by 
these authors, a clear second acceleration in V̇E compared 
to V̇o2 can be observed around GET2. This acceleration is 
primarily driven by a much faster increase in  fR (referred to 
as respiratory frequency threshold 2 “fRT2” in this paper). 
Since then, we have found nine relevant studies that compare 
GETs and Respiratory Frequency Thresholds  (fRTs) during 
graded cycling exercise (Cannon et al. 2009; Carey et al. 2005, 
2009; Cheng et al. 1992; Cross et al. 2012; James et al. 1989; 
Nabetani et al. 2002; Neary et al. 1995; Neder and Stein 2006). 
Although these studies have reported nonlinear changes in  fR 
data occurring at exercise intensities corresponding to GET1 
and/or GET2 during progressive exercise, their results are 
highly variable primarily due to differing stage durations in 
their protocols [from 1 (Cannon et al. 2009; Carey et al. 2005, 
2009; Cross et al. 2012; Nabetani et al. 2002; Neder & Stein 
2006) to 2–5 min (Cheng et al. 1992; James et al. 1989; Neary 
et al. 1995)], method of GETs or  fRTs determination [visual 
(James et al. 1989; Nabetani et al. 2002; Neary et al. 1995), 
mathematical (Carey et al. 2005, 2009; Cheng et al. 1992; 
Cross et al. 2012) or a combination of both (Cannon et al. 
2009; Neder and Stein 2006)], number of threshold detected 
[two (Carey et al. 2005, 2009; Cheng et al. 1992; James et al. 
1989; Nabetani et al. 2002; Neary et al. 1995) or four (Cannon 
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et al. 2009; Cross et al. 2012; Neder & Stein 2006)], and sta-
tistical analysis performed [with (Cannon et al. 2009; Cheng 
et al. 1992; Cross et al. 2012; James et al. 1989; Nabetani et al. 
2002; Neary et al. 1995) or without (Carey et al. 2005, 2009; 
Neder & Stein 2006) regression analysis, and with (Cannon 
et al. 2009; Cross et al. 2012) or without (Carey et al. 2005, 
2009; Cheng et al. 1992; James et al. 1989; Nabetani et al. 
2002; Neary et al. 1995; Neder and Stein 2006) additional 
bias and agreement analyses]. In fact, only two of these studies 
(Cannon et al. 2009; Cross et al. 2012), the most recent ones, 
met stringent methodological requirements. However, one 
major limitation of these two studies is that 42% (Cannon et al. 
2009) and 50% (Cross et al. 2012) of participants had one or 
more of the four thresholds labeled as “undetermined”. Thus, 
it becomes challenging to draw conclusions about the validity 
of  fR analyses for determining GETs with a strict methodology.

A common feature among all of the aforementioned stud-
ies is that they were conducted on young healthy participants 
who were either recreational or endurance-trained. To our 
knowledge, there has not been a comprehensive and meth-
odologically appropriate comparison between GETs and 
 fRTs among middle-aged individuals, including those with 
chronic illnesses. In light of these considerations, the pur-
pose of the current study was to assess the level of agree-
ment between GETs identified by the conventional V-slope 
method and the  fRTs obtained using a new, low-cost, port-
able and objective mathematical method for breakpoint 
determination, on middle-aged individuals both healthy or 
with cardiovascular metabolic diseases.

We hypothesized that  fR can be used to estimate GETs 
during incremental cycling exercise for the first time in mid-
dle-aged participants both healthy and with cardiovascular 
or metabolic diseases, using a simple, objective, cost-effec-
tive and strict methodological approach. Consistent with 
previous research (Beaver et al. 1986; Weston & Gabbett 
2001), we hypothesized that estimating HR, V̇o2 and PO at 
GET2 based on the corresponding values at  fRT2, would be 
significantly more accurate than estimating these variables 
at GET1. If the hypotheses are confirmed, this simplified 
method can be used to safely, non-invasively and inexpen-
sively evaluate cardiovascular fitness in middle-aged adults 
who are healthy or have chronic diseases. It can also be used 
for individualizing exercise prescription and measuring the 
effectiveness of endurance training programs.

Methods

Study design and participants

This was a retrospective, cross-sectional, method compari-
son study conducted in a single laboratory session. Its pri-
mary objective was to evaluate the agreement between a 

new objective method of  fRTs identification and the con-
ventional GETs identification method commonly used in 
clinical settings. A group of 25 healthy males (HS group, 
53.3 ± 2.7 years, range: 50–58), and a group of 25 males 
with chronic illnesses (DS group, 53.5 ± 2.4 years, range: 
50–58), all of them professional firefighters, volunteered. 
The DS group consisted of clinically stable participants 
with documented single or multiple diseases including cor-
onary heart disease (n = 10), hypertension (n = 10), cardiac 
arrhythmia (n = 9), obesity (n = 5), diabetes (n = 4), hyper-
lipidemia (n = 2), and syncope (n = 1). All participants con-
sistently followed the mandated physical training program 
implemented by their fire department. They were informed 
about the risks and benefits of the study, and gave written 
consent. Procedures were approved by the Local Institutional 
Review Board and conformed to the Declaration of Helsinki 
and Tokyo.

