
HAL Id: tel-01990874
https://theses.hal.science/tel-01990874

Submitted on 23 Jan 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Physiologie cardiaque et respiratoire : explorations,
mesures et approches théoriques

Pascale Calabrese

To cite this version:
Pascale Calabrese. Physiologie cardiaque et respiratoire : explorations, mesures et approches
théoriques. Physiologie [q-bio.TO]. Université Grenoble Alpes, 2017. �tel-01990874�

https://theses.hal.science/tel-01990874
https://hal.archives-ouvertes.fr


Laboratoire TIMC-IMAG, UMR CNRS 5525 

 



 

 

2 



 

 

3 

Table des matières 

PARTIE I	 CURRICULUM VITAE .............................................................................................6	

I.1	 PARCOURS	...........................................................................................................................................	6	

I.2	 ENSEIGNEMENT	...................................................................................................................................	6	

I.3	 RESPONSABILITES	...............................................................................................................................	7	
I.3.1	 Scientifiques	...........................................................................................................................................................7	
I.3.2	 Pédagogiques	.........................................................................................................................................................7	

I.4	 EXPERTISES	SCIENTIFIQUES	................................................................................................................	7	
I.4.1	 Rapporteur	pour	articles	dans	revues	internationales	....................................................................7	
I.4.2	 Rapporteur	projet	................................................................................................................................................8	

I.5	 COLLABORATIONS	SCIENTIFIQUES.......................................................................................................	8	

I.6	 ENCADREMENT	....................................................................................................................................	8	
I.6.1	 Masters	......................................................................................................................................................................8	
I.6.2	 Thèses	........................................................................................................................................................................9	
I.6.3	 Stages	et	projets	...................................................................................................................................................9	

I.7	 CONTRATS	...........................................................................................................................................	9	

I.8	 PUBLICATIONS	..................................................................................................................................	10	

PARTIE II	 ACTIVITES DE RECHERCHE...................................................................................15	

II.1	 PREAMBULE	......................................................................................................................................	15	

II.2	 MODE	VENTILATOIRE	:	DIVERSITE	ET	“PERSONNALITE”	.................................................................	17	
II.2.1	 Introduction	.........................................................................................................................................................	17	
II.2.1.1	 Les	caractéristiques	ventilatoires	.....................................................................................................	17	
II.2.1.2	 Quantification	de	la	forme	des	cycles	ventilatoires	(analyse	harmonique)	..................	19	
II.2.1.3	 Comparaison	multivariée	de	la	forme	des	cycles	ventilatoires	(test	de	similarité)	...	20	

II.2.2	 La	diversité	des	modes	ventilatoires	......................................................................................................	20	
II.2.2.1	 Chez	les	patients	atteints	de	dystrophie	myotonique	(maladie	de	Steinert)	................	20	
II.2.2.2	 Au	cours	de	l’exercice	imaginaire	.....................................................................................................	29	

II.2.3	 La	“personnalité	ventilatoire”	....................................................................................................................	34	
II.2.3.1	 Au	cours	de	l’hyperventilation	............................................................................................................	34	
II.2.3.2	 Au	cours	de	la	ventilation	assistée	....................................................................................................	41	

II.3	 VARIABILITE	DE	LA	FREQUENCE	CARDIAQUE	...................................................................................	47	
II.3.1	 Introduction	.........................................................................................................................................................	47	
II.3.1.1	 La	variabilité	de	la	fréquence	cardiaque	.......................................................................................	47	



 

 

4 

II.3.1.2	 L’arythmie	sinusale	d’origine	respiratoire	...................................................................................	47	
II.3.1.3	 L’analyse	du	spectre	de	la	fréquence	cardiaque	........................................................................	48	

II.3.2	 L’arythmie	sinusale	d’origine	respiratoire	..........................................................................................	49	
II.3.2.1	 Au	cours	de	l’addition	de	résistance	respiratoire	......................................................................	49	
II.3.2.2	 Au	cours	de	différentes	fréquences	ventilatoires	imposées	...................................................	54	

II.4	 MESURE	PHYSIOLOGIQUE	.................................................................................................................	60	
II.4.1	 Comparaison	 de	 la	 ventilation	 mesurée	 par	 pneumotachographie	 et	
pléthysmographie	respiratoire	à	variation	d’inductance...............................................................................	60	
II.4.2	 Méthode	d’évaluation	de	la	fonction	respiratoire	...........................................................................	66	
II.4.2.1	 Différence	 de	 forme	 thorax-abdomen	 et	 évaluation	 des	 variations	 des	 résistances	
des	voies	aériennes	..........................................................................................................................................................	66	
II.4.2.2	 Les	 oscillations	 cardiogéniques	 et	 estimation	 de	 la	 mécanique	 de	 la	 paroi	
thoracique	...........................................................................................................................................................................	71	

II.4.3	 Méthode	d’évaluation	de	la	fonction	cardiaque	................................................................................	71	
II.4.3.1	 Analyse	de	l’arythmie	sinusale	d’origine	respiratoire	.............................................................	71	
II.4.3.2	 Evaluation	 des	 variations	 du	 volume	 cardiaque	 à	 partir	 de	 mesure	 par	
pléthysmographie	respiratoire	à	variation	d’inductance.............................................................................	76	

II.5	 APPROCHE	THEORIQUE	....................................................................................................................	78	
II.5.1	 Modèle	simple	de	mécanique	ventilatoire	...........................................................................................	78	
II.5.2	 Modèles	non	linéaires	du	générateur	de	rythme	respiratoire	..................................................	86	
II.5.2.1	 Modèle	déterministe	chaotique..........................................................................................................	86	
II.5.2.2	 Oscillateur	de	Van	Der	Pol	....................................................................................................................	86	

II.5.3	 Modèle	d’interaction	cœur	-respiration................................................................................................	88	
II.5.4	 Complexité	............................................................................................................................................................	89	

II.6	 TRAVAUX	EN	COURS	ET	PERSPECTIVES	............................................................................................	92	
II.6.1	 Déglutition	et	respiration	.............................................................................................................................	92	
II.6.2	 Interactions	phonation-ventilation	.........................................................................................................	94	
II.6.3	 Le	syndrôme	d’hyperventilation	..............................................................................................................	95	
II.6.4	 Asynchronisme	thorax	–	abdomen	:	application	..............................................................................	96	
II.6.5	 Diagnostic	médical	à	partir	d’une	analyse	des	gaz	respiratoires.............................................	96	

II.7	 REFERENCES	.....................................................................................................................................	97	
 

 

  



 

 

5 

Table des figures : 
Figure 1 : Thématiques et publications afférentes. Les publications indiquées en bleu sont insérées en 

entier dans le document ..................................................................................................................... 16	
Figure 2 : Un cycle ventilatoire et ses caractéristiques : la durée totale  TTOT, les durées inspiratoire TI et 

expiratoire TE  et le volume courant VT. ............................................................................................... 17	
Figure 3 : Représentation de la forme d’un signal volume ......................................................................... 17	
Figure 4 : Débit ventilatoire instantané mesuré par pneumotachographie .............................................. 18	
Figure 5 : Représentation de l’analyse harmonique sur un cycle de débit : Les 4 premières harmoniques, 

le spectre de puissance de ce cycle, le débit d’origine et le débit reconstitué à partir des 4 
premières harmoniques et la représentation de Fresnel associée. .................................................... 19	

Figure 6 : Valeurs des volumes courant (VT en litre, l) et des durées (TTOT en seconde, sec) pour une série 
de cycles ventilatoires consécutifs en position assise (à gauche) et couchée (à droite) pour un 
patient. ................................................................................................................................................. 21	

Figure 7 : Changement exprimé en pourcentage de la valeur de repos pour la fréquence cardiaque et 
la ventilation minute (=VT * fR, avec VT : volume courant, fR : fréquence ventilatoire) lors du 
visionnage de la course et durant l’imagination de celle-ci pour tous les sujets des 4 groupes : 
compétiteurs en aviron (1), sportifs (2), sédentaire (3), seniors (4). .................................................... 29	

Figure 8 : Pour un sujet représentation des caractéristiques ventilatoires moyennes : volume courant (VT), 
les durées inspiratoire et expiratoire (TI, TE), la représentation de Fresnel des 4 premières 
harmoniques obtenues d’une analyse cycle par cycle ventilatoire (débit) et le débit reconstitué 
correspondant, au cours de la ventilation spontanée (SP1 et SP2), d’une hyperventilation volontaire 
à la fréquence de la ventilation spontanée (HVSP) et à 20/min (HV20). Les valeurs moyennes de VT, 
et de la fréquence ventilatoire (fR) sont données pour chaque condition. ...................................... 34	

Figure 9 : Illustration du phénomène d’arythmie sinusale d’origine respiratoire ........................................ 48	
Figure 10 : Spectre de la période cardiaque avec représentation des bandes de fréquences: basses 

fréquences (LF) de 0,04 et 0,15 Hz et hautes fréquences (HF) de 0,15 et 0,4 Hz................................ 49	
Figure 11 : Capteur et signaux de pléthysmographie respiratoire à variation d’inductance (PRI) ........... 61	
Figure 12 : Représentation de volumes courants obtenus par intégration du signal débit mesuré par 

pneumotachographie (VPNT) en fonction des volumes courants obtenu par le signal PRI (VPRI) pour 
les 10 sujets dans toutes les 9 conditions : en position assise, couchée sur le dos et le côté au repos 
et avec l’addition de deux niveaux de résistances additionnelles.................................................... 62	

Figure 13 : Moyenne ± erreur standard : de la distance (D) entre les signaux du thorax et l’abdomen 
calculée à partir de tous les cycles respiratoires sélectionnés (minimum 30) et de la résistance des 
voies aériennes (Raw en kPa.l-1.sec) ..................................................................................................... 67	

Figure 14 : Volume mesuré par PRI (VPRI) et électrocardiographe (ECG). Sur le signal volume les flèches 
indiquent les “accidents” dus aux variations du volume provoqués par les battements cardiaques 
en correspondance avec l’ECG. ........................................................................................................ 76	

Figure 15 : Représentation du modèle simple de mécanique ventilatoire. RC : compartiment thoracique 
(ressort) d’élasticité ERC ; A : compartiment abdominal (ressort) d’élasticité EA; R : résistance du 
système respiratoire (amortisseur) de résistance visqueuse R. Fmus : force développée par les 
muscles respiratoires sur une barre sur laquelle les trois éléments sont fixés. ..................................... 78	

Figure 16 : Représentation des processus de simulation pour un type de déglutition en expiration (E). La 
figure de gauche représente la simulation de la déglutition au niveau du générateur de rythme 
respiratoire : le plus petit point (rouge, D) est le début de la déglutition, qui va se déplacer sur 
l’isochron du point d’arrêt (courbe en pointillée bleue) ; le plus gros point (violet, FD) représente la 
fin de la déglutition, à partir de ce point il y a un retour vers le cycle limite. La figure de droite 
représente les signaux de volume courant obtenus en sortie : pour le cycle avant la déglution, 
pendant la déglutition (représentée par le point rouge, D) et les deux cycles suivants................... 88	

Figure 17 : Signaux enregistrés au cours d’une déglutition. Signaux thoracique (THORAX) et abdominal 
(ABDOMEN) mesurés par pléthysmographie respiratoire à variation d’inductance (PRI), ECG : 
électrocardiogramme (bleu foncé), fréquence cardiaque (bleu claire), DEBIT_REC : Débit 
reconstitué à partir des signaux thoracique et abdominal. ............................................................... 90	

Figure 18 : Représentation de la valeur moyenne de la fréquence cardiaque, de l’écart type et du 
coefficient de variation avant et pendant chaque événement pour les 4 sujets. ........................... 90	

Figure 19 : Pléthysmographe respiratoire à variation d’inductance (ventilation), électroglottographe 
(variations d’impédance au niveau de la glotte) et microphone (signal acoustique) placés sur un 
sujet....................................................................................................................................................... 93	

Figure 20 : Enregistrement sur un sujet sain des signaux électroglottographique (EGG), acoustique 
(micro) et de ventilation (thorax, abdomen et volume obtenus par pléthysmographie respiratoire à 
variation d’inductance) au cours d’évènements de déglutition et de parole. ................................ 93	

 
  



 

 

6 

Partie I CURRICULUM VITAE 
Pascale CALABRESE      
Laboratoire TIMC-IMAG     
38700 La Tronche 
04 56 52 00 60    Pascale.Calabrese@univ-grenoble-alpes.fr  
 

MAITRE DE CONFERENCES DE L'UNIVERSITE GRENOBLE ALPES 
CNU 66 (Physiologie), Polytech Grenoble filière ingénieur “Technologies de 

l’Information pour la santé“ (TIS), Laboratoire TIMC-IMAG, équipe PRETA (2002). 
 

I.1 PARCOURS 
2002- … Maître de conférences de l’Université 
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1994-1995  DEA de Génie Biologique et Médical, Université Joseph Fourier  
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1994  Maîtrise de Mathématiques Appliquées, IUP, Université Joseph Fourier 
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Physiologie (années 3 et 4 ingénieur Polytech Grenoble), génération de signaux 
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et 2, 2ième année de médecine). 
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2009 Organisation du XXIXième séminaire de la Société Francophone de 

Biologie Théorique et coéditrice invitée pour la publication des actes de 
ce séminaire. 

2008 Membre de la commission de sélection (poste MCF744 -Polytech 
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2006-… Plate-forme expérimentale sur volontaire sain de l’équipe PRETA (TIMC-
IMAG). 

2004-2006 Projet financé par le Programme Interdisciplinaire Complexité du Vivant 
et Action STIC-Santé (responsable scientifique) 

 

I.3.2 Pédagogiques 
2015-…  Projets de fin d’étude de la filière ingénieur TIS (année 5), Polytech 

Grenoble (UJF) 
2012-…  Stages de la filière ingénieur TIS (année 4), Polytech Grenoble (UJF) et 

enseignement de physiologie sur les 3 années de TIS  
2011-…  UE “Mesures expérimentales et physiologie de l’effort” du Master 1 

“Ingénierie pour la Santé et le Médicament“ (UJF) 
2007-… Plate-forme expérimentale en physiologie à Polytech Grenoble pour la 

filière TIS (UJF) 
2005-2011 Année 4 de la filière ingénieur TIS, Polytech Grenoble (UJF) 
2004-2009  UE “Mesure et Acquisition de Données Biocliniques” du Master 2 
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2002-2007 Stages de la filière ingénieur TIS (4ième année), Polytech Grenoble (UJF) 
 

I.4 EXPERTISES SCIENTIFIQUES 
 

I.4.1 Rapporteur pour articles dans revues internationales 
• Institute of Electrical and Electronics Engineers (IEEE) Engineering in Medicine 

and Biology Society (EMBS)  
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• Computational and medical methods in medicine 
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I.4.2 Rapporteur projet  
• Programme de Recherche Translationnelle en Santé (PRTS) 2013 de l’Agence 

Nationale de la Recherche (ANR) 
• Programme Technologie pour la Santé et l’Autonomie (TECSAN) 2011 de 

l’ANR 
• Thèse CIFRE pour l’Association Nationale de la Recherche et de la 

Technologie (ANRT) en 2010  
• Programme pour le Medical Research Council 2010 

 

I.5 COLLABORATIONS SCIENTIFIQUES  
 

• Service de Physiologie et d’Explorations Fonctionnelles de l’Hôpital Raymond 
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• Université d’Etat de Médecine et “Nicolae Testemiţanu”, Département de 
physiologie humaine et biophysiques (Chisinau, République de Moldavie) 

• Laboratoire de Biophysique Métabolique & Toxicologie Professionnelle et 
Environnementale Appliquée (Faculté de Médecine de Sousse, Tunisie) 

• Laboratoire Grenoble Images Parole Signal Automatique (GIPSA-lab) 
• Laboratoire de Physique Interdisciplinaire (LIPhy, Grenoble) 

 

I.6 ENCADREMENT 
 

I.6.1 Masters  
• Alexandre BERDAH (2003) “Mise en place d’une base de données de mesures 

expérimentales pour valider un modèle respiratoire.” M2 Ingénieries pour la 
Santé et le Médicament, Modèles et Instruments en Médecine et Biologie, 
abandon. 

• Feras AL CHAMA (2004) “Modélisation des interactions de la déglutition avec 
la respiration.” M2 Ingénieries pour la Santé et le Médicament, Modèles et 
Instruments en Médecine et Biologie 

• Naïma MEZIOUD (2005) “Modélisation de l’effet de la déglutition sur le cycle 
respiratoire.” M2 Ingénieries pour la Santé et le Médicament, Modèles et 
Instruments en Médecine et Biologie 

• Frédéric BOONAERT (2014) “Influence d’une manœuvre ostéopathique sur la 
variabilité de la fréquence cardiaque, une étude controlée.” M1 Ingénieries 
pour la Santé et le Médicament. 

• Anthony COSTA (2014) “Mise au point d’un protocole expérimental sur 
volontaires sains visant à différencier les phases de la respiration, de la parole 
et de la déglutition.” M1 Ingénieries pour la Santé et le Médicament. 
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I.6.2 Thèses  
• Tudor BESLEAGA (19 octobre 2011) “Effets ventilatoire et cardiaque de 

l’hyperventilation volontaire. Etude chez les volontaires sains et les patients 
souffrant de trouble panique.” Cotutelle : TIMC-IMAG et Université d’Etat de 
Médecine “Nicolae Testemiţanu”, Département de physiologie humaine et 
biophysiques (Chisinau, République de Moldavie), codirections V Vovc et I 
Moldovanu.  

• Aïcha LAOUANI (15 décembre 2016) “Nouvelle Technique d’évaluation, des 
variations de la résistance des voies respiratoires lors d’un test de réversibilité 
bronchique. Elaboration d’un modèle simple du système  respiratoire pour 
interpréter des mesures non invasives de la ventilation” Université de Monastir 
(Tunisie), Laboratoire de biophysique (faculté de Médecine de Sousse, Tunisie) 
en collaboration avec TIMC-IMAG, codirections : S Saguem et P Calabrese. 

I.6.3 Stages et projets 
• 3 stagiaires en Maîtrise des Sciences Biologique et Médicale (UJF-2000) 
• 4 stagiaires en initiation à la recherche L3 STAPS (Univ Savoie-2001) 
• Projet ingénieur Technologies d’Information pour la Santé 5ieme année, 4 

élèves (UJF-2007) 
• 1 stagiaire de DUT, Statistiques et Traitement Informatique des Données (UPMF-

2009)  
• Projet ingénieur Technologies d’Information pour la Santé 5ieme année, 4 

élèves (UJF-2015) 
• 1 stagiaire de DUT, Mesures Physiques (UGA-2016)  

 

I.7 CONTRATS 
 

• Responsable scientifique du projet “Interactions cardio-respiratoires: 
complexités nécessaires ou vestigiales ? Modèles et expériences” financé par 
le Programme Interdisciplinaire Complexité du Vivant & Action STIC-Santé-2 
ans (2004-2005). 

• Porteur du projet “Dispositif d’Exploration Cardiorespiratoire chez le Rongeur 
(DECRO)” pour le montage du dossier de demande de financement d’aide à 
l’innovation par Grenoble Alpes Valorisation Innovation Technologies 
(GRAVIT) en pré maturation et en maturation- 1 an (2011-2012)- demande 
acceptée en 2012 

• Participation au projet “Déglutition et Respiration : Modélisation et e-Santé à 
domicile” (e-SwallHome) financé par l’ANR Technologies pour la Santé et 
l’Autonomie- 4 ans (2014- 2017). 

• Participation au projet “Fast and sensitive breath analysis for medical 
diagnostics” financé par l’ANR du programme grands défis sociétaux, vie 
santé et bien être PRCE : Projets de recherche collaborative-entreprises-3 ans 
(2016-2018). 
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induced by mentally imaged rowing (2004) Europ J App Physiol 91: 160-166 
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Enhanced cardiac vagal efferent activity does not explain training-induced bradycardia 
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Revisited for Cardio-Respiratory Functional Exploration: Stroke Volume Estimation From 
Respiratory Inductive Plethysmography (2013) Inter J EHealth and Med Com 4(1) : 12-22 
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Partie II ACTIVITES DE RECHERCHE 
 

II.1   PREAMBULE 
 

Mon travail de recherche est essentiellement axé sur la physiologie respiratoire et 

cardiaque. A partir de données physiologiques enregistrés sur des volontaires sains 

ou des patients, j’ai cherché à: 

• décrire ces deux fonctions physiologiques et leurs interactions dans certaines 

conditions (Figure 1 Exploration, § II.2 et II.3)  

• mettre au point des nouveaux indices d’évaluation de données en 

physiologie respiratoire et cardiaque (Figure 1 Mesure, § II.4) 

•  formuler des approches théoriques pour la validation de modèles (Figure 1 

Approche théorique, § II.5). 

Les travaux de recherche en cours s’inscrivent dans la continuité des thématiques 

précédentes et seront présentés dans les perspectives (II.6). 

 

L’ensemble des publications est présenté sur la Figure 1 pour chaque thématique 

précédente. Celles qui apparaissent en bleu, sont insérées en entier dans le 

document.  
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Figure 1 : Thématiques et publications afférentes. Les publications indiquées en bleu sont insérées en 
entier dans le document 

 

 

 

Pour chacun des travaux de recherche, j’ai présenté dans un cadre bleu avec un 

code couleur: les conclusions, les références des publications, et quand il y a lieu les 

collaborations scientifiques, les encadrements d’étudiants, et les contrats associés. 
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II.2  MODE VENTILATOIRE : DIVERSITE ET 

“PERSONNALITE”  
 

II.2.1 Introduction  

II.2.1.1 Les caractéristiques ventilatoires  

Chaque cycle ventilatoire (une inspiration et expiration) est caractérisé par sa 

durée  TTOT et son amplitude, le volume courant VT, ainsi que les durées inspiratoire TI 

et expiratoire TE (Figure 2). La fréquence ventilatoire FR exprimée en nombre de 

cycles par minute peut aussi être calculée FR =60/ TTOT. 

 
Figure 2 : Un cycle ventilatoire et ses caractéristiques : la durée totale  TTOT, les durées inspiratoire TI et 
expiratoire TE  et le volume courant VT. 

La forme moyenne d’une courbe volume peut-être représentée en prenant 

ensemble les données TI, TE et VT moyennes calculées à partir de valeurs obtenues 

pour chaque cycle ventilatoire (Figure 3). 

 

 
Figure 3 : Représentation de la forme d’un signal volume 

La diversité des modes ventilatoires au repos a été rapportée dès le 19ième siècle. La 

fréquence ventilatoire peut varier de 6 à 31 cycles par minute. Les durées des temps 

TI TE 

TTOT 

VT	
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inspiratoire et expiratoire présentent aussi une diversité ventilatoire, et des 

combinaisons différentes de TI et TE sont possibles quelle que soit la durée du cycle 

ventilatoire (TI reste cependant toujours inférieur à TE). Les volumes courant au repos 

peuvent prendre des valeurs allant de 442 à 1549 ml (Dejours 1961). L’individualité et 

la reproductibilité des modes ventilatoires au repos ont été rapportées au milieu du 

20ième siècle (Proctor et Hardy,1949 ; Morrow et Vosten, 1953). Le concept de 

“personnalité ventilatoire” a été introduit par Dejours et al (1961) : “Un même débit 

ventilatoire total ou alvéolaire peut-être réalisé par une infinité de combinaisons du 

volume courant (VT) et de la fréquence ventilatoire (FR). Chaque sujet possède sa 

propre combinaison FR* VT et, de plus, une forme des mouvements respiratoires qui lui 

est propre ; en réalité, tout sujet est doué d’une certaine personnalité ventilatoire.” 

Le travail de l’équipe PRETA a apporté une dimension supplémentaire au concept 

de “personnalité ventilatoire” en montrant l’existence pour chaque individu d’un 

mode ventilatoire et d’une forme de débit qui lui est propre. En effet, la forme du 

débit des cycles ventilatoires (débit enregistré à la bouche par 

pneumotachographhie, Figure 4) présentait une diversité entre les différents sujets et 

une individualité pour chaque sujet.  

 

 
Figure 4 : Débit ventilatoire instantané mesuré par pneumotachographie 

Ce travail sur la forme des cycles ventilatoires a été possible en développant d’une 

part, des outils de quantification basés sur des méthodes d’analyse de signal 

(analyse harmonique) et d’autre part, en développant des méthodes statistiques de 

comparaison multivariée (test de similarité). 
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II.2.1.2 Quantification de la forme des cycles ventilatoires (analyse harmonique) 

Afin de pouvoir les comparer, une méthode de quantification de la forme des cycles 

basée sur une analyse harmonique de chaque cycle de débit instantané a été mise 

au point au laboratoire (Bachy et al, 1986). La période de la fondamentale (T) est 

égale à la durée de chaque cycle. Les 32 harmoniques sont calculées et Bachy et al. 

(1986) ont montré que plus de 95 % de la puissance du signal est contenue dans la 

fondamentale et les trois premières harmoniques, la fondamentale contenant une 

grande part de ces 95%. La forme du cycle reconstitué à partir de la fondamentale 

et des trois harmoniques suivantes (qui ont respectivement pour période : ,  et 

) est donc très proche de la forme du signal initial (Figure 5). Chaque harmonique 

est caractérisée par un nombre complexe. Ainsi, la forme du cycle est représentée 

par quatre nombres complexes, ou huit nombres réels (coordonnées cartésiennes). 

Ces quatre (ou huit) nombres peuvent être représentés (Fresnel) dans le plan par 

quatre vecteurs. 

 

 
Figure 5 : Représentation de l’analyse harmonique sur un cycle de débit : Les 4 premières harmoniques, 
le spectre de puissance de ce cycle, le débit d’origine et le débit reconstitué à partir des 4 premières 
harmoniques et la représentation de Fresnel associée. 

Cette analyse cycle par cycle permet d’obtenir, une quantification de la forme 

“moyenne” d’un cycle ventilatoire, en calculant la moyenne des coordonnées de 

l’analyse harmonique effectuée sur les cycles sélectionnés à partir de 

l’enregistrement du signal débit sur une durée déterminée. 

 

T
2
T
3

T
4



 

 

20 

II.2.1.3 Comparaison multivariée de la forme des cycles ventilatoires (test de 

similarité) 

Un test statistique multivarié (test de similarité) a été mis au point dans l’équipe, afin 

de pouvoir comparer la forme des cycles ventilatoires soit en volume en prenant les 

trois données (TI, TE et VT) soit en débit en prenant les huit coordonnées de l’analyse 

harmonique. Le principe de ce test est la comparaison des différences intra-

individuelles avec les différences inter-individuelles dans deux conditions différentes, 

pour une variable ou un ensemble de variables. L’objectif de ce test est de montrer 

que dans deux situations différentes, chaque individu est “identifiable” parmi un 

ensemble d’individus. Un test significatif indique que les différences entre les formes 

des cycles ventilatoires d’un même individu enregistré dans deux conditions 

différentes sont moins grandes que les différences entre deux individus pris au hasard 

dans le même échantillon. Ainsi, les formes du volume d’une part, et du débit 

d’autre part, ont été comparées entre tous les individus d’un même échantillon dans 

deux situations. Cette méthode est détaillée par Benchetrit et al (1989) ainsi que 

dans ma thèse. Ces auteurs ont montré d’une part, un maintien de la forme des 

cycles ventilatoires (débit et volume) au repos pour chaque individu à quatre ans 

d’intervalle (Benchetrit et al, 1989) et d’autre part, la similarité de la forme de la 

ventilation de repos chez les jumeaux (Shea et al, 1989). 

 

II.2.2 La diversité des modes ventilatoires 

II.2.2.1 Chez les patients atteints de dystrophie myotonique (maladie de Steinert) 

La diversité des modes ventilatoires a été étudiée chez des patients atteints de 

dystrophie myotonique (maladie de Steinert). En effet, ces patients souffrent de 

multiples déficiences et en ce qui concerne la fonction respiratoire, ces déficiences 

se manifestent aussi bien au niveau de la régulation que du mode ventilatoire. Les 

données ventilatoires ont été enregistrées par pneumotachographie et 

pléthysmographie respiratoire à variation d’inductance chez 9 patients myotoniques 

en position assise et couchée, yeux ouverts (pour éviter l’assoupissement).  
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Figure 6 : Valeurs des volumes courant (VT en litre, l) et des durées (TTOT en seconde, sec) pour une série 
de cycles ventilatoires consécutifs en position assise (à gauche) et couchée (à droite) pour un patient. 

Le principal résultat est l’apparition progressive d’une ventilation irrégulière en 

position couchée chez certains patients atteints de dystrophie myotonique (Figure 6). 

 

La particularité de l’ajustement de la ventilation en relation avec la posture chez 

certain patient atteint de dystrophie myotonique est à prendre en compte lors de 

l’analyse des anomalies ventilatoires au cours du sommeil fréquemment observées 

chez ces patients. 

 

Calabrese et al (2000) Postural breathing pattern changes in patients with myotonic 
dystrophy, Respir Physiol. 
 

Post-doctorat, financé par l’Institut Garches, dans le Service de Réanimation Médicale (Pr 
Raphaël) à l’hôpital Raymond Poincaré (Hôpitaux Universitaires Paris Ile-de-France Ouest)-
1999-2000 
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ere
recorded

by
uncalibrated

respiratory
inductance

plethysm
ography.A

lthough
for

M
D

patients
the

m
ean

values
of

the
R

C
/A

B
ratio

lay
w

ithin
the

norm
al

range
the

relative
decrease

in
value

as
betw

een
seated

(0.78"
0.52)

and
supine

(0.31"
0.13)

position
w

as
less

than
in

healthy
subjects.