Cycling exercise test

The participants visited once the laboratory (23.3 ºC ± 1.4 
ºC) in the afternoon, after a light meal at least 3 h prior 
to testing. They refrained from consuming caffeinated or 
alcoholic beverages and avoided strenuous or non-habitual 
exercise for 24 h before testing. All participants were famil-
iar with the equipment and testing procedures.

Each participant completed an incremental exercise 
test until the point of exhaustion on a mechanically braked 
cycle ergometer (Monark Ergomedic 824E, Varbeg, Swe-
den), equipped with toe clips, at a constant pedaling rate of 
80 rpm. After a 5-min rest sitting on the cycle ergometer, 
each participant began with unloaded cycling for 1 min. The 
workload was then incremented by 20 W each minute until 
exhaustion or until the required pedaling cadence could not 
be maintained. The maximal workload of each cycling test 
(Wmax) was defined as the power output (PO) of the last com-
pleted stage. Maximal heart rate  (HRmax) was defined as the 
highest heart rate (HR) achieved during the test. V̇o2max was 
determined using the criteria described elsewhere (Ameri-
can College of Sports Medicine 2014; Garcia-Tabar et al. 
2015). Because some participants did not meet the criteria, 
we used the term V̇o2peak instead of V̇o2max.

Participants were equipped with thoracic electrodes to 
record complete 12-lead ECG tracings during exercise, using 
the Cardioline ETA system (REMCO, Milan, Italy). HR was 
continuously monitored from the ECG and averaged during 
the final 10 s of each stage.

Collection of respiratory gases

Participants breathed through a properly sized silicone 
mask, which was adjusted using a headgear and connected 
to a lightweight Teflon respiratory block containing two 
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low-resistance valves (ETBM VS1, Chassieu, France). 
Metabolic data were continuously collected breath by breath 
using an automated system MMMS7785 (Marianne Modular 
Metabolism System, TBM, Chassieu, France) composed of 
an inspiratory circuit connected by a motor-driven tap (X 
4_VA Ets Peysson, Vaux en Velin, France) to a pneumot-
achograph (PN01: 0–12 L·min−1, TBM, Chassieu, France), 
a MP45 ± 1 cm  H2O differential low-pressure transducer and 
a demodulator (CD23, Validyne, Onrion, USA) or a stand-
ardized ATPS pump (PEA-02, Ets Peysson_SARL, Vaux 
en Velin, France) with a tidal volume of 0.5–2.5 L and a 
frequency of 0–60  min−1. The expiratory circuit was con-
nected alternatively to one of the two mixing rubber bags 
and analyzed breath by breath by a MGC-03system (TBM, 
Lyon, France). It also included  O2 (Polarographic OM11, 
Beckman Instruments, USA) and  CO2 (Datex, Gauthier, 
France) analyzers to measure the concentrations of these 
gases online. The response times of these analyzers were 
of 80 ms  (O2) and 50 ms  (CO2). V̇E,  fR and VT were calcu-
lated using a signal generated by the output transducer of 
the pneumotachograph sensor. From these measurements, 
the metabolic cart’s computer calculated the V̇o2 and V̇co2 
(in liters per minute), respiratory exchange ratio (RER = V̇
co2/V̇o2), and the ventilatory equivalents for  O2 ( V̇E/V̇o2) and 
 CO2 ( V̇E/V̇co2) as follows.

V̇o2 calculation:

Ambient air:

V̇Co2 calculation:

V̇o2 = V̇IO2 − V̇EO2
= V̇I ∗ FIO2 − V̇E ∗ FEO2
= V̇I ∗

(FIO2 − FIN2∕FEN2 ∗ FEO2
),

V̇o2 = V̇I ∗
(

FIO2−
(

1 − FIO2 − FICO2
)

∕
(

1 − FEO2 − FECO2
)

∗ FEO2
)

.

FIO2 = 0.2093; FICO2 = 0.0003,

(

1 − FIO2 − FICO2
)

= (1 − 0.2093−0.0003) = 0.794,

V̇o2 = V̇I ∗
(

0.2093−0.7904 ∗ FEO2∕
(

1 − FEO2 − FECO2
))

.

V̇Co2 = V̇ECO2 − V̇ICO2
= V̇E ∗ FECO2 − V̇I ∗ FICO2
= V̇I ∗

(FIN2∕FEN2 ∗ FECO2−FICO2
),

V̇Co2 = V̇I ∗
(FIN2∕FEN2 ∗ FECO2

)

= V̇I ∗
(1−FIO2−FICO2

)
∕
(1 − FEO2 − FECO2

)
∗ FECO2,

being
V̇ I = ventilatory inspiration.  FI = inspiratory fraction. 

 FE = expiratory fraction.
The metabolic measurement software (Marianne met 

12; TBM, Lyon—France) reported metabolic data over the 
last 10-s average of breath-by breath data of each stage, and 
adjusted the volume of the expired air to standard conditions 
(STPD: 0 ºC, 760 mmHg and a dry condition).

The  O2 and  CO2 analyzers were calibrated immediately 
prior to each test using two-point calibration with two pre-
cision-analyzed gas mixtures humidified at 100% (ambient 
air at 20.93%  O2 and 0.03%  CO2; highly precise calibration 
gas at 16%  O2 and 4%  CO2, and balanced nitrogen). Pneu-
motachograph flow calibration was determined with a high-
precision pump that permitted the use of varying volumes 
and frequencies included within the physiological range of 
fR and VT values observed during an incremental maximal 
cycling test.