T
hese

observations
suggest

that
M

D
m

ay
cause

deficiencies
in

several
m

echanism
s.A

nalyses
of

the
respiratory

pattern
in

each
patient

m
ay

provide
inform

ation
leading

to
the

identification
of

the
im

paired
respiratory

m
echanism

s.
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1.
Introduction

A
lthough

a
sim

ilar
resting

ventilation
has

been
observed

in
patients

w
ith

m
yotonic

dystrophy
(M

D
)

to
that

in
control

subjects,
high

respiratory
frequency

and
low

tidal
volum

e
have

been
re-

ported
in

the
form

er
(B

égin
et

al.,1982;Serisier
et

*
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2al.,
1982;

Jam
m

es
et

al.,
1985;

B
ogaard

et
al.,

1992;
V

ervers
et

al.,
1996).

M
yotonia

of
the

res-
piratory

m
uscles

(B
égin

et
al.,

1982;
R

im
m

er
et

al.,
1993),

and
altered

afferent
output

from
dis-

eased
m

uscles
(B

égin
et

al.,
1980;

Serisier
et

al.,
1982;

Jam
m

es
et

al.,
1985)

m
ay

offer
an

explana-
tion

for
both

tachypnea
and

the
low

er
tidal

vol-
um

e
in

patients
w

ith
M

D
.

A
nother

feature
of

the
breathing

pattern
in

patients
w

ith
M

D
is

the
occurrence

of
irregular

breathing
(G

illam
et

al.,
1964;

C
occagna

et
al.,

1975;
Serisier

et
al.,

1982).
Such

irregularities
in

breathing
pattern

have
been

described
(G

illam
et

al.,
1964)

as
consisting

of
periods

of
irregular

respiration
occurring

at
m

ore
or

less
regular

inter-
vals

and
often

separated
by

periods
of

apnea
in

the
case

of
patients

in
a

sem
i-recum

bent
position.

F
or

patients
w

hen
aw

ake,
a

significantly
greater

variability
in

tidal
volum

e
and

respiratory
cycle

tim
e

w
as

found
than

in
control

subjects
(B

ogaard
et

al.,1992;G
ibson

et
al.,1992;V

eale
et

al.,1995;
V

ervers
et

al.,
1996).

In
the

view
of

several
au-

thors
(G

illam
et

al.,
1964;

B
ogaard

et
al.,

1992;
V

ervers
et

al.,
1996),

this
irregularity

m
ay

be
considered

to
result

to
a

large
extent,

from
influ-

ences
during

consciousness
from

the
higher

cen-
ters

w
hich

are
insufficiently

corrected
for

by
the

chem
icalcontrolm

echanism
.A

‘behavioural’infl-
uence

also
seem

ed
to

be
present

in
patients

w
ith

M
D

,
since

irregularity
in

breathing
pattern,

present
in

the
w

akefulstate
and

during
light

sleep
decreased

noticeably
during

slow
-w

ave
sleep

(G
ib-

son
et

al.,
1992;

V
eale

et
al.,

1995).
It

w
as

sug-
gested

(B
ogaard

et
al.,

1992)
that

the
uncoordinated

action
of

the
expiratory

and
in-

spiratory
intercostal

m
uscles

m
ay

provide
a

par-
tial

explanation
of

breathing
irregularity

in
patients

w
ith

M
D

.
A

nother
contributory

factor
w

ould
then

be
a

deficiency
in

respiratory
control

related
to

disordered
afferent

inform
ation

from
the

diseased
m

uscles,
since

abnorm
alities

in
the

m
uscle

spindles
of

patients
w

ith
M

D
have

been
docum

ented
(Sw

ash
and

F
ox,

1975)
and

there
is

evidence
of

im
paired

afferent
activity

from
these

m
uscles

(Stranock
and

N
ew

som
D

avis,
1978).

T
he

im
pairm

ent
of

respiratory
m

uscle
function

m
ay

also
be

studied
by

exam
ining

breathing
pat-

terns
in

different
postures.Indeed,the

m
ovem

ents

associated
w

ith
changes

in
posture,

com
m

on
in

everyday
life,

call
into

play
forces

w
hich

alter
the

operating
length

of
the

respiratory
m

uscles
and

induce
changes

in
force

distribution
in

the
respira-

tory
m

uscle
and

in
the

activity
of

various
inspira-

tory
m

uscles
(V

ellody
et

al.,
1978).

T
he

aim
of

the
present

study
w

as
to

exam
ine

a
possible

deficiency
in

the
m

echanism
s

responsible
for

adjusting
respiratory

m
uscle

activation
to

dif-
ferent

body
positions.

R
esting

breathing
in

pa-
tients

w
ith

M
D

w
as

recorded
by

pneum
o-

tachography
for

both
the

seated
and

supine
posi-

tion,w
ith

eyes
open

in
both

postures.In
addition,

rib
cage

and
abdom

inalm
otions

in
the

supine
and

seated
positions

w
ere

recorded
by

inductance
plethysm

ography,
as

patients
w

ith
neurom

uscular
diseases

have
been

reported
to

display
in

general
abnorm

althoracoabdom
inalpatterns

of
breathing

(Perez
et

al.,
1996).

2.
M

ethods

2.1.
P

atients

N
ine

patients
(five

m
ale)

w
ith

M
D

,
seen

at
the

hospital
for

a
routine

visit,
participated

in
the

study.
A

ccording
to

m
uscular

disability
rating

scale
described

by
B

égin
et

al.
(1997),

these
pa-

tients
m

ay
be

classified
as

III
(m

oderate
proxim

al
w

eakness,am
bulatory).Inform

ed
consent

w
as

ob-
tained

from
all

patients.
T

he
experim

ental
proto-

col
w

as
exam

ined
and

approved
by

the
Institutional

E
thics

R
eview

B
oard.

F
ive

patients
had

a
passive

pacem
aker.

Patient
characteristics

are
sum

m
arized

in
T

able
1.

N
o

patient
exhibited

severe
respiratory

deficiency
but

m
ild

restrictive
respiratory

disorder
w

as
observed

in
three

pa-
tients.

Pulm
onary

function
data,

Pa
O

2 ,
Pa

C
O

2
and

respiratory
C

O
2

response
(Infrared

analyser,
G

ould)
are

show
n

in
T

able
2.Predicted

values
for

V
C

,
F

E
V

1 ,
and

F
E

V
1 /V

C
w

ere
those

of
the

E
u-

ropean
C

om
m

unity
(Q

uanjer
et

al.,
1993)

and
for

P
Im

ax
and

P
E

m
ax

those
of

B
lack

and
H

yatt
(1969).

A
C

O
2

rebreathing
test

w
as

perform
ed

according
to

the
m

ethod
described

by
R

ead
(1967).
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2.2.
M

easurem
ent

and
protocol

A
irflow

w
as

m
easured

w
ith

a
pneum

ota-
chograph

(F
leish

head
N

o.
1)

and
a

differential
pressure

transducer
(163PC

01D
36,

M
icro

Sw
itch)

m
ounted

on
a

face
m

ask.A
n

uncalibrated
respira-

tory
inductive

plethysm
ograph

(R
IP)

w
as

used
to

obtain
rib

cage
(R

C
)

and
abdom

en
(A

B
)

m
otion

signals.
T

he
sensitivity

and
calibration

factors
w

ere
set

at
the

sam
e

values
for

both
channels

(R
espitrace,

m
odel

150,
Studley

D
ata).

T
w

o
series

of
10-m

in
recordings

w
ere

per-
form

ed
corresponding

to
the

seated
and

the
supine

position
respectively.

In
each

case
patients

w
ere

instructed
to

keep
their

eyes
open

during
the

entire
recording

period.

2.3.
D

ata
analysis

D
ata

acquisition
w

as
perform

ed
w

ith
a

recorder
(T

A
11,

G
ould

E
lectronic)

on
a

PC
M

C
IA

card
at

a
sam

pling
rate

of
200

H
z.A

paper
trace

w
as

also
obtained.

T
he

PC
M

C
IA

card
files

w
ere

converted
into

com
patible

M
acintosh

m
icrocom

puter
text

files
for

further
analysis.

T
he

flow
signal

w
as

analyzed
breath-by-breath

in
order

to
obtain

tidal
volum

e
(V

T)
by

integration
of

the
flow

signal,
breath

duration
(T

T
O

T),
and

inspiratory
(T

I)
and

expiratory
(T

E)
durations,

for
each

breath.
M

inute
ventilation,

V
T/T

I
and

T
I/T

T
O

T
w

ere
cal-

culated
for

each
breath.

M
ean

values
of

these
variables

w
ere

then
calculated

for
each

recording.

U
ncalibrated

inductance
plethysm

ography
sig-

nals
w

ere
also

processed
breath-by-breath

using
the

cycle
delim

itation
of

the
flow

signal.
T

his
processing

consists
in

calculating
the

F
ourier

co-
efficients

for
each

rib
cage

and
abdom

en
cycle.

F
or

each
set

of
recordings,

these
coefficients

w
ere

averaged
over

all
the

breathing
cycles

and
used

for
the

construction
of

the
m

ean
R

C
and

m
ean

A
B

cycle.
M

ean
R

C
w

as
plotted

versus
m

ean
A

B
for

each
subject

in
both

positions.In
addition,the

R
C

/A
B

ratio
w

as
calculated

for
each

breath
and

m
ean

values
w

ere
calculated

for
each

set
of

recordings.

2.4.
Statistical

analyses

V
alues

are
expressed

as
m

ean
!

standard
devi-

ation.
Student’s

t-test
and

paired
t-test

w
ere

used
w

here
appropriate

to
com

pare
the

tw
o

conditions:
seated

or
supine.Statisticalsignificance

w
as

set
at

P
=

0.05.

3.
R

esults

3.1.
C

om
parison

of
breathing

pattern
betw

een
seated

and
supine

positions

T
he

investigation
of

breathing
patterns

in
seated

and
supine

positions
in

patients
w

ith
m

y-
otonic

dystrophy
revealed

the
occurrence

of
ex-

piratory
pauses

in
six

out
of

nine
patients.

In
the

T
able

1
Patients

characteristics

Sex
A

ge
(years)

W
eight

(kg)
Pacem

aker
H

eight
(cm

)

F
164

c
1

73
38

N
o

57
64

155
c

2
Y

es
F

85
182

c
3

M
Y

es
36

c
4

159
82

37
F

Y
es

c
5

162
Y

es
82

F
56

68
47

M
c

6
N

o
164

92
55

M
c

7
N

o
173

Y
es

M
35

c
8

68
177

77
65

c
9

M
167

N
o

167
M

ean
48

77
12

10
9

SD
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Table 2
Lung function tests and CO2 sensitivitya

PImax (%pred) PEmax (%pred) PaO2
(kPa) PaCO2

(kPa) CO2 testVC (%pred) FEV1 (%pred) FEV1/VC (%pred)

Supine Seated Supine Seated SupineSeatedSeated SupineSeatedSupine

90 109 108 86 70 86 76 12.05 6.3585c1 83 93
85 62 53 42 71 11.4084 4.9086 1.00c2 747287

83107 77 118 120 38 46 0.88110 87 77c3
56 91 87 59 46 39 33 10.50 5.40 0.8064c4 6571

99 37 27 31 31 11.30103 5.30c5 0.3660646162
84 73 73 44 40 8.03c6 6.1883 1.8188 70 74 84

102 38 28 62 63 8.21107 5.61c7 0.7061625858
62 79 77 44 33 32 27 13.10 5.52 1.40c8 85 81 67

109 43 44 46 47109106 1.31c9 107 109 111

a VC, vital capacity; FEV1, forced expiratory volume in 1 sec; PImax and PEmax, maximum static inspiratory and expiratory pressures; CO2 test, slope of V! I versus
PETCO2

in seated position, l·min−1 mmHg−1. For VC, FEV1 , and FEV1/VC predicted values were those of the European Community (Quanjer et al., 1993). For PImax

and PEmax predicted values were those of Black and Hyatt (1969). The CO2 rebreathing test was performed according to the method described by Read (1967).
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F
ig.

1.
A

n
exam

ple
of

airflow
,

rib
cage

(R
C

)
and

abdom
en

(A
B

)
m

otion
signals

recorded
seated

and
supine

(at
the

beginning
(a)

and
tow

ards
the

end
(b))

in
subjectc

9.

case
of

four
patients

expiratory
pauses

w
ere

only
observed

in
the

supine
position

and
occurred

in
the

later
part

of
the

recording
a

few
m

inutes
after

the
patients

had
lain

dow
n.

A
n

exam
ple

of
such

recording
is

show
n

in
F

ig.
1.

T
he

tw
o

rem
aining

patients
exhibited

expiratory
pauses

in
both

positions.
E

xpiratory
pauses

w
ere

associated
w

ith
high

values
of

V
T.

Indeed,
T

able
3

show
s

greater
vari-

ability
in

V
T,

T
E

and
T

T
O

T.
Irregular

breathing
w

as
present

only
in

the
supine

position
in

subjects
c

1,
4,

6
and

9
but

in
both

positions
for

subjects
c

5
and

8.
T

he
rem

aining
three

patients
show

ed
less

irregular
breathing,

i.e.
the

coefficients
of

variation
of

V
T

and
T

T
O

T
w

ere
less

than
20%

in
both

supine
and

seated
position.

Series
of

breath
duration

(T
T

O
T)

and
tidalvolum

e
(V

T)
are

show
n

in
F

ig.2,in
both

positions,for
one

representative
patient

of
each

group.
H

ow
ever,

the
pattern

of
irregular

breathing
in

those
patients

w
ith

irregularities
in

both
postures

differed
from

that
of

those
w

ith
irregularities

only
in

the
supine

position.Indeed,in
this

latter
group,

irregularities
are

first
visible

in
V

T
and

only
after

a
few

m
inutes

of
being

supine
in

T
T

O
T

w
hereas

in
the

form
er

group
(i.e.

of
irregular

breathing
both

seated
and

supine),
irregularities

w
ere

observed
throughout

the
recording.

T
he

com
parison

of
the

respiratory
variables

T
T

O
T,

T
I,

T
E,

V
T,

V !I,
V

T/T
I

and
T

I /T
T

O
T

w
ithin

subjects
in

the
seated

and
supine

position,is
illus-

trated
in

F
ig.

3,
w

here
m

ean
values

and
standard

deviations
are

show
n

for
each

subject.
Identity

lines
w

ere
draw

n
to

better
illustrate

the
changes

as
betw

een
postures.R

esults
show

V !I,V
T

and
V

T /T
I

to
be

low
er

in
the

supine
position

except
in

the
case

of
subjectsc

3
and

9
for

V !I,subjectc
1

for
V

T
and

c
9

for
V

T/T
I.A

s
regards

breathing
tim

e
variables,

T
T

O
T,

T
I

and
T

E,
and

the
T

I/T
T

O
T

ratio
values,no

consistent
trend

w
as

found
to

the
changes.

R
esults

of
com

parisons
(paired

t-test)
of

the
m

ean
values

of
the

respiratory
variables

for
all

nine
patients

are
reported

in
T

able
3.

N
o

signifi-
cant

difference
in

any
variable

as
betw

een
posi-

tions
w

as
observed.

P
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Table 3
Respiratory variables for each subject seated and supinea

VT (l) V! I (l·min−1) VT/TI (l·sec−1) TI/TTOTTTOT (sec) TI (sec) TE (sec)

Supine Seated Supine Seated Supine Seated SupineSeated Seated SupineSeated SupineSeatedSupine

1.58 2.32 3.09 0.38 0.45 6.51 6.30 0.31 0.29 0.35 0.374.68c 1 1.223.54
66.6 32.8 42.8 24.6 46.1 21.0 50.421.5 12.316.5 25.4% 20.613.646.2

2.483.98 2.25 0.39 0.34 5.83 5.39 0.26 0.22 0.38 0.403.78 1.50 1.52c 2
14.7 19.1 15.1 29.7 20.2 20.2 13.6 21.7 15.7 9.7 7.913.3% 14.615.6

1.95 0.65 0.58 9.90 10.20 0.40 0.402.33 0.411.60 0.431.46c 3 3.93 3.42
21.316.8 17.6 21.1 20.9 15.9 18.1 15.1 16.2 12.4 10.713.5 17.8 15.3%

2.69 0.47 0.43 6.20 6.13 0.33 0.27c 4 0.314.62 0.384.25 1.42 1.56 3.20
37.0 21.7 26.5 15.4 19.5 12.9 19.924.2 14.418.8 18.4% 18.013.226.9

3.084.56 3.92 0.67 0.65 8.89 7.38 0.45 0.45 0.33 0.285.37 1.48 1.45c 5
% 25.826.8 28.3 20.2 26.8 24.1 18.9 12.8 17.6 22.921.1 22.9 19.4 33.1

4.23 0.66 0.57 7.73 5.26 0.29 0.242.87 0.442.34 0.37c 6 5.14 6.57 2.28
44.3 13.0 39.1 10.7 31.9 11.1 28.0% 9.914.8 24.729.0 16.1 24.9 18.1

2.45 0.66 0.63 9.69 9.53 0.45 0.412.66 0.36c 7 0.391.531.473.984.13
21.016.9 18.2 17.0 17.9 16.9 15.1 13.9 12.4 14.4 9.514.2 19.1 14.6%

3.90 0.92 0.63 9.18 8.78 0.73 0.555.14 0.216.40 0.26c 8 1.131.265.03
39.333.1 60.5 23.4 28.3 28.8 43.3 15.5 20.7 26.6 39.746.4 16.3 16.1%

1.82 2.91 4.65 0.74 0.71 7.37 8.30 0.24 0.38 0.52 0.35c 9 6.05 6.46 3.13
99.6 24.3 62.4 20.5 74.1 30.9 59.218.6 12.321.6 40.169.5 32.2% 16.8

0.668 0.488 0.093 0.213 0.338 0.7280.526P
3.24Mean 0.614.70 0.55 7.92 7.48 0.39 0.36 0.37 0.364.84 1.71 1.60 3.00
42.7 23.5 30.9 20.0 31.7 17.9 26.1 14.4 22.124.0% 19.6 31.1 17.2 19.5

a Mean values and coefficients of variation (%) of the respiratory variables for each subject seated and supine. TTOT : breath duration; TI and TE: inspiratory and
expiratory time; VT: tidal volume; V! I : minute ventilation; P: paired t-test results of comparisons of the mean values of the respiratory variables for all nine patients;
Mean values and mean coefficients of variation calculated for all patients in both positions are represented on the bottom lines.
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Fig. 2. Series of breath duration (TTOT) and tidal volume (VT) for three subjects. The top panel shows a subject in which irregular breathing appeared only in the
supine position. The subject in the middle panel showed irregular breathing in both seated and supine positions while the subject in the bottom panel was considered
to breathe regularly because their coefficient of variation was less than 20%.
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3.2.
C

om
parison

of
thoracoabdom

inal
m

otion
betw

een
seated

and
supine

positions

Plots
of

m
ean

R
C

versus
m

ean
A

B
for

all
subjects

in
both

positions
are

represented
in

F
ig.4

w
ith

the
sam

e
X

and
Y

-axis
scales.

F
ig.

4
show

s
that

the
R

C
versus

A
B

plots
are

flattened
ellipses,

w
hich

indicate
that

there
w

ere
no

asynchrony
betw

een
the

rib
cage

and
abdom

en
m

otions
neither

seated
nor

supine.F
or

subjectc
6,the

R
C

versus
A

B
plots

crosses
in

both
positions.

T
his

suggests
that

the
R

C
and

A
B

m
otion

have
different

rate
of

changes.
T

he
m

ean
R

C
/A

B
ratio

!
standard

deviation
appears

in
the

left-hand
corner

ofeach
plotfor

the
seated

position
and

in
the

right-hand
corner

for
the

supine
position.Significantly

low
er

m
ean

values
of

this
ratio

are
found

in
the

supine
as

com
pared

to
the

seated
position

in
all

patients.
T

he
change

in
the

R
C

/A
B

ratio
as

betw
een

seated
and

supine
position

seem
s

to
bear

no
relation

to
the

breathing
pattern

variability.Indeed,as
regards

subjectsc
2

and
c

9
w

ho
exhibit

the
greatest

change
in

the
R

C
/A

B
ratio

from
seated

to
supine

position,vari-
ability

in
T

T
O

T
is

sim
ilar

in
both

positions
for

subjectc
2

w
hilst

exhibiting
a

m
arked

increase
from

seated
to

supine
in

subjectc
9.

4.
D

iscussion

In
this

study
on

nine
w

akefulpatients
w

ith
M

D
,

breathing
pattern

analysis
revealed

irregularities
for

four
patients

in
the

supine
position

only
w

hereas
for

tw
o

other
patients

irregular
breathing

w
as

exhibited
in

both
positions.D

espite
the

irreg-
ular

pattern
observed

in
the

supine
position

in
these

four
patients,com

parison
ofthe

m
ean

values
of

the
respiratory

variables
as

betw
een

the
seated

and
supine

position
revealed

no
significant

differ-
ence.

C
om

paring
breathing

pattern
in

controlsubjects
and

patients
w

ith
M

D
in

seated
and

supine
posi-

tion,
a

significant
decrease

in
supine

as
com

pared
to

seated
position

w
as

found
only

in
V

T/T
I

for
patients

but
also

for
controlsubjects

(B
égin

et
al.,

1982).
A

lthough
not

significantly
different,

both
V

T
and

V
T/T

I
appeared

to
be

low
er

in
supine

as
com

pared
to

seated
posture

for
m

ost
of

the
pa-

tients
(F

ig.
3)

in
the

present
study.

Irregularities
in

breathing
pattern

are
clearly

apparentw
hen

breath-by-breath
values

are
plotted

for
the

w
hole

ofthe
recording,as

illustrated
in

F
ig.

2.
Irregular

respiration
in

patients
w

ith
M

D
has

already
been

reported
both

in
individual

case
studies

(C
occagna

etal.,1975)and
in

group
studies

(Serisier
et

al.,1982;B
ogaard

et
al.,1992;G

ibson
et

al.,1992;V
eale

et
al.,1995;V

ervers
et

al.,1996)
w

here
a

significantly
m

ore
m

arked
irregularity

than
in

controlsubjects
w

as
observed.H

ow
ever,as

in
the

present
study,

not
all

patients
w

ith
M

D
m

anifest
irregular

breathing.
In

the
earlier

studies
irregular

breathing
w

as
reported

in
seven

outof19
m

yotonic
patients

w
ith

less
m

arked
irregularities

in
six

others
(Serisier

et
al.,1982),and

in
four

out
of

seven
patients

w
hen

aw
ake

(G
ibson

et
al.,

1992;
V

eale
et

al.,
1995).

In
the

present
study,

it
is

notew
orthy

that
the

pattern
of

irregular
breathing

in
those

patients
w

ith
irregularities

in
both

pos-
tures

w
as

different
from

that
of

those
w

ith
irregu-

larities
in

the
supine

position
only.

Indeed,
in

the
tw

o
patients

w
ith

irregular
breathing

in
both

posi-
tions,

irregularity
w

as
‘continuous’

(F
ig.

2),
w

hereas
in

the
four

patients
w

ith
irregularities

only
w

hen
supine,

periods
of

irregular
breathing

ap-
peared

after
a

few
m

inutes
in

the
supine

position
and

occurred
at

m
ore

or
less

regular
intervals.

Ithas
been

postulated
thatbreathing

irregularity
results,to

a
large

extent,from
influences

from
the

higher
centers

that
are

insufficiently
corrected

for
by

the
chem

icalcontrolm
echanism

(V
ervers

et
al.,

1996).Indeed,although
statistically

notsignificant,
there

w
as

a
tendency

for
patients

w
ith

a
norm

al
ventilatory

C
O

2 response
to

breathe
m

ore
regularly

than
patients

w
ith

a
low

ered
ventilatory

C
O

2
re-

sponse
(B

ogaard
et

al.,1992;V
ervers

et
al.,1996).

F
ig.3.C

om
parison

of
respiratory

pattern
betw

een
the

tw
o

postures
in

allsubjects.Seated
versus

supine
plots

of
m

ean
!

S.D
.values

of
respiratory

variables:
B

reath
duration

(T
T

O
T),

inspiratory
tim

e
(T

I),
expiratory

tim
e

(T
E),

tidal
volum

e
(V

T),
m

inute
ventilation

V !I,
T

I/T
T

O
T

and
V

T/T
I.
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10F
ig.

4.
M

ean
rib

cage
(R

C
)

versus
m

ean
abdom

en
(A

B
)

F
ourier

coefficients,
calculated

breath-by-breath,
for

the
nine

subjects
in

seated
and

supine
positions.

M
ean

values
of

the
R

C
/A

B
ratio

!
S.D

.
for

both
positions

are
reported

on
each

plot.
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T
his

hypothesis
is

also
supported

by
G

illam
et

al.
(1964),

w
ho

show
ed

breathing
irregularities

in
patients

w
ith

M
D

to
increase

in
cases

of
w

eaken-
ing

of
C

O
2

sensitivity
by

an
anesthetic

agent
(thiopentone).

A
lthough

statistically
not

signifi-
cant,

an
inverse

relationship
w

as
found

to
exist

betw
een

the
ventilatory

C
O

2
sensitivity

and
the

irregularity
of

respiratory
cycle

tim
e

and
tidal

volum
e

(B
ogaard

et
al.,

1992).
Such

m
echanism

s
m

ay
explain

irregularities
such

as
those

observed
in

patientc
5,

w
ho

exhibited
irregular

breathing
in

both
positions

associated
w

ith
low

C
O

2
sensi-

tivity.
H

ow
ever,

patient
c

8,
w

ith
irregular

breathing
in

both
positions

had,a
norm

alventila-
tory

C
O

2
sensitivity

response.
F

urtherm
ore,

w
e

did
not

observe
any

correspondence
betw

een
the

value
of

Pa
C

O
2

and
the

irregularity
of

the
breath-

ing
pattern.

T
he

irregularities
associated

w
ith

the
supine

position
m

ay
involve

other
m

echanism
s.

Irregular
breathing

w
as

found
in

patients
sitting

or
lying

undisturbed
and

it
w

as
not

lim
ited

to
periods

of
drow

siness
(Serisier

et
al.,

1982).
A

lthough
drow

siness
has

often
been

reported
in

patients
w

ith
m

yotonia
(K

ilburn
et

al.,
1959;

Phem
ister

and
Sm

all,
1961;

C
occagna

et
al.,

1975),
there

is
no

possible
question

that
our

patients
did

not
rem

ain
alert

as
they

w
ere

instructed
to

keep
their

eyes
open

during
the

w
hole

of
the

recordings.
T

hus,
irregular

breathing
w

ould
not

appear
to

be
linked

to
drow

siness.
F

urtherm
ore,

the
variability

in
breathing

interval
in

patients
w

ith
M

D
is

only
significantly

higher
during

w
akefulness

and
light

sleep,
than

that
in

patients
w

ith
nonm

yotonic
m

uscle
disease

and
in

norm
al

subjects,
all

three
groups

show
ing

sim
ilar

variability
during

slow
-

w
ave

sleep
(G

ibson
et

al.,
1992;

V
eale

et
al.,

1995).
C

hanges
in

posture
involve

the
exertion

of
forces

w
hich

alter
the

operating
length

of
the

respiratory
m

uscles.
In

norm
al

subjects
there

is
adjustm

ent
of

respiratory
m

uscle
activation

such
that

any
difference

in
respiratory

characteristics
betw

een
seated

and
supine

position
is

rem
edied

by
the

second
breath

follow
ing

posture
change.

T
his

ventilatory
com

pensation
during

postural
change

is
not

obtained
via

vagalafferent
inform

ation
but

rather
through

respiratory
m

uscle
receptors

(K
in-

near
et

al.,
1989).

In
this

study
irregular

T
T

O
T

w
hen

supine
occurs

only
after

a
few

m
inutes

w
hereas

V
T

exhibits
higher

variability
from

the
outset.O

ne
possible

explanation
could

be
that

the
m

echanism
adjusting

ventilation
w

hen
changing

from
seated

to
supine

position
does

not
operate

as
rapidly

as
in

healthy
subjects,

leading
to

‘fluctua-
tions’

in
V

T.
T

he
accum

ulation
of

deficiencies
in

this
regulating

m
echanism

m
ay

then
be

responsi-
ble

of
the

occurrence
of

irregular
breaths

w
ith

expiratory
pauses.O

n
this

hypothesis,im
pairm

ent
of

the
respiratory

m
uscle

receptors
is

assum
ed

to
trigger

irregular
breathing.

Indeed,
abnorm

alities
in

the
m

uscle
spindles

of
patients

w
ith

M
D

are
w

ell
recognised

(Sw
ash

and
F

ox,
1975)

and
evi-

dence
of

im
paired

afferent
activity

has
been

dem
onstrated

(Stranock
and

N
ew

som
D

avis,
1978).

H
ow

ever,
the

w
eakness

of
the

respiratory
m

uscle
can

not
be

ruled
out

as
a

factor
in

irregu-
lar

breathing.
W

eakness
of

respiratory
m

uscles
in

patients
w

ith
M

D
m

ay
be

partly
responsible

for
lim

iting
ventilatory

perform
ance

(B
égin

et
al.,

1982)
and

for
the

pathogenesis
of

hypoventilation
(K

ilburn
et

al.,
1959;

B
égin

et
al.,

1997).
A

large
decrease

in
m

axim
al

m
outh

pressure
in

patients
w

ith
M

D
as

com
pared

to
that

in
norm

al
subjects

has
been

reported
in

severalstudies
(G

illam
et

al.,
1964;

B
égin

et
al.,

1982;
Serisier

et
al.,

1982;
B

ogaard
et

al.,
1992).