Within 15 s of completing each exercise trial, calibra-
tion gases and the flow sensor were verified and compared 
with the calibration references. These verifications were run 
through the metabolic system to assess whether the analyz-
ers and the pneumotachograph experienced any drift during 
the measurement period. When drifts were observed in these 
readings, the measured metabolic data were corrected in 
accordance with previous recommendations (Garcia-Tabar 
et al. 2015; Ward 2018).

Determination of first (GET1) and second (GET2) gas 
exchange thresholds

GET2 determination. GET2 was calculated using the V̇E/V̇
co2 relationship as proposed by Beaver et al. (Beaver et al. 
1986). At first, we removed the data from the initial two 
stages (0 and 20 W) and the last stages where an increase 
in V̇o2 of less than 120 mL·min−1 was recorded from com-
pleted stage to completed stage. We generated two regres-
sion lines with each value: one based on the values at and 
below a given V̇E/V̇co2 value and the other based on the 
values at and above that value. To mathematically calculate 
the GET2, the breaking point separating the two regions 
from a given value was systematically moved to the next 
value until the two lines best fit the data by maximizing the 
ratio of the greatest distance of the intersection point from 
the single regression line of the data to the mean square error 
of regression. According to Beaver et al. (1986), the value 
corresponding to the best fit of two lines was considered as 
the GET2 value only if the change in slope was greater than 
15%. If the change in slope was less than or equal to 15%, 
the GET2 was considered as “undeterminate”.

V̇o2 = V̇I ∗ FECO2 ∗ 0.7904∕
(

1 − FEO2 − FECO2
)

.
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GET1 determination. After determining GET2, we cal-
culated GET1 using the V̇co2/V̇o2 relationship through the 
classic V-slope method developed by Beaver et al. (Beaver 
et al. 1986). We excluded the data from the initial two stages 
(0 and 20 W), any data of the initial segment of the curve 
that displays a slope of less than < 0.6, and all data exceeding 
GET2. At first, we visually identified the V̇co2/V̇o2 breaking 
point. We then computed two regression lines: one from the 
values at and below the breakpoint and the other from the 
values at and above this breakpoint. The breaking point was 
moved until achieving the best fit between the two regres-
sion lines as above described for GET2. This GET1 value 
was only accepted if the change in slope from the lower 
segment to the upper segment was greater than 0.1 (Beaver 
et al. 1986). If it was less than or equal to 0.1 the GET1 was 
considered as “undetermined”. If it was greater than 0.1 its 
location was transferred to the V̇co2/V̇o2.

Determination of first  (fRT1) and second  (fRT2) 
respiratory frequency thresholds

fRT1 determination: Figure 1 depicts the determination of 
 fRT1 and  fRT2 for a representative participant. The numeri-
cal data of this participant is displayed in Table 1.  fRT1 and 
 fRT2 were defined mathematically in the following way:

For a specific stage (i) and its corresponding respiratory 
frequency  (fRi), we computed:

The average of the precedent fR values, not including fRi:

and the standard deviation (SD) of these data  (SDi−1) as 
well as 2 times the value of  SDi−1 (2 *  SDi−1).

The  fR data from all stages (from stage “1” to stage 
“i−1”), including the stages from 0 to 60W, were used to 
calculate the average  fRi−1 and  SDi−1 (Table 1).

The initial calculation of the “provisional”  fRT1 
required identifying the first stage at which (fRi—Average 
fRi−1) exceeded 2*SDi–1, provided that the PO exceeded 60 
watts. An increase in fR in a given stage greater than two 
times the standard deviation of the average fR of the previ-
ous stages, indicates a meaningful and significant change 
in fR compared to previous values. This corresponds to the 
95% confidence interval, which provides a range of plausi-
ble values for fR above which we considered that a signifi-
cant disproportionate increase in fR occurred. The restric-
tion of the first stages or minutes of exercise to calculate 
 fRT1 aims to ensure that the computer model follows the 
major trend of the data and is not excessively influenced 
by the minor hyperventilation typically observed at the 
start of an incremental exercise test (Beaver et al. 1986; 
Keir et al. 2022; Ozcelik et al. 1999; Zuccarelli et al. 
2018). There is no agreement on the optimal number of 

Average fRi−1 = (fR1 + fR2 +⋯ + fRi−1)∕(i − 1)

initial stages to exclude for the subsequent determination 
of GETs. For that reason, to determine frTs, we prelimi-
narily calculated frTs values by excluding the first two, 
three, four or five stages. We found that excluding the first 
4 stages (up to 60 W) resulted in more consistent frTs 
values that were more acceptably related to GETs values. 
Additionally, this exclusion allowed for the calculation of 
frTs in a larger number of subjects, with 98% of the sample 
being included.

The initial calculation of the “provisional”  fRT2 required 
identifying the first subsequent stage to “provisional  fRT1” 
where  (fRi—Average  fRi−1) exceeds 2*SDi−1 once again.