In
addition,

these
studies

reported
a

m
ore

m
arked

im
pairm

ent
of

P
E

m
ax

than
of

P
Im

ax ,
consistent

w
ith

the
data

in
this

study.
T

his
reduction

is
probably

the
result

of
w

eakness
of

the
abdom

inal
m

uscles
w

hich
are

the
m

ajor
expiratory

m
uscles

(Serisier
et

al.,
1982).

M
yotonia

of
the

respiratory
m

uscles
could

result
in

a
decrease

in
com

pliance
of

the
chest

w
all,

w
hich

m
ay

in
turn

increase
the

w
ork

of
breathing

and
threaten

m
uscle

fatigue
resulting

in
a

change
of

tidalvolum
e

and
respiratory

frequency
in

order
to

prevent
this

fatigue
(R

im
m

er
et

al.,
1993).

R
espiratory

m
uscle

w
eakness

in
patients

w
ith

M
D

m
ay

induce
abnorm

al
m

otions
of

rib
cage

and
abdom

en,
sim

ilar
to

those
observed

in
patients

w
ith

neurom
uscular

diseases
(Perez

et
al.,

1996),
these

abnorm
alities

being
aggravated

by
the

change
from

seated
to

supine
position.

U
nlike

Perez
et

al.
(1996)

w
e

did
not

observed
(F

ig.
4)

asynchrony
betw

een
R

C
and

A
B

m
otions.Indeed,

P
.

C
alabrese

et
al./R
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P
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122

(2000)
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12the
R

C
versus

A
B

plots
in

both
positions

are
elliptic

loops
sim

ilar
to

those
described

by
V

er-
schakelen

and
D

em
edts

(1995)
in

healthy
subjects

during
quiet

breathing.
T

he
partition

of
V

T
into

its
thoracic

and
ab-

dom
inal

volum
e

displacem
ent

did
not

differ
as

betw
een

patients
w

ith
M

D
and

control
subjects,

either
in

the
seated

or
supine

position
(B

égin
et

al.,
1982).

A
decrease

of
74.4%

in
the

R
C

/A
B

ratio
has

been
reported

(V
ellody

et
al.,

1978)
from

seated
to

supine
position,

m
ean

values
be-

ing
0.90

seated
and

0.23
supine.

In
another

study
(Sharp

et
al.,

1975)
an

82.7%
decrease

in
the

R
C

/A
B

ratio
from

seated
to

supine
w

as
found

w
ith

how
ever

higher
values

of
the

R
C

/A
B

ratio
in

both
positions

(2.08
in

seated
and

0.36
in

supine).
O

ur
results

indicated
a

fall
from

0.78!
0.52

in
the

seated
position

to
0.31!

0.13
in

the
supine,

i.e.
a

decrease
of

60.3%
w

hen
changing

from
seated

to
supine

position.
A

l-
though

the
values

of
the

R
C

/A
B

ratio
w

ere
in

the
range

of
those

already
reported

(Sharp
et

al.,
1975;

V
ellody

et
al.,

1978),
the

percentage
de-

crease
appeared

to
be

low
er

in
patients

w
ith

M
D

than
in

healthy
subjects.

H
ow

ever,
it

should
be

noticed
(F

ig.
4)

that
there

is
a

great
inter-individ-

ual
difference

in
the

values
of

the
R

C
/A

B
ratio

in
the

supine
and

seated
position

as
w

ell
as

in
the

percentage
change

in
value

betw
een

the
posi-

tions
(top

left
of

plots).
T

his
w

ould
suggest

that
rather

than
using

a
single

value
of

R
C

/A
B

,
changes

in
this

ratio
m

onitored
at

regular
tim

e
intervals

w
ould

provide
the

basis
of

m
ore

m
ean-

ingful
data

concerning
respiratory

m
uscle

im
pair-

m
ent.
In

conclusion,
this

study
on

the
breathing

pat-
tern

of
patients

w
ith

M
D

corroborates
previous

observations
that

deficiencies
m

ay
exist

in
several

of
the

respiratory
system

m
echanism

s
of

these
patients.

A
nalyses

of
resting

breathing
pattern

recorded
by

pneum
otachography

and
inductance

plethysm
ography

m
ay

provide
supplem

entary
in-

form
ation

to
that

obtained
from

lung
function

tests
on

the
im

paired
ventilatory

m
echanism

of
each

patient.
F

urtherm
ore,

this
study

suggests
that

it
m

ay
be

m
eaningful

to
com

pare
seated

and
supine

breathing
pattern

prior
to

sleep
studies

in
these

patients.

A
cknow

ledgem
ents

T
his

study
w

as
supported

by
Institut

G
arches,

H
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égin,
R

.,
B

ureau,
M

.A
.,

L
upien,

L
.,

B
ernier,

J.-P.,
L

em
ieux,

B
.,

1982.
Pathogenesis

of
respiratory

insufficiency
in

m
y-

otonic
dystrophy.

T
he

m
echanical

factors.
A

m
.

R
ev.

R
espir.

D
is.

125,
312–318.

B
lack,

L
.F

.,
H

yatt,
R

.E
.,

1969.
M

axim
al

respiratory
pressures

:
norm

al
values

and
relationship

to
age

and
sex.

A
m

.
R

ev.
R

espir.
D

is.
99,

696–702.
B

ogaard,J.M
.,V

an
D

er
M

eché,F
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II.2.2.2 Au cours de l’exercice imaginaire 

L’augmentation de la ventilation et de la fréquence cardiaque au cours de 

l’exercice imaginaire ont été décrites chez des athlètes et des sédentaires avec des 

résultats divergents quant à la nécessité d’avoir une pratique préalable de 

l’exercice (Thornton et al, 2001 ; Wuyam et al, 1995). Pour vérifier cette hypothèse, 

nous avons enregistré la ventilation et l’électrocardiogramme (ECG) lors de 

l’imagination d’une compétition d’aviron. Après un enregistrement de repos, les 

sujets visionnent une course d’aviron d’environ 5 minutes. Ils doivent ensuite fermer 

les yeux, le film de la course démarre pour donner le départ de la course, le film est 

arrêté et le sujet doit alors s’imaginer exécuter l’exercice. Quatre groupes de sujets 

ont participé à l’étude : 1) 12 compétiteurs en aviron, 2) 12 sportifs (autre sport) 

appariés en âge, 3) 10 sédentaires appariés en âge et 4) 12 seniors (50 à 60 ans). 

 

 
Figure 7 : Changement exprimé en pourcentage de la valeur de repos pour la fréquence cardiaque et 
la ventilation minute (=VT * fR, avec VT : volume courant, fR : fréquence ventilatoire) lors du visionnage de 
la course et durant l’imagination de celle-ci pour tous les sujets des 4 groupes : compétiteurs en aviron 
(1), sportifs (2), sédentaire (3), seniors (4). 

Les résultats (Figure 7) ont montré une augmentation significative de la ventilation 

chez tous les sujets. La fréquence cardiaque était significativement augmentée chez 

34 sujets répartis dans les 4 groupes. Trois compétiteurs en aviron ont augmenté 

considérablement leurs données cardio-ventilatoires, à tel point que l’enregistrement 

a dû être arrêté en raison d’une baisse considérable de CO2 dans l’air expiré. 

Ces résultats suggèrent que la pratique préalable de l’exercice n’est pas un 

prérequis pour observer une augmentation des données cardio-ventilaroires au 

cours de l’exercice imaginaire.  
 
Calabrese et al (2004) Cardioventilatory changes induced by mentally imaged rowing. Europ 
J App Physiol 
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éo
riq

u
e
et

A
p
p
liq

u
ée

(P
R
E
T
A
)
F
acu

lté
d
e
M
éd
ecin

e
d
e
G
ren

o
b
le,

U
n
iversité
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is
exercise.

T
h
e
exercise

to
b
e
im

agin
ed

w
as

ro
w
in
g,

in
w
h
ich

a
p
articu

lar
rh
yth

m
ical

p
attern

o
f
b
reath

in
g
–
n
ecessarily

co
u
p
led

to
stro

k
e
rate

–
is
ad

o
p
ted

b
y
th
e
ro
w
ers.

If
th
e

card
io
ven

tilato
ry

resp
o
n
se

to
im

agin
ed

exercise
refl

ects
a

learn
ed

resp
o
n
se

to
exercise,

it
is

reaso
n
ab

le
to

exp
ect

greater
resp

o
n
ses

in
exp

erien
ced

ro
w
ers

d
u
e
to

a
‘‘m

em
-

o
ry’’

o
f
th
e
card

io
ven

tilato
ry

resp
o
n
se

to
actu

al
ro
w
in
g.

T
h
e
su
b
jects

w
ere

(1)
co
m
p
etitive

ro
w
ers,

(2)
n
o
n
-ro

w
er

ath
letes,

(3)
sed

en
tary

stu
d
en
ts

(aged
22–30

years)
an

d
(4)

sed
en
tary

sen
io
r
su
b
jects

(aged
50–60

years).
T
h
e

sen
io
rs
fo
rm

ed
a
sep

arate
gro

u
p
as

a
d
etrim

en
taleff

ect
o
f

age
o
n

th
e
gen

eratio
n

o
f
m
en
tal

im
ages

(B
riggs

et
al.

1999;
B
ru
yer

an
d
S
cailq

u
in

2000;
R
az

et
al.

1999)
h
as

b
een

rep
o
rted

.
O
n
ly

th
e
co
m
p
etitive

ro
w
ers

h
ad

h
ad

th
e

exp
erien

ce
o
f
th
e
exercise

to
b
e
m
en
tally

im
aged

an
d
th
e

o
th
er

su
b
jects’

k
n
o
w
led

ge
o
f
ro
w
in
g

w
as

o
n
ly

th
at

o
b
tain

ed
fro

m
w
atch

in
g
a
vid

eo
o
f
a
race.

M
ethods

S
u
b
jects

F
o
rty-six

h
ealth

y
n
aive

su
b
jects

p
articip

ated
in

th
e

stu
d
y.

T
h
eir

ch
aracteristics

are
given

in
T
ab

le
1.

S
u
b
jects

fell
in
to

fo
u
r

gro
u
p
s:

(1)
12

ro
w
ers

–
w
ith

exp
erien

ce
o
f

n
atio

n
al

level
co
m
p
etitio

n
o
ver

several
years

–
train

in
g
fo
r
an

average
o
f

14.3
h
p
er

w
eek

;
(2)

10
p
h
ysical

ed
u
catio

n
stu

d
en
ts

–
th
e
ath

lete

gro
u
p

–
p
ractisin

g
m
o
stly

team
sp
o
rts

fo
r
an

average
o
f
10.3

h
p
er

w
eek

;
(3)

12
p
o
st-grad

u
ate

stu
d
en
ts

w
ith

n
o

sp
ecifi

c
p
h
ysi-

cal
train

in
g
an

d
p
ractisin

g
o
n
average

less
th
an

4
h
o
f
sp
o
rt

p
er

w
eek

;
an

d
,
fi
n
ally,

(4)
12

su
b
jects

aged
50–60

years,
th
e
sen

io
r

gro
u
p
,
exercisin

g
an

average
o
f
3.1

h
p
er

w
eek

.
T
h
e
exp

erim
en
tal

p
ro
to
co
l

w
as

exam
in
ed

an
d

ap
p
ro
ved

b
y

th
e

In
stitu

tio
n
al

E
th
ics

R
eview

B
o
ard

.
B
efo

re
givin

g
th
eir

w
ritten

co
n
sen

t,
th
e

su
b
jects

w
ere

in
fo
rm

ed
o
f
th
e
p
ro
to
co
l
an

d
th
e
o
verall

n
atu

re
o
f

th
e

exp
erim

en
ts

b
u
t

th
ey

w
ere

u
n
aw

are
o
f

th
e

aim
o
f

th
e
stu

d
y.

E
xp

erim
en
tal

p
ro
to
co
l

P
rio

r
to

in
stallin

g
th
e
su
b
ject,

th
e
reco

rd
in
g
seq

u
en
ces

w
ere

ex-
p
lain

ed
:
(1)

after
a
reco

rd
in
g
at

rest
w
ith

eyes
clo

sed
,
(2)

a
vid

eo
o
f

a
ro
w
in
g
race

w
o
u
ld

b
e
sh
o
w
n
an

d
th
en

(3)
th
e
su
b
ject

w
o
u
ld

b
e

ask
ed

to
clo

se
h
is

(h
er)

eyes
an

d
to

im
agin

e
h
im

(h
er)

self
as

an
o
arsm

an
o
r
o
arsw

o
m
an

p
erfo

rm
in
g
a
ro
w
in
g
race.

S
u
b
jects

w
ere

co
m
fo
rtab

ly
seated

an
d

w
o
re

a
facem

ask
o
n

w
h
ich

w
as

m
o
u
n
ted

a
fl
o
w

m
eter

(F
leisch

h
ead

N
o
.1)

co
n
n
ected

to
a

d
iff
eren

tial
p
ressu

re
tran

sd
u
cer

(163P
C
01D

36,
M
icro

S
w
itch

).
P
rio

r
to

in
itiatin

g
reco

rd
in
g,

leak
s

fro
m

aro
u
n
d

th
e

m
ask

w
ere

ch
eck

ed
fo
r
u
sin

g
an

in
frared

C
O

2
an

alyzer
(E
n
g-

strö
m

E
liza/E

liza
M
C
).

E
n
d

tid
al

C
O

2
(F
E
T
C
O
2 )

w
as

m
easu

red
co
n
tin

u
o
u
sly

u
sin

g
th
e

sam
e

ap
p
aratu

s
an

d
an

electro
card

io
-

grap
h
ic

trace
(E
K
G
)
w
as

o
b
tain

ed
d
u
rin

g
th
e
en
tire

reco
rd
in
g

p
erio

d
.

T
h
e
fi
rst

reco
rd
in
g,

at
rest

w
ith

eyes
clo

sed
,
lasted

5–10
m
in

an
d

th
e

seco
n
d

reco
rd
in
g,

p
erfo

rm
ed

w
h
ile

th
e

su
b
jects

w
ere

w
atch

in
g
th
e
vid

eo
,
lasted

6
m
in

(th
e
co
n
d
itio

n
view

in
g
is
m
issin

g
fo
r
o
n
e
su
b
ject

in
th
e
A
th
lete

gro
u
p
).

T
h
e
vid

eo
tap

e
w
as

th
en

rew
o
u
n
d
an

d
im

m
ed
iately

restarted
so

th
at

th
e
su
b
jects

h
eard

th
e

p
rep

aratio
n

fo
r
an

d
th
e

start
o
f
th
e

race
b
u
t
w
ith

th
eir

eyes
clo

sed
.
T
h
e
su
b
jects

w
ere

in
stru

cted
to

start
th
eir

im
agin

ed
race

at
th
e
m
o
m
en
t
th
ey

h
eard

th
e
startin

g
w
h
istle.

T
h
e
vid

eo
w
as

sto
p
p
ed

im
m
ed
iately

after
th
e

start
o
f
th
e

race
to

allo
w

th
e

su
b
jects

to
im

agin
e

th
e

exercise
w
ith

m
in
im

u
m

d
istractio

n
th
ro
u
gh

o
u
t
th
e
reco

rd
in
g.

T
h
e
vid

eo
w
as

o
f
an

O
lym

p
ic

2000-m
ro
w
in
g

race
w
ith

fo
u
r
ro
w
ers

w
ith

o
u
t
co
xsw

ain
.
M
ale

su
b
jects

w
atch

ed
a

m
en
’s

ro
w
in
g

race
w
h
ile

fem
ale

su
b
jects

w
atch

ed
a

w
o
m
en
’s

ro
w
in
g

race.
O
ver

th
e
fi
rst

30
s
o
f
th
e
race,

ath
letes

ro
w
ed

at
th
eir

h
igh

est
ro
w
in
g

freq
u
en
cy

(ap
p
ro
xim

ately
49

stro
k
es

p
er

m
in
u
te

fo
r
m
en
,
44

fo
r
w
o
m
en
)
after

w
h
ich

th
is

freq
u
en
cy

fell
to

a
m
in
im

u
m

in
th
e
m
id
d
le

o
f
th
e
race

(37
stro

k
es

p
er

m
in
u
te

fo
r
m
en
,
33

fo
r
w
o
m
en
)
an

d
th
en

ro
se

to
w
ard

s
th
e

en
d
o
f
th
e
race

(42
stro

k
es

p
er

m
in
u
te

fo
r
m
en
,
40

fo
r
w
o
m
en
).

T
h
e

m
ean

ro
w
in
g

freq
u
en
cy

fo
r

th
e

race
w
as

41
stro

k
es

p
er

m
in
u
te

fo
r
m
en

an
d
38

fo
r
w
o
m
en
.

T
h
e
th
ird

reco
rd
in
g
lasted

6
m
in
,
i.e.,

th
e
d
u
ratio

n
o
f
th
e
race.

H
o
w
ever,

th
e
exp

erim
en
t
w
as

sto
p
p
ed

in
th
o
se

cases
w
h
ere

im
ag-

in
in
g
exercise

in
d
u
ced

h
yp

erven
tilatio

n
lead

in
g
to

a
fall

in
F
E
T
C
O

2

valu
e
b
elo

w
3.5%

.
A
t
th
e
en
d
o
f
th
e
reco

rd
in
gs

all
th
e
su
b
jects

rep
o
rted

an
attem

p
t

to
im

agin
e
a
ro
w
in
g
race,

even
th
o
u
gh

so
m
e
su
b
jects

said
th
at

th
ey

h
ad

d
iffi

cu
lty

b
ecau

se
th
ey

h
ad

n
ever

d
o
n
e
an

y
ro
w
in
g.

T
able

1
C
h
aracteristics

o
f
th
e
su
b
jects

an
d
w
eek

ly
p
h
ysical

activity
fo
r
each

gro
u
p
.
T
h
e
n
u
m
b
er

o
f
w
o
m
en

is
given

in
parentheses;

valu
es

fo
r
age

an
d
exercise

are
exp

ressed
as

th
e
m
ean

±
S
D

fo
r
all

th
e
su
b
jects

in
each

gro
u
p

G
ro
u
p

N
u
m
b
er

o
f
su
b
jects

A
ge

(years)
W
eigh

t
(k
g)

H
eigh

t
(m

)
E
xercise

(h
o
u
rs

p
er

w
eek

)

M
ean

S
D

M
ean

S
D

M
ean

S
D

M
ean

S
D

R
o
w
ers

12
(4F

)
23.8

4.1
70.9

7.5
1.80

0.08
14.25

3.67
A
th
letes

10
(1F

)
22.2

5.2
72.4

7.9
1.79

0.06
10.33

3.08
S
tu
d
en
ts

12
(4F

)
26.5

4.2
72.0

12.0
1.75

0.09
1.92

2.19
S
en
io
rs

12
(8F

)
54.3

3.0
72.8

13.4
1.66

0.09
3.09

5.22

161
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D
ata

an
alysis

B
reath

in
g
p
attern

w
as

an
alyzed

b
reath

-b
y-b

reath
an

d
rate,

tid
al

vo
lu
m
e
an

d
m
in
u
te

ven
tilatio

n
w
ere

calcu
lated

fo
r
each

b
reath

.
B
eat-b

y-b
eat

h
eart

rate
w
as

calcu
lated

fro
m

th
e
R
-R

in
terval

o
f
th
e

electro
card

io
grap

h
ic

trace.
M
ean

valu
es

an
d
S
D

w
ere

calcu
lated

fo
r
each

reco
rd
in
g
an

d
fo
r
each

gro
u
p
in

each
co
n
d
itio

n
.

A
n
alyses

o
f
varian

ce
(A

N
O
V
A
)
w
ith

rep
eated

m
easu

res
w
ere

u
sed

to
an

alyze
card

io
resp

irato
ry

variab
les

o
f
th
e
fo
u
r
gro

u
p
s
o
f

su
b
jects

at
th
e
th
ree

co
n
d
itio

n
s:

restin
g,

view
in
g
an

d
im

agin
in
g.

W
h
en

o
verall

d
iff
eren

ces
w
ere

o
b
served

,
B
o
n
ferro

n
i-D

u
n
n
’s

m
u
l-

tip
le

co
m
p
ariso

n
p
ro
ced

u
re

w
as

u
sed

to
stu

d
y
p
airw

ise
d
iff
eren

ces
b
etw

een
gro

u
p
s
an

d
b
etw

een
co
n
d
itio

n
s.

In
ad

d
itio

n
,
fo
r
each

su
b
ject,

variab
les

w
ere

co
m
p
ared

b
etw

een
im

agin
in
g
an

d
restin

g
co
n
d
itio

n
s
an

d
also

b
etw

een
view

in
g
an

d
restin

g,
u
sin

g
t-test.

S
ig-

n
ifi
can

ce
w
as

set
at

p<
0.05

fo
r
all

tests.

R
esults

C
h
an

ges
in

h
eart

rate
w
h
ile

w
atch

in
g
th
e
vid

eo
an

d
im

agin
in
g
th
e
race

A
n
alysis

o
f
varian

ce
(A

N
O
V
A
)
carried

o
u
t
o
n
h
eart

rate
d
ata

in
th
e
fo
u
r
gro

u
p
s
o
f
su
b
jects

in
th
ree

co
n
d
itio

n
s

revealed
n
o

gro
u
p

eff
ect

(p=
0.261)

b
u
t
a

sign
ifi
can

t
co
n
d
itio

n
eff

ect
(p<

0.001).
T
h
e
B
o
n
ferro

n
i-D

u
n
n
tests

sh
o
w
ed

a
sign

ifi
can

t
d
iff
eren

ce
b
etw

een
all

p
air

w
ise

co
n
d
itio

n
s.
In

T
ab

le
2
are

rep
o
rted

th
e
m
ean

valu
es

an
d

S
D

o
f
th
e
h
eart

rate
in

th
e
th
ree

co
n
d
itio

n
s
fo
r
each

gro
u
p
.
S
tu
d
en
t
t-tests

w
ere

p
erfo

rm
ed

o
n

in
d
ivid

u
al

d
ata:

35
su
b
jects

in
creased

th
eir

h
eart

rate
sign

ifi
can

tly
d
u
rin

g
w
atch

in
g
th
e
vid

eo
an

d
34

w
h
ile

im
agin

in
g.

T
h
e

n
u
m
b
er

o
f
su
b
jects

in
each

gro
u
p
w
h
o
in
creased

th
eir

h
eart

rate
sign

ifi
can

tly
as

co
m
p
ared

to
rest

is
even

ly
d
istrib

u
ted

am
o
n
g
th
e
fo
u
r
gro

u
p
s.

C
h
an

ges
in

ven
tilato

ry
variab

les
w
h
ile

w
atch

in
g

th
e
vid

eo
an

d
im

agin
in
g
th
e
race

C
h
an

ges
in

b
reath

in
g
p
attern

in
d
u
ced

b
y
view

in
g
o
r
b
y

im
agin

in
g

are
o
b
served

as
so
o
n

as
th
e

fi
rst

b
reath

fo
llo

w
in
g
th
e
start

o
f
th
e
vid

eo
o
r
o
f
th
e
race.

T
h
is

is
illu

strated
in

F
ig.

1
w
h
ere

tid
al

vo
lu
m
e,

b
reath

in
g
rate,

an
d
F
E
T
C
O

2
at

rest,
d
u
rin

g
view

in
g
an

d
d
u
rin

g
im

ag-
in
in
g
are

rep
resen

ted
b
reath

-b
y-b

reath
fo
r
o
n
e
su
b
ject.

D
u
rin

g
th
e
view

in
g,

th
e
d
ecrease

in
tid

al
vo

lu
m
e
w
as

asso
ciated

w
ith

an
in
crease

in
b
reath

in
g
rate

resu
ltin

g
in

a
m
ild

h
yp

erven
tilatio

n
,
as

evid
en
ced

b
y
a
d
ecrease

in
F
E
T
C
O

2
fro

m
5.5

to
5.2%

.
A
t
th
e
start

o
f
th
e
vid

eo
(d
o
tted

lin
e),

ven
tilato

ry
variab

les
w
ere

at
th
e
sam

e
level

as
at

rest
an

d
h
earin

g
th
e
p
rep

arato
ry

in
stru

ctio
n
s
fo
r

th
e
race

in
itiated

ch
an

ges
in

b
reath

in
g
p
attern

.
In

th
is

su
b
ject,

d
u
rin

g
im

agin
atio

n
,
th
e
sligh

t
d
ecrease

in
tid

al
vo

lu
m
e
d
id

n
o
t
co
m
p
en
sate

fo
r
th
e
large

in
crease

in
b
reath

in
g
rate

resu
ltin

g
in

a
d
ecrease

in
F
E
T
C
O

2
d
o
w
n

to
3.5%

.
S
im

ilar
ch
an

ges
in

b
reath

in
g

rate
an

d
tid

al
vo

lu
m
e

are
o
b
served

in
all

su
b
jects,

th
e

d
ecrease

in
F
E
T
C
O

2
d
ep
en
d
in
g
o
n
th
e
am

o
u
n
t
o
f
h
yp

erven
tilatio

n
.

A
N
O
V
A

carried
o
u
t
o
n

b
reath

in
g

rate
revealed

n
o

gro
u
p
eff

ect
(p=

0.534)
an

d
a
sign

ifi
can

t
co
n
d
itio

n
eff

ect
(p<

0.001).
T
h
e

B
o
n
ferro

n
i-D

u
n
n

test
sh
o
w
ed

a
sig-

n
ifi
can

t
d
iff
eren

ce
b
etw

een
all

p
airw

ise
co
n
d
itio

n
s.

F
o
r

th
e
tid

al
vo

lu
m
e
th
ere

w
as

a
sign

ifi
can

t
gro

u
p

eff
ect

(p<
0.001)

as
w
ell

as
a

sign
ifi
can

t
co
n
d
itio

n
eff

ect
(p=

0.001).
T
h
e
B
o
n
ferro

n
i-D

u
n
n
test

sh
o
w
ed

a
sign

ifi
-

can
t
d
iff
eren

ce
b
etw

een
th
e
ro
w
ers

an
d

th
e
stu

d
en
ts,

b
etw

een
th
e
ro
w
ers

an
d

th
e
sen

io
rs

an
d

b
etw

een
th
e

ath
letes

an
d
th
e
sen

io
rs.

A
s
to

th
e
co
n
d
itio

n
s,
th
ere

w
as

a
sign

ifi
can

t
in
crease

b
etw

een
restin

g
an

d
view

in
g
as

w
ell

as
b
etw

een
restin

g
an

d
im

agin
in
g.

A
N
O
V
A

resu
lts

o
n

m
in
u
te

ven
tilatio

n
sh
o
w
ed

a
sign

ifi
can

t
gro

u
p

eff
ect

(p<
0.001)

an
d
also

a
co
n
d
itio

n
eff

ect
(p<

0.001).
B
o
n
-

ferro
n
i-D

u
n
n

test
revealed

sign
ifi
can

t
d
iff
eren

ces
b
e-

tw
een

th
e
ro
w
ers

an
d
th
e
stu

d
en
ts

an
d
also

b
etw

een
th
e

ro
w
ers

an
d

th
e
sen

io
rs.

A
s
to

th
e
co
n
d
itio

n
s,

a
sig-

n
ifi
can

t
d
iff
eren

ce
w
as

o
b
served

b
etw

een
restin

g
an

d
im

agin
in
g
o
n
o
n
e
h
an

d
an

d
b
etw

een
view

in
g
an

d
im

a-
gin

in
g
o
n
th
e
o
th
er

h
an

d
.

In
T
ab

le
3

are
rep

o
rted

m
ean

valu
es

an
d

S
D

o
f

b
reath

in
g
rate,

tid
al

vo
lu
m
e
an

d
m
in
u
te

ven
tilatio

n
in

th
e
th
ree

co
n
d
itio

n
s
fo
r
each

gro
u
p
.
S
tu
d
en
t’s

t-tests
w
ere

p
erfo

rm
ed

to
co
m
p
are

in
d
ivid

u
al

d
ata

b
etw

een
restin

g
an

d
view

in
g

an
d

also
b
etw

een
restin

g
an

d
im

agin
in
g.

T
h
e
fi
gu

res
in

italic
rep

resen
t
th
e
n
u
m
b
er

o
f

su
b
jects

in
each

gro
u
p
exh

ib
itin

g
sign

ifi
can

t
ch
an

ges
as

co
m
p
ared

to
rest

fo
r
each

variab
le.

A
lto

geth
er,

d
u
rin

g
view

in
g
as

co
m
p
ared

to
rest,

40
su
b
jects

in
creased

th
eir

b
reath

in
g

rate
sign

ifi
can

tly,
29

d
ecreased

th
eir

tid
al

vo
lu
m
e

resu
ltin

g
in

an
in
crease

in
ven

tilatio
n

in
38

su
b
jects.

D
u
rin

g
im

agin
atio

n
,
45

su
b
jects

in
creased

sig-
n
ifi
can

tly
th
eir

b
reath

in
g

rate,
32

su
b
jects

d
ecreased

th
eir

tid
al

vo
lu
m
e
resu

ltin
g
in

an
in
crease

in
ven

tilatio
n

in
38

su
b
jects.

T
h
ese

resu
lts

are
su
m
m
arized

in
F
ig.

2
w
h
ere

th
e

p
ercen

tage
o
f
ch
an

ges
in

card
io
ven

tilato
ry

variab
les

in
-

d
u
ced

b
y
view

in
g
an

d
b
y
im

agin
in
g
are

rep
resen

ted
fo
r

all
th
e
su
b
jects

o
f
th
e
fo
u
r
gro

u
p
s.
In

n
early

all
su
b
jects,

b
reath

in
g

rate
an

d
m
in
u
te

ven
tilatio

n
w
ere

in
creased

d
u
rin

g
th
ese

tw
o

co
n
d
itio

n
s.