Once the”provisional”  fRT1 and the “provisional”  fRT2 
were identified, three regression lines (RLs) were calculated: 
(1) RL1: all the points from 0 W to the “provisional”  fRT1, 
including the 0 W stage and the “provisional”  fRT1 point, 
(2) RL2: all the points from the “provisional  fRT1” to the 
“provisional  fRT2”, including both provisional points, and 
(3) RL3: all the points from the “provisional  fRT2” to the 
last completed stage (Wmax), including these two points. The 
intersection between the RL1 and RL2 was defined as the 
“final  fRT1” (henceforth referred to as  fRT1). Similarly, the 
intersection between RL2 and RL3 was defined as the “final 
 fRT2” (henceforth referred to as  fRT2).

Once  fRT1 and  fRT2 were calculated from  fR and HR, the 
V̇o2 (in L·min−1), and PO (in watts) corresponding to  fRT1 

Fig. 1  Example of respiratory frequency (fR) vs. heart rate (HR) 
plot and determination of fR threshold 1  (fRT1) and 2  (fRT2) during 
incremental exercise in a representative participant. The numerical 
data of this participant, including the determination of “provisional” 
 fRT1 and  fRT2 are shown in Table 1. The three regression lines (RL1, 
RL2 and RL3) are depicted in dashed lines. Regression lines obtained 
from data reported in Table 1 are: RL1: HR = (0.1399 * fR) + 1.9233; 
RL2: HR = (0.3333 * fR) – 26.179; RL3: HR = (2.3453 *  fR) − 
361.17. The intersection points between RL1 and RL2 (i.e.  fRT1) and 
between RL2 and RL3 (i.e.  fRT2) are the following:  fRT1: HR = 146; 
fR = 22.3, and  fRT2: HR = 167; fR = 29.3
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and  fRT2 were determined from the linear regression equa-
tions of V̇o2 vs. HR, and V̇o2 vs. PO, respectively.

Statistical analyses

Standard statistical methods were used to calculate means, 
SDs, standard errors of the estimates (SEEs) and confidence 
intervals (CIs). Data normality and homoscedasticity were 
checked. Differences between DS and HS, and between 
GETs and  fRTs, were assessed using Student’s paired t tests 
and Hedges’ g effect sizes (ES) (Hedges 1981). ES thresh-
olds were small (0.2), moderate (0.6), large (1.2) and very 
large (2.0) (Hopkins et al. 2009). Agreement plots (Bland 
and Altman 1986) were used to illustrate the mean bias and 
limits of agreement (LOAs) between GETs and  fRTs. Linear 
regression analyses with Pearson’s product-moment correla-
tion coefficients (r) were used to determine the magnitude 
of the relationships between GETs and  fRTs. Correlation 
magnitudes were interpreted according to the following 
threshold effects (Hopkins et al. 2009): small (0.1), moder-
ate (0.3), large (0.5), very large (0.7) and extremely large 
(0.9). The accuracy of each regression was assessed using 
SEEs and CIs. The relative SEE was also calculated as a 
percentage of the mean, and classified as excellent (< 2%), 
good (< 5%), acceptable < (10%), moderate (< 15%), poor 
(< 20%) or very poor (≥ 20%) (Crouter et al. 2006). Analyses 
were performed using IBM SPSS Statistics 22 (IBM Cor-
poration, Armonk, USA). Statistical significance was set at 
P < 0.05. Data are reported as mean (SD).

Results

Exclusion of participants

GET2 was “undetermined” in 4 out of the 50 participants 
(three in HS and one in DS). GET1 could not be calculated 
in the 4 participants in whom GET2 was “undetermined” 
and in 3 other participants (one in HS and two in DS).  fRT1 
and  fRT2 were calculated for all participants except for one 
individual in the DS group. This participant was the indi-
vidual with the shortest test duration (8 min) and therefore 
lowest Wmax (140 W). As a result, a total of 8 out of the 50 
participants (4 in HS and 4 in DS) were excluded. The fol-
lowing section presents data from the 42 participants (n = 21 
in HS; n = 21 in DS) in whom all the four thresholds were 
determined.

Physical characteristics

No differences were observed between the HS and DS 
groups in age (53.3 ± 2.5 and 53.8 ± 2.4 years; P = 0.52; 
ES: 0.20, small) and body height (172.2 ± 6.7  cm and 
171.2 ± 6.2 cm; P = 0.62; ES: 0.16). Body mass and body 
mass index were higher (P < 0.01; ES: 0.65 to 0.83, mod-
erate) in DS (82.1 ± 13 kg; 28 ± 3.8 kg·m−2) than in HS 
(75.1 ± 8.1 kg; 25.3 ± 2.6 kg·m−2).