A
p
articu

larly
large

in
-

crease
w
as

o
b
served

in
th
ree

ro
w
ers

d
u
rin

g
im

agin
atio

n

T
able

2
M
ean

valu
es

(S
D
)
o
f
h
eart

rate
fo
r
each

gro
u
p

at
rest,

w
h
ile

w
atch

in
g
th
e
vid

eo
an

d
w
h
ile

im
agin

in
g
th
e
ro
w
in
g
race.

T
h
e

fi
gu

res
in

italic
rep

resen
t
th
e
n
u
m
b
er

o
f
su
b
jects

in
each

gro
u
p
w
h
o

in
creased

th
eir

h
eart

rate
sign

ifi
can

tly
as

co
m
p
ared

to
rest

u
sin

g
p
aired

t-tests
(p<

0.05)

G
ro
u
p
(num

ber)
R
est

H
eart

rate
(m

in
)
1)

V
iew

in
g

Im
agin

atio
n

R
o
w
ers

67.8
(9.6)

72.9
(9.9)

79.8
(18.0)

12
10

9
A
th
letes

70.0
(15.1)

70.9
(9.4)

74.8
(12.5)

10
8
a

7
S
tu
d
en
ts

77.3
(13.3)

79.0
(10.2)

83.6
(13.2)

12
7

9
S
en
io
rs

74.1
(14.0)

75.8
(11.5)

77.1
(11.1)

12
10

9
M
ean

71.8
(12.7)

74.9
(10.4)

78.6
(13.8)

46
35

a
34

aV
iew

in
g
w
as

an
alyzed

in
n
in
e
ath

letes
o
n
ly

162

w
h
ich

resu
lted

in
a
large

in
crease

in
m
in
u
te

ven
tilatio

n
.

T
id
al

vo
lu
m
e
d
ecreased

in
m
o
st

su
b
jects

d
u
rin

g
view

in
g

as
w
ell

as
d
u
rin

g
im

agin
in
g
co
n
d
itio

n
,
w
h
ereas,

in
m
o
st

cases,
an

in
crease

in
h
eart

rate
w
as

o
b
served

in
b
o
th

co
n
d
itio

n
s.

D
iscussion

T
h
e
m
ain

fi
n
d
in
g
o
f
th
e
p
resen

t
stu

d
y
w
as

th
at

im
agin

-
in
g
a
ro
w
in
g
race

in
d
u
ced

sign
ifi
can

t
ch
an

ges
in

car-
d
io
resp

irato
ry

variab
les

in
alm

o
st

all
su
b
jects.

T
h
e

n
u
m
b
er

o
f
su
b
jects

w
h
o
exh

ib
ited

ch
an

ges
w
as

even
ly

d
istrib

u
ted

am
o
n
g
th
e
fo
u
r
gro

u
p
s.
A
n
alysis

o
f
varian

ce
w
ith

rep
eated

m
easu

res
o
n
th
e
th
ree

co
n
d
itio

n
s
(restin

g,
view

in
g

an
d

im
agin

in
g)

an
d

th
e
fo
u
r
gro

u
p
s
(ro

w
ers,

ath
letes,

stu
d
en
ts

an
d

sen
io
rs)

revealed
a

sign
ifi
can

t

in
crease

in
h
eart

rate,
b
reath

in
g
rate

an
d
m
in
u
te

ven
ti-

latio
n
an

d
a
d
ecrease

in
tid

al
vo

lu
m
e.

N
o
n
e
o
f
th
e
su
b
jects

w
as

aw
are

o
f
th
e
aim

o
f
th
e

exp
erim

en
t
an

d
th
e
p
ro
to
co
l
w
as

exp
lain

ed
to

th
em

o
n

th
e
d
ay

o
f
th
e
exp

erim
en
t,
ju
st

b
efo

re
th
e
reco

rd
in
g
at

rest.
T
h
eir

ab
ility

to
p
erfo

rm
m
en
tal

im
agery

h
ad

n
o
t

b
een

p
revio

u
sly

tested
,
in

co
n
trast

to
th
e
o
th
er

stu
d
ies

(D
ecety

et
al.

1993;
W
u
yam

et
al.

1995),
an

d
,
th
u
s,

selectio
n
w
as

n
o
t
m
ad

e
o
n
th
is
criterio

n
.
R
o
w
in
g
is
n
o
t

an
exercise

req
u
irin

g
m
en
tal

im
agery

o
f
th
e
m
o
vem

en
ts

as
in

d
o
w
n
h
ill

sk
iin

g
o
r
h
igh

-d
ivin

g.
T
h
erefo

re,
o
n
e
can

assu
m
e
th
at

th
ere

w
ere

a
co
m
p
arab

le
n
u
m
b
er

o
f
su
b
jects

w
ith

h
igh

o
r
lo
w

ab
ility

to
p
erfo

rm
m
en
tal

im
agery

in
each

gro
u
p
.
O
n
ly

ro
w
ers

h
ad

p
ractised

ro
w
in
g,

th
ey

h
ad

h
ad

exp
erien

ce
o
f
ro
w
in
g
races

an
d
p
erfo

rm
ed

a
m
in
i-

m
u
m

o
f
10

h
o
f
train

in
g
p
er

w
eek

.
T
h
ey

h
ad

n
ever

b
een

co
ach

ed
in

m
en
tal

im
agery

b
efo

re.

F
ig.

1
B
reath

-b
y-b

reath
valu

es
o
f
tid

al
vo

lu
m
e,

resp
irato

ry
rate,

an
d
en
d
tid

al
C
O

2

(F
E
T
C
O

2 )
at

rest,
d
u
rin

g
view

in
g
an

d
d
u
rin

g
im

agin
atio

n
.
T
h
e
dotted

line
in
d
icates

th
e
start

o
f
th
e
vid

eo
an

d
th
e
follow

ing
line

th
e
start

o
f
th
e
race.

T
h
e
sectio

n
b
etw

een
th
ese

tw
o
lin

es
co
rresp

o
n
d
s
to

th
e
su
b
ject

h
earin

g
th
e

p
rep

aratio
n
o
f
th
e
race

u
p
to

th
e
start

b
ein

g
given

an
d
th
e

vid
eo

th
en

b
ein

g
im

m
ed
iately

sto
p
p
ed

T
able

3
M
ean

valu
es

(S
D
)
o
f
ven

tilato
ry

variab
les

fo
r
each

gro
u
p
at

rest,
w
h
ile

w
atch

in
g
th
e
vid

eo
an

d
w
h
ile

im
agin

in
g
th
e
ro
w
in
g
race.

T
h
e
fi
gu

res
in

italic
rep

resen
t
th
e
n
u
m
b
er

o
f
su
b
jects

in
each

gro
u
p
w
h
o
in
creased

th
eir

h
eart

rate
sign

ifi
can

tly
as

co
m
p
ared

to
rest

u
sin

g
p
aired

t-tests
(p<

0.05)

G
ro
u
p
(num

ber)
B
reath

in
g
rate

(m
in

)
1)

T
id
al

vo
lu
m
e
(m

l)
M
in
u
te

ven
tilatio

n
(lÆm

in
)
1)

R
est

V
iew

in
g

Im
agin

atio
n

R
est

V
iew

in
g

Im
agin

atio
n

R
est

V
iew

in
g

Im
agin

atio
n

R
o
w
ers

10.9
(3.2)

16.3
(3.5)

26.9
(11.2)

918
(226)

739
(163)

814
(388)

9.5
(1.8)

11.7
(2.1)

23.5
(18.4)

12
11

12
8

9
12

11
A
th
letes

14.3
(2.7)

17.2
(2.8)

22.2
(5.6)

766
(129)

656
(91)

664
(190)

10.8
(2.1)

11.2
(1.5)

14.4
(4.3)

10
6
a

9
5a

7
5a

7
S
tu
d
en
ts

11.8
(3.4)

16.1
(3.6)

20.3
(7.2)

684
(260)

542
(117)

569
(248)

7.3
(1.4)

8.3
(1.1)

11.1
(4.5)

12
11

12
9

9
10

10
S
en
io
rs

14.3
(2.1)

17.3
(2.4)

20.6
(3.4)

494
(93)

465
(92)

468
(147)

6.9
(0.8)

7.9
(1.1)

9.5
(2.3)

12
12

12
7

7
11

10
M
ean

12.7
(3.3)

16.7
(3.2)

22.5
(8.0)

713
(250)

597
(164)

627
(296)

8.5
(2.2)

9.7
(2.3)

14.6
(11.5)

46
40

a
45

29
a

32
38

a
38

aV
iew

in
g
w
as

an
alyzed

in
n
in
e
ath

letes
o
n
ly
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A
th
letes

w
ere

selected
fo
r
th
eir

p
h
ysical

train
in
g
in

sp
o
rts

o
th
er

th
an

ro
w
in
g,

n
o
t
req

u
irin

g
m
en
tal

im
agery

o
f
a
sp
ecifi

c
m
o
vem

en
t,
an

d
th
ey

also
h
ad

co
m
p
etitio

n
exp

erien
ce.

T
h
e

tw
o

gro
u
p
s

o
f

sed
en
tary

su
b
jects

fo
rm

ed
th
e
co
n
tro

l
gro

u
p
,
th
ey

h
ad

n
o

exp
erien

ce
o
f

ro
w
in
g

an
d
,

alth
o
u
gh

so
m
e

o
f

th
em

h
ad

regu
lar

p
h
ysical

activity,
th
ey

h
ad

n
o
t
tak

en
p
art

in
co
m
p
eti-

tio
n
.
N
o
n
e
o
f
th
em

w
as

a
ro
w
in
g
en
th
u
siast.

T
h
u
s,

th
e

k
n
o
w
led

ge
o
f
ro
w
in
g
o
f
th
ese

th
ree

gro
u
p
s
o
f
su
b
jects

w
as

o
n
ly

th
at

d
raw

n
fro

m
w
atch

in
g
th
e
vid

eo
o
f
th
e

race.
In

th
at

resp
ect,

su
b
jects

w
ere

ask
ed

to
p
erfo

rm
th
e
im

agin
atio

n
task

in
th
e
fi
rst

p
erso

n
–

in
tern

al
–

p
ersp

ective.
In
d
eed

,
W
an

g
an

d
M
o
rgan

(1992)
re-

p
o
rted

th
at

in
tern

al
im

agery
resu

lted
in

an
in
crease

in
ven

tilatio
n
an

d
th
at

th
e
p
ercep

tu
al

resp
o
n
ses

to
in
ter-

n
al

im
agery

resem
b
le

actu
al

exercise
m
o
re

th
an

exter-
n
al

im
agery.

N
o
cu
es

w
ere

given
to

th
em

d
u
rin

g
th
e
im

agin
atio

n
p
erio

d
b
ecau

se
an

‘‘en
train

in
g’’

eff
ect

o
f
a

rh
yth

m
ic

so
u
n
d
can

n
o
t
b
e
ru
led

o
u
t
(H

aas
et

al.1986).T
h
is
d
iff
ers

fro
m

th
e
stu

d
ies

o
f
D
ecety

et
al.

(1993)
w
h
o

‘‘p
layed

b
ack

to
th
em

th
ro
u
gh

th
e
earp

h
o
n
es

th
e
n
o
ise

o
f
th
e

ergo
m
eter,

w
h
ich

h
ad

b
een

tap
ed

d
u
rin

g
th
eir

o
w
n

co
n
d
itio

n
o
f
actu

al
leg

exercise’’
an

d
W
u
yam

et
al.

(1995)
w
h
o

exp
o
sed

th
e
su
b
jects

‘‘to
sim

ilar
tread

m
ill

vib
ratio

n
s
an

d
so
u
n
d
s
as

d
u
rin

g
actu

al
tread

m
ill

exer-
cise’’.

In
o
u
r
p
ro
to
co
l,
extern

al
stim

u
latio

n
s
w
ere

m
in
i-

m
ized

to
h
elp

su
b
jects

co
n
cen

trate
o
n

im
agin

in
g

th
e

race.
In

th
is,

o
u
r
p
ro
to
co
l
ad

d
resses

th
e

co
n
cern

o
f

T
h
o
rn
to
n
et

al.
(2001),

w
h
o
h
yp

n
o
tized

th
eir

u
n
train

ed
su
b
jects

in
o
rd
er

to
iso

late
th
em

fro
m

th
e
en
viro

n
m
en
t.

In
d
eed

,
h
yp

n
o
sis

allo
w
s
a

m
o
re

fo
cu
sed

im
agin

atio
n

th
an

is
p
o
ssib

le
w
h
en

aw
ak

e
(C

o
e
et

al.
1980;

M
o
rgan

et
al.

1973)
an

d
h
as

b
een

rep
o
rted

to
en
h
an

ce
im

agery
in
ten

sity
an

d
eff

ectiven
ess

in
ath

letes
(L
igett

2000).
T
h
e
in
crease

in
ven

tilatio
n
o
b
served

in
ro
w
ers

w
as

o
n

an
average

lo
w
er

th
an

th
at

o
b
served

b
y
D
ecety

et
al.

(1993)
in

n
o
n
-sed

en
tary

su
b
jects

an
d
sligh

tly
h
igh

er
th
an

th
e
in
crease

o
b
tain

ed
b
y
W
u
yam

et
al.

(1995)
in

h
igh

ly
train

ed
ath

letes.
W
e
fo
u
n
d
an

in
crease

in
b
reath

in
g
rate

in
th
e
ath

letes
o
f
th
e
sam

e
m
agn

itu
d
e
as

in
th
e
tw

o
gro

u
p
s
o
f
sed

en
tary

su
b
jects,

all
24

o
f
w
h
o
m

sh
o
w
ed

a
sign

ifi
can

t
in
crease

in
b
reath

in
g
rate,

an
d
18

o
f
th
e
24

lik
ew

ise
in

h
eart

rate.
O
th
ers

h
ave

n
o
t
o
b
served

su
ch

resp
o
n
ses

in
sed

en
tary

su
b
jects,

excep
t
T
h
o
rn
to
n
et

al.
(2001)

an
d
th
is
u
n
d
er

h
yp

n
o
sis

o
n
ly.

T
h
e
tim

e
co
u
rse

o
f
th
e
in
crease

in
ven

tilatio
n
d
u
rin

g
im

agin
atio

n
o
b
served

in
th
is

stu
d
y

w
as

also
d
iff
eren

t
fro

m
th
at

rep
o
rted

b
y
D
ecety

et
al.

(1993)
an

d
T
h
o
rn
to
n

et
al.

(2001).
In
d
eed

,
th
ese

au
th
o
rs

o
b
served

a
p
ro
gres-

sive
in
crease

in
th
e
ven

tilato
ry

variab
les,

w
h
ereas,

as
sh
o
w
n

in
F
ig.