Table 1  Example of calculation 
of “provisional  fRT1” and 
“provisional  fRT2” in the same 
representative participant as 
shown in Fig. 1

PO power output, HR heart rate, fRi respiratory frequency at the corresponding stage, fRi−1 average respira-
tory frequency of the previous stages, SDi−1 standard deviation of the respiratory frequencies of the previ-
ous stages, 2*Sdi−1 twice the standard deviation of the respiratory frequencies of the previous stages
The “provisional  fRT1” and “provisional  fRT2” are in bold type font

PO (W) HR (b·min−1) fRi 
(breath·min−1)

Avg  fRi-1 
(breath·min−1)

SDi-1 
(breath·min−1)

fRi – avg  fRi-1 
(breath·min−1)

2*SDi-1 
(breath·min−1)

0 95 12.7
20 93 16.5 12.7 3.8
40 98 14.7 14.6 2.69 0.1 5.4
60 102 18.9 14.6 1.90 4.3 3.8
80 122 17.5 15.7 2.64 1.8 5.3
100 135 21.5 16.1 2.42 5.4 4.8
120 145 19.3 17.0 3.10 2.3 6.2
140 154 22.1 17.3 2.97 4.8 5.9
160 162 31 17.9 3.23 13.1 6.5
180 170 30 19.4 5.31 10.6 10.6
200 175 35.7 20.4 6.03 15.3 12.1
220 180 51.4 21.8 7.35 29.6 14.7
240 183 64.5 24.3 11.05 40.2 22.1
260 184 92.3 27.4 15.37 64.9 30.7
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Cycling exercise test

The average duration of the maximal cycling exercise test 
was 13 min (range: 8–16). Wmax achieved was 14% higher 
(P < 0.01; ES: 0.85, moderate) in the HS (258 ± 43 W) than 
in the DS (227 ± 28 W). V̇o2peak was 33% higher (P < 0.001; 
ES: 1.56, large) in HS (42.8 ± 8.2 mL·Kg−1·min−1; range: 
25–62.2) than in DS (32.2 ± 5.0 mL·Kg−1·min−1; range: 24.2 
– 42.6). No differences (P < 0.05; ES < 0.25, small) between 
groups were observed in  HRmax (HS: 176 ± 10; DS: 176 ± 13 
beats·min−1),  RERmax (HS: 1.10 ± 0.08; DS: 1.12 ± 0.08), 
nor in maximal  fR (HS: 54.8 ± 17.8; DS: 51.0 ± 14.9 
breaths·min−1).

Determinations of gas exchange (GET) 
and respiratory frequency  (fRT) thresholds

Table 2 displays the average values of  fR, HR, V̇o2, and PO 
for each threshold. The absolute V̇o2 at both GETs were 
17–18% greater in HS than in DS (ES: 0.72 to 1.05, moder-
ate). However, there was no difference expressed as a per-
centage of V̇o2peak (ES: 0.19 to 0.44, small). At GET1 and 

 fRT1, fR was 10% lower in HS compared to DS (ES: 0.63 to 
0.69, moderate). In both groups no significant differences 
were found in V̇o2 (in L·min−1 or % V̇o2peak) between GET1 
and  fRT1 or between GET2 and  fRT2 (ES: 0.17–0.32, small). 
Concerning the HR at the thresholds, only a significant dif-
ference (P < 0.05) was found between HR at  fRT1 and HR 
at GET1. However, this difference was clinically small (5 
beats·min−1; ES: 0.38). In the HS group,  fR at  fRT2 was sta-
tistically higher than at GET2, but the difference was also 
small (3 breath·min−1; ES: 0.30). No differences (P > 0.05; 
ES: 0.17–0.41, small) were observed in PO between GETs 
and  fRTs in HS or DS groups.

Agreement and linear regression 
analyses between gas exchange (GETs) 
and respiratory frequency  (fRT) thresholds

Figure 2 shows agreement plots between GETs and  fRTs. 
Regression analyses showed non-significant (P = 0.20 to 
0.83) relationships between the differences (Y axes) and the 
means (X axes), indicating that there was no any system-
atic error. There were no significant differences between 

Table 2  Average, standard deviation (SD), minimum (min) and maxi-
mal (max) values of respiratory frequency (fR), heart rate expressed 
in absolute values (HR) and as a percentage of maximal heart rate 
(%HRmax), oxygen uptake expressed in absolute values ( V̇o2) and as 

a percentage of peak oxygen uptake (%V̇o2peak), and power output 
(PO) at each gas exchange (GET1 and GET2) and fR  (fRT1 and  fRT2) 
thresholds (n = 42)

*Significant difference between HS and DS (P < 0.05–0.01)
‡ Significant difference between  fRT1 and GET1 (P < 0.05)
‡‡ Significant difference between  fRT2 and GET2 (P < 0.05)

GET1 fRT1 GET2 fRT2
Mean ± SD Min–max Mean ± SD Min–max Mean ± SD Min–max Mean ± SD Min–max

fR (breath·min−1)
 HS 20.7 ± 3.6* 14.4–29.3 20.5 ± 3.9* 14.4–28.8 26.7 ± 6.6 16.9–41.2 30.0 ± 14.0‡‡ 16.7–76
 DS 23.1 ± 3.3 17.2–29.7 22.8 ± 3.4 17.2–30.2 28.3 ± 6.0 18.2–39.1 27.5 ± 4.0 20.5–36.6

HR (b·min−1)
 HS 125.2 ± 12.4 103.0–144.8 130.0 ± 13.6‡ 98–158 149.0 ± 11.8 122.9–39.1 148.3 ± 10.6 123.0–165.0
 DS 130.6 ± 21.1 91.7–163.0 135.4 ± 18.6 98–165 154.4 ± 17.9 121.3–175.0 152.4 ± 15.6 124.0–170.0

HR (%HRmax)
 HS 71 ± 7 59–84 74 ±  7‡ 58–87 85 ± 5 77–95 84 ± 6 71–100
 DS 74 ± 10 54–89 77 ± 9 57 – 93 88 ± 7 71–96 87 ± 7 72–98

VO2 (L·min−1))
 HS 1.726 ± 0.352* 1.184–2.419 1.846 ± 0.404* 0.820–2.688 2.398 ± 0.289* 1.963–2.955 2.345 ± 0.333* 1.798–3.061
 DS 1.469 ± 0.360 1.007–2.168 1.587 ± 0.389 1.129–2.446 2.077 ± 0.324 1.618–2.727 2.020 ± 0.319 1.576–2.606

VO2 (%VO2peak)
 HS 55 ± 9 41–70 58 ± 12 36–78 76 ± 8 56–92 74 ± 8 63–89
 DS 57 ± 12 37–77 61 ± 12 45–88 80 ± 10 60–97 78 ± 10 64–93

PO (W)
 HS 112.7 ± 33.2 63.2–191.2 123.9 ± 34.41 61.9–182.8 178.4 ± 28.3 132.1–223.6 173.2 ± 31.1 115.3–235.4
 DS 98.4 ± 29.3 52.2–159.3 110.7 ± 30.6 67.9–202.4 165.8 ± 30.8 113.7–231.1 158.8 ± 29.6 96.0–221.1
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Fig. 2  Agreement plots between gas exchange thresholds (GETs) 
and respiratory frequency thresholds  (fRTs) for oxygen uptake (upper 
panel), heart rate (middle panel) and power output (lower panel). 
GET1 vs.  fRT1: left panel. GET2 vs.  fRT2: right panel. Open circles: 

DS group (participants with chronic illnesses). Filled circles: HS 
group (healthy participants). Solid lines: mean bias. Dashed lines: 
limits of agreements
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 fRTs and GETs (P > 0.05; ES: 0.09–0.36, small). Mean bias 
ranged from − 10.6 to 3.6% of the mean. Figure 3 shows 
the linear relationships between  fRTs and GETs. Correlation 
magnitudes ranged from moderate to very large and preci-
sion in estimation of GETs from  fRTs ranged from accept-
able to very poor. Figure 4 summarizes the interpretation of 
the correlation magnitudes and the precision in predicting 
GETs from  fRTs in the entire group of participants.

Discussion

The main findings of this study were as follows: first, the 
external power output (PO) and V̇o2 levels at  fRT1 exhibited 
very poor and moderate levels of agreement and precision 
in predicting the corresponding measures at GET1. The pre-
cision of  fRT1 in predicting HR at GET1 was acceptable. 
Second, agreement and precision in predicting GET2 from 
 fRT2 (moderate to acceptable) was superior to that of GET1 
from  fRT1. These results suggest that  fRT1 and  fRT2 can 
be used as viable alternatives to traditional ventilatory and 
gas exchange-based measurements to estimate the exercise 
intensity associated with GET1 and GET2, in both healthy 
middle-aged individuals and those with chronic illnesses. 
Thus,  fRTs are proposed as an appealing and cost-effec-
tive method for objectively determining exercise-intensity 
thresholds in field settings.

Oxygen uptake ( V̇o2) and heart rate (HR) at the first 
gas exchange (GET1) and respiratory frequency 
 (fRT1) thresholds

Absolute V̇o2 at GET1, measured by the V-slope method, 
was found to be 20% higher in HS compared to DS and it 
occurred at ~ 57% of V̇o2peak. This is consistent with the aver-
age V̇o2peak percentages reported in previous studies using 
traditional or modified V-slope methods to determine V̇o2 
at GET1 in healthy young (Beaver et al. 1986; Davis et al. 
1997; Ozcelik et al. 1999), middle-aged (Davis et al. 1997) 
and elderly (Davis et al. 1997) males, with average V̇o2peak 
values (ranging from 30 to 41 mL·Kg−1·min−1) similar to 
those of our participants. In the present study, GET1 was 
not detected in 14% of the participants, a finding consist-
ent with previous studies on middle-aged men (Meyer et al. 
1996; Sue et al. 1988). This indicates that a considerable 
proportion of middle-aged individuals will experience unde-
tectable or unreliable determination of GET1 when utilizing 
the V-slope method.

Absolute V̇o2 values at GET1 did not differ from those 
at  fRT1, and were very largely correlated with each other 
(r = 0.75). Nevertheless, the agreement and precision in 
the estimation of V̇o2 at GET1 from  fRT1 was moderate, as 
indicated by the relative SEE and LOAs that were 15% and 

33%, respectively. These values compare favorably with SEE 
values of 27% found in young triathletes (average V̇o2max: 
68 mL·Kg−1·min−1) for whom GET1 and  fRT1 were meas-
ured by least-squares errors (Carey et al. 2009). However, 
they compare unfavorably with SEE values of ~ 9% (Can-
non et al. 2009) and 12% (Cross et al. 2012), and LOAs of 
17% (Cannon et al. 2009) and 20% (Cross et al. 2012) found 
in the only two published articles conducted in young men 
(average V̇o2max: 53–57 mL·Kg−1·min−1) using a rigorous 
methodology very similar to that used in our present study 
(1-min stage duration, objective GETs and  fRTs determina-
tions, detection of four thresholds, regression and agreement 
analyses including SEE, mean bias and LOAs). However, 
one major limitation of these two studies is that 42% (Can-
non et al. 2009) and 50% (Cross et al. 2012) of participants 
had one or more of the four thresholds labeled as “unde-
termined”. In comparison, in our study, the four thresholds 
were obtained in 86% of the participants and the two  fRTs 
were obtained in 98% of the participants (49/50). Collec-
tively, these results suggest that using V̇o2 measurements at 
 fRT1 to estimate V ̇o2 at GET1, as found in our study, may 
potentially be unacceptable in practice due to the observed 
prediction and agreement errors and the significant propor-
tion of “undetermined” thresholds. Interestingly, the infre-
quently used HR at  fRT1 showed no differences compared to 
HR at GET1. In agreement with others (Neder & Stein 2006; 
Weston & Gabbett 2001) occurred on at ~ 75% of  HRmax, and 
was a good predictor of the HR at GET1, based on the very 
large correlation (r = 0.79), and acceptable SEE (8%) and 
LOAs (16%). The better accuracy in estimating HR at GET1 
from HR at  fRT1 than that observed with V̇o2 may be partly 
attributed to the lower influence of subjective factors, like 
motivation or anxiety, on HR in comparison to respiration. It 
is suggested that HR rather than V̇o2 at  fRT1 may potentially 
be an acceptable estimator of GET1.

Oxygen uptake ( V̇o2) and heart rate (HR) 
at the second gas exchange (GET2) and respiratory 
frequency  (fRT2) thresholds

In this study, the absolute V̇o2 at GET2 was found to be 
16% higher in HS than in DS, was determined in 92% of the 
participants and occurred at ~ 78% V̇o2peak. This is consist-
ent with average GET2 values occurring at 75–80% V̇o2max 
found in the original study presenting the “V-slope” method 
(Beaver et al. 1986), and in many studies conducted on indi-
viduals with comparable V̇o2max values to those of this study 
(Keir et al. 2015).

Absolute V̇o2 at  fRT2 did not differ from V̇o2 at GET2, 
and both variables were very largely (r = 0.82) correlated. 
Moreover, SEE (9%) and LOAs (19%) indicated that 
the relative precision of estimation and agreement was 
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Fig. 3  Individual data-points and linear regression analyses between 
respiratory frequency thresholds  (fRTs) and gas exchange thresholds 
(GETs) for oxygen uptake (upper panel), heart rate (middle panel) 
and power output (lower panel).  fRT1 vs. GET1: left panel.  fRT2 vs. 
GET2: right panel. Solid lines: linear regression lines for the entire 

group of participants. Dashed lines: 95% confidence intervals. Open 
circles: DS group (participants with chronic illnesses). Filled circles: 
HS group (healthy participants). r Pearson’s product-moment correla-
tion coefficient, SEE standard error of the estimates



European Journal of Applied Physiology 

acceptable. This precision is similar to that found when 
GET2 was estimated using the near-infrared spectroscopy-
derived muscle deoxyhemoglobin break point (deoxy-BP) 
(Keir et al. 2015), but compares unfavorably with respect 
to the narrower LOAs of 7% reported in the above-men-
tioned two studies conducted on young men (Cannon et al. 
2009; Cross et al. 2012). However, as above mentioned, 
both of these studies reported a very high percentage of 
“undetermined” thresholds, challenging their practical 

application. Similar to  fRT1 and GET1, the seldom-used 
HR at  fRT2 did not differ from the HR at GET2. In agree-
ment with prior studies (Neder and Stein 2006), HR at 
 fRT2 typically occurred at ~ 87% of  HRmax, and proved to 
be a good predictor of HR at GET2. This is evidenced by 
the very large correlation coefficient (r = 0.75), account-
ing for 56% of the variance, and acceptable SEE (6.6%) 
and LOAs (13%). Thus, V̇o2 and HR at  fRT2 may serve as 
acceptable predictors of V̇o2 and HR at GET2.

Fig. 4  Summary of correlation 
coefficients (upper panel) and 
standard error of the estimates 
(lower panel) of oxygen uptake 
( V̇o2), heart rate (HR) and 
power output (PO), in predict-
ing gas exchange thresholds 
(GETs) from respiratory 
frequency thresholds  (fRTs). 
Error bars: upper and lower 
95% confidence intervals (CIs). 
Dashed lines: interpretation 
thresholds
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Power output (PO) at the gas exchange (GETs) 
and respiratory frequency  (fRTs) thresholds

The PO associated with both  fRTs did not differ from the PO 
calculated at their corresponding GETs. However, the preci-
sion of the estimation and the agreement were very poor for 
GET1 (SEE: 23%; LOAs: 52%) and better, but moderate, for 
GET2 (SEE: 12%; LOAs: 25%). These precision values of 
PO are lower compared to those of V̇o2 and HR. This may be 
partly due to the considerably lower test–retest reliability of 
PO at GETs, compared to that of V̇o2 or HR, as previously 
reported (Weston and Gabbett 2001). The imprecise PO esti-
mations of GETs from  fRT1 and  fRT2 hinder its practical use 
because it may lead to distorted conclusions.

Better precision and agreement at the second 
than at the first threshold

The precision of estimations for HR, V̇o2 and PO at GET2, 
determined from the corresponding values at  fRT2, was con-
siderably better than for these variables at GET1 (Fig. 4). 
This may partly be attributed to: (1) the considerable better 
test–retest reliability of HR, V̇o2 and PO at GET2 in com-
parison with GET1 (Weston & Gabbett 2001), (2) the more 
pronounced deflection in the respiratory response to incre-
mental exercise occurring at GET2 in comparison to GET1 
(Beaver et al. 1986), and (3) the higher proportional con-
tribution of the non-metabolic stressors (such as emotional 
stress, pain, cognitive load, dyspnea, irregular breathing pat-
terns and heat stimuli) to the changes in fR that predominate 
below and near GET1, but become less prominent at GET2 
(Nicolo et al. 2020).

Limitations

First, we decided that the provisional  fRT1 should occur 
after completing the 60 W stage, that is, after four minutes 
of the start of the incremental exercise test. Restricting the 
initial minutes of exercise was already an essential condition 
in the original V-slope method proposed by Beaver et al. 
(1986) and has been subsequently used (Keir et al. 2022). 
These restrictions ensure that the computer model follows 
the major trend in the data and is not notably influenced by 
the minor spontaneous hyperventilation frequently seen at 
the onset of exercise.

Second, the V-slope method of Beaver et al. (1986) is 
the most widely cited (Hagberg 2022) computerized pro-
cedure for detecting GETs and it is considered by many as 
the reference technique for measuring these gas exchange 
thresholds (Kang et al. 2014). However, this method is 
not without methodological issues. For instance, in the 
original paper (Beaver et al. 1986) the authors acknowl-
edged that the  CO2 production data, which are essential to 

determine GETs, were too low and inaccurate, and had to 
be arbitrarily corrected for fluctuations in end-tidal  PCO2 
(Henritze et al. 1985). In addition, the gas exchange data 
were analyzed by six experts (Beaver et al. 1986). They 
used a subjective visual identification as the criterion 
standard measure but all six experts could only grade up 
to 50% of the small sample (n = 10) of participants stud-
ied, and only one of the six experts was able to detect the 
GET1 in all participants. Despite its widespread accept-
ance, these methodological problems and weaknesses 
identified in the original article raise serious doubts and 
concerns about the suitability of the V-slope method as 
a valid reference technique for determining GET1 and 
GET2.

The third limitation concerns the applicability of HR data 
obtained from incremental tests to prescribe constant load 
exercise training. During incremental maximal exercise, it 
is known that the V̇o2 at GET1 and GET2 remains constant 
regardless of the protocol used (Davis et al. 1982). However, 
the PO at which GETs occur differs depending on the rate of 
PO increase during the test. Indeed, the value of the PO at a 
given GET is higher when the ramp is steeper (or the dura-
tion of the test is shorter) (Davis et al. 1982; Iannetta et al. 
2019b). As a result, incremental exercise overestimates the 
constant power required to elicit the V̇o2 at the GETs by an 
average of 1.2–1.5 workload stages at GET1, and approxi-
mately 2 workload stages at GET2 (Caen et al. 2020; Ian-
netta et al. 2019b). The overestimation can be corrected by 
shifting the V̇o2 data to the left, based on the individual V̇
o2 mean response time for ramp-incremental exercise (i.e. 
the lag time between the onset of the ramp and the increase 
in the V̇o2 response), as well as the appearance of the V̇o2 
slow component (Caen et al. 2020; Iannetta et al. 2019a, b; 
Keir et al. 2016). Although it has received less attention, the 
same issue is present with HR (a lower PO during constant-
load exercise compared to incremental testing at a given HR 
value) (Zuccarelli et al. 2018). Additionally, during constant-
load exercise, there is a disproportionate increase in HR over 
time across all exercise domains once the target HR value is 
reached after approximately 3–5 min (Teso et al. 2022; Zuc-
carelli et al. 2018). The relative amplitude of the increase, 
known as the “slow component” or “cardiovascular drift”, 
is greater for HR kinetics than for V̇o2 kinetics (Teso et al. 
2022; Zuccarelli et al. 2018). This indicates that the concept 
of a single HR value corresponding to a specific exercise of 
constant load exercise carried out for periods longer than a 
few minutes is not straightforward (Zuccarelli et al. 2018). 
HR targets should be adjusted over time to ensure that the 
desired stimulus is maintained throughout the constant-load 
exercise session (Teso et al. 2022). Additional research is 
required to determine the appropriate conversion of HR 
values from incremental exercise to constant-load exercise.
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Conclusion

This preliminary study, conducted with a sizable sample of 
middle-aged men, suggests that HR at  fRT1 and V̇o2 and 
HR at  fRT2, determined by a novel and objective approach, 
are potentially acceptable estimators of the corresponding 
variables at GETs. This alternative may serve as simplified 
low-cost and field-based approach to estimate GETs during 
graded exercise. Further research is needed to validate  fRTs 
against commonly accepted markers of exercise intensity 
boundaries, such as the Lactate Thresholds (LTs). Addition-
ally, more research is required to determine the appropriate 
conversion of heart rate values from incremental exercise to 
constant-load exercise. This is required to help clarifying the 
precision of  fRTs for determination of either GETs or LTs in 
other populations or modes of exercise.
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