1,
w
e
o
b
served

th
e
m
axim

al
valu

es
o
f

h
eart

rate
an

d
tid

al
vo

lu
m
e
w
ith

in
th
e
fi
ve

b
reath

s
fo
l-

lo
w
in
g
th
e
start

o
f
th
e
race

an
d

th
is

w
as

m
ain

tain
ed

th
ro
u
gh

o
u
t
th
e
reco

rd
in
g.

D
iff
eren

ces
in

th
e
d
esign

o
f
th
e
stu

d
y
m
ay

acco
u
n
t
fo
r

th
ese

d
iscrep

an
cies,

in
p
articu

lar
(1)

ro
w
in
g

as
th
e

exercise
to

b
e
m
en
tally

im
aged

an
d
(2)

view
in
g
p
rio

r
to

im
agin

in
g
th
e
race.

S
everal

featu
res

o
f
ro
w
in
g
are

w
o
rth

m
en
tio

n
in
g.

F
irst,

th
e
sp
ecifi

city
o
f
lo
co
m
o
to
r
p
attern

:
d
u
rin

g
ro
w
in
g,

th
e
arm

s
d
o
n
o
t
m
o
ve

co
n
tra

laterally
w
ith

th
e
legs

b
u
t
are

fo
rced

th
ro
u
gh

an
u
n
n
atu

ral
m
o
-

tio
n
in

syn
ch
ro
n
y
w
ith

th
e
legs.In

ad
d
itio

n
,th

o
racic

an
d

ab
d
o
m
in
alm

u
scles

are
in
vo

lved
b
o
th

in
b
reath

in
g
an

d
in

p
ro
p
u
lsive

fo
rce

gen
eratio

n
,
so

th
at

th
e
p
erio

d
o
f
th
e

b
reath

an
d
th
e
stro

k
e
are

lin
k
ed

(S
tein

ack
er

et
al.

1993).

F
ig.

2
C
h
an

ges
exp

ressed
as

a
p
ercen

tage
o
f
th
e
restin

g
valu

e
d
u
rin

g
view

in
g
(s

)
an

d
im

agin
in
g
(M

)
fo
r
all

su
b
jects

o
f

th
e
fo
u
r
gro

u
p
s

164

In
ad

d
itio

n
,
th
e
m
ajo

rity
o
f
ro
w
ers

exh
ib
it
en
train

m
en
t

o
f
b
reath

in
g
at

a
freq

u
en
cy

o
f
a
m
u
ltip

le
o
f
th
e
stro

k
e

freq
u
en
cy

(M
ah

ler
et

al.
1991,

1994).
T
h
e
h
yp

o
th
esis

th
at

en
train

m
en
t
o
f
b
reath

in
g
im

p
ro
ves

th
e
eff

ectiven
ess

o
f
ro
w
in
g
h
as

even
b
een

exam
in
ed

(M
aclen

n
an

et
al.

1991;
S
tein

ack
er

et
al.

1993).
S
zal

an
d
S
ch
o
en
e
(1989)

fo
u
n
d
th
at

ro
w
in
g
cau

ses
h
yp

erven
tilatio

n
w
ith

h
igh

er
b
reath

in
g

rate
an

d
lo
w
er

tid
al

vo
lu
m
e

th
an

cyclin
g.

T
h
ese

resu
lts

w
ere

o
b
served

in
b
o
th

o
arsw

o
m
en

an
d
age-

m
atch

ed
u
n
train

ed
n
o
n
-ro

w
er

w
o
m
en
.
T
h
is

su
ggests

th
at

th
e
p
articu

lar
b
reath

in
g

p
attern

o
b
served

d
u
rin

g
ro
w
in
g
is

n
o
t
a
resu

lt
o
f
train

in
g
b
u
t
is

in
h
eren

t
to

th
is

sp
ecifi

c
activity.

L
astly,

ro
w
in
g
is

a
stren

u
o
u
s
exercise

w
ith

a
h
igh

level
o
f
en
ergy

exp
en
d
itu

re
in
vo

lvin
g
leg,

arm
an

d
b
ack

m
u
scles

(S
ech

er
1993).

T
h
e

ro
w
in
g

ergo
m
eter

sh
o
w
s
an

o
xygen

u
p
tak

e
fo
r
a
given

w
o
rk
lo
ad

h
igh

er
th
an

o
n

th
e

b
icycle

ergo
m
eter,

fo
r

b
o
th

th
e

o
arsm

en
an

d
th
e
co
n
tro

l
su
b
jects

(B
o
u
ck
aert

et
al.

1983;
H
agerm

an
1984).

T
h
u
s,

th
e
view

in
g
o
f
th
e
ro
w
in
g
race

m
ay

evo
k
e
a
stren

u
o
u
s
exercise

w
ith

a
rh
yth

m
ic

co
m
-

p
o
n
en
t.

T
h
erefo

re,
th
e
o
b
served

in
crease

in
h
eart

rate
an

d
ven

tilatio
n
m
ay

resu
lt
fro

m
th
e
p
ercep

tio
n
o
f
h
igh

en
ergy-exp

en
d
itu

re
actio

n
w
ith

a
rh
yth

m
ic

co
m
p
o
n
en
t.

T
h
e

im
p
o
rtan

ce
o
f
a

rh
yth

m
ic

co
m
p
o
n
en
t
h
as

b
een

su
ggested

b
y
W
u
yam

et
al.

(1995).
In

th
e
p
resen

t
p
ro
to
co
l,
view

in
g
w
as

sim
p
ly

u
sed

to
su
ggest

th
e
exercise

to
b
e
m
en
tally

im
aged

.
A
lth

o
u
gh

F
ig.

1
sh
o
w
s
th
at

b
efo

re
th
e
b
egin

n
in
g
o
f
th
e
im

agin
a-

tio
n
p
erio

d
,
ven

tilatio
n
retu

rn
ed

to
its

restin
g
level,

an
d

th
at

view
in
g

in
itself

in
d
u
ced

ap
p
reciab

le
ch
an

ges
in

h
eart

rate
an

d
ven

tilatio
n
.
F
u
rth

erm
o
re,

th
ese

ch
an

ges
w
ere,

alb
eit

to
a
lesser

d
egree,

in
th
e
sam

e
d
irectio

n
as

d
u
rin

g
im

agin
atio

n
,
as

can
b
e
seen

in
F
ig.

1.
B
ald

aro
et

al.
(1990)

rep
o
rted

an
in
crease

in
card

iac
an

d
resp

i-
rato

ry
rates

d
u
rin

g
th
e

view
in
g

o
f

fi
lm

seq
u
en
ces,

w
h
atever

th
eir

co
n
ten

t,
em

o
tio

n
al

o
r
o
th
erw

ise.
A
n
in
-

crease
in

b
reath

in
g
rate

d
u
rin

g
o
b
servatio

n
o
f
stren

u
o
u
s

actio
n
s
su
ch

as
w
eigh

tliftin
g
o
r
w
alk

in
g/ru

n
n
in
g
o
n

a
tread

m
ill

w
as

o
b
served

b
y

P
accalin

an
d

Jean
n
ero

d
(2000).

T
h
e
m
agn

itu
d
e
o
f
in
crease

w
as

sim
ilar

to
th
at

o
b
served

in
o
u
r
stu

d
y.

T
h
ey

also
fo
u
n
d
th
at

th
e
resp

i-
rato

ry
rh
yth

m
in
creased

lin
early

w
ith

th
e
sp
eed

o
f
th
e

tread
m
ill.

T
h
ey

co
n
clu

d
e
th
at

th
is

latter
fi
n
d
in
g
d
em

-
o
n
strates

activatio
n
,d

u
rin

g
th
e
o
b
servatio

n
o
f
stren

u
o
u
s

actio
n
s,

o
f
cen

tral
m
ech

an
ism

s
related

to
actio

n
p
er-

fo
rm

an
ce.

S
im

ilar
co
n
clu

sio
n
s
h
ave

also
b
een

d
raw

n
fro

m
an

im
al

exp
erim

en
ts

w
h
ere,

in
m
o
n
k
eys,

n
eu
ro
n
s
in

th
e
ven

tral
p
rem

o
to
r
co
rtex

exh
ib
it
sim

ilar
resp

o
n
ses

at
th
e
sigh

t
o
f
a
given

actio
n
as

at
th
e
execu

tio
n
o
f
th
e
sam

e
actio

n
(G

allese
et

al.
1996).

In
h
u
m
an

su
b
jects,

F
ad

iga
et

al.
(1995)

o
b
served

an
in
crease

in
th
e
m
o
to
r-evo

k
ed

p
o
ten

tials
fro

m
h
an

d
m
u
scles

d
u
rin

g
th
e
o
b
servatio

n
o
f

m
o
vem

en
ts.

T
h
e
p
attern

o
f
th
ese

m
o
to
r-evo

k
ed

p
o
ten

-
tials

refl
ected

th
e
p
attern

o
f
m
u
scle

activity
reco

rd
ed

w
h
en

th
e
su
b
ject

execu
ted

th
e
o
b
served

actio
n
.
T
h
ese

resu
lts

su
ggest

th
e
existen

ce
o
f
an

o
b
servatio

n
/execu

tio
n

m
atch

in
g
system

.
T
h
e

am
o
u
n
t
o
f
ch
an

ges
in

all
variab

les
w
as

less
d
u
rin

g
view

in
g
th
an

im
agin

in
g.

T
h
is

m
ay

b
e
related

to

th
e
o
b
servatio

n
o
f
G
rafto

n
et

al.
(1996)

w
h
o
u
sed

P
E
T

scan
n
in
g

an
alysis

to
co
m
p
are

th
e

o
b
servatio

n
an

d
im

agin
atio

n
o
f
grasp

in
g.

T
h
ey

fo
u
n
d
th
at

th
e
site

in
th
e

su
p
p
lem

en
tary

m
o
to
r
area

activated
d
u
rin

g
o
b
servatio

n
,

w
h
ilst

alm
o
st

co
in
cid

in
g
w
ith

th
at

d
u
rin

g
im

agin
atio

n
,

h
ad

a
m
u
ch

w
eak

er
in
ten

sity
o
f
activatio

n
an

d
exten

t.
T
h
u
s
th
e
p
o
ssib

ility
th
at

su
b
jects

‘‘resp
o
n
d
ed
’’

to
th
e

im
agin

atio
n
o
f
th
e
race

b
ecau

se
o
f
th
eir

p
rio

r
view

in
g

can
n
o
t
b
e
exclu

d
ed
.

T
h
e
resu

lts
o
f
th
e
cu
rren

t
stu

d
y
w
ere

n
o
t
in

agreem
en
t

w
ith

th
e
assu

m
p
tio

n
th
at

o
n
ly

co
m
p
etitive

ro
w
ers

–
an

d
p
o
ssib

ly,
to

a
lesser

exten
t,

ath
letes

–
w
o
u
ld

in
crease

th
eir

ven
tilatio

n
an

d
card

iac
rate

d
u
rin

g
th
e

m
en
tal

im
agery

o
f
a
ro
w
in
g
race.

T
h
e
card

io
ven

tilato
ry

vari-
ab

les
ch
an

ged
sim

ilarly
in

all
su
b
jects

excep
t
fo
r
th
e
case

o
f
th
ree

ro
w
ers

w
h
o

exh
ib
ited

m
u
ch

h
igh

er
in
creases

th
an

th
e
o
th
ers.

T
h
ese

th
ree

ro
w
ers

w
ere

am
o
n
g
th
o
se

w
h
o
h
ad

several
years

o
f
exp

erien
ce

at
co
m
p
etitive

level
b
u
t
o
th
er

ro
w
ers

w
ith

a
lesser

in
crease

h
ad

sim
ilar

co
m
p
etitio

n
exp

erien
ce.

N
everth

eless,
th
eir

card
io
resp

i-
rato

ry
ch
an

ges
d
u
rin

g
im

agin
atio

n
su
ggest

th
at

th
ey

m
en
tally

p
erfo

rm
ed

th
e
race.

T
h
e
am

o
u
n
t
o
f
in
crease

is
sim

ilar
to

th
at

o
b
served

b
y
D
ecety

et
al.

(1993).
T
h
ese

th
ree

ro
w
ers

m
ay

rep
resen

t
th
e
p
o
p
u
latio

n
th
at

w
e
ex-

p
ected

to
test

fo
r:
th
ey

h
ad

th
e
‘‘m

em
o
ry’’

o
f
a
race

an
d

so
w
ere

ab
le

to
‘‘relive’’

th
e
race.

F
o
r
all

o
th
er

su
b
jects,

th
e
o
b
servatio

n
s
sh
o
u
ld

relate
to

im
agin

atio
n
o
f
an

ac-
tio

n
p
erceived

im
m
ed
iately

b
efo

re.
T
h
is
m
ay

exp
lain

th
e

fact
th
at,

d
esp

ite
a

great
variab

ility
o
f
th
e

ch
an

ges
am

o
n
g
th
e
su
b
jects,

th
e
am

o
u
n
t
o
f
ch
an

ges,
at

least
fo
r

th
e
b
reath

in
g
rate

an
d
th
e
h
eart

rate,
is

sim
ilar

am
o
n
g

th
e
fo
u
r
gro

u
p
s.

E
ven

if
th
e
im

m
ed
iate

in
crease

in
ven

-
tilatio

n
m
ay

b
e
d
u
e
to

th
e
n
eu
ro
gen

ic
m
ech

an
ism

o
f

an
ticip

atio
n

(K
ro
gh

an
d

L
in
d
h
ard

1913),
th
is

m
ech

a-
n
ism

can
n
o
t
b
e
resp

o
n
sib

le
fo
r
th
e
fact

th
at

ven
tilatio

n
rem

ain
s
at

th
is
level

d
u
rin

g
th
e
w
h
o
le

5
m
in

o
f
th
e
race.

T
h
is

su
ggests

th
at

b
ecau

se
th
e
im

agin
atio

n
related

to
exercise,

it
w
as

asso
ciated

in
th
e
m
in
d
s
o
f
th
e
su
b
jects

w
ith

an
in
crease

in
b
reath

in
g
rate,

ven
tilatio

n
an

d
h
eart

rate.
W
h
eth

er
m
en
tal

im
agin

atio
n
o
f
an

exercise
co
u
ld

im
p
ro
ve

exercise
p
erfo

rm
an

ce
n
eed

s
fu
rth

er
in
vestiga-

tio
n
.

A
ck
now

ledgem
ent

W
e
are

gratefu
l
to

A
lain

W
ach

é,
co
ach

o
f
th
e

R
o
w
in
g
clu

b
o
f
G
ren

o
b
le,

fo
r
h
is

h
elp

in
th
e
co
m
p
letio

n
o
f
th
is

stu
d
y.

R
eferences

B
ald

aro
B
,
B
attacch

i
M
W
,
T
ro
m
b
in
i
G
,
P
o
lo
m
b
a
D
,
S
tegagn

o
L

(1990)
E
ff
ects

o
f
an

em
o
tio

n
al

n
egative

stim
u
lu
s
o
n
th
e
card

iac,
electro

gastro
grap

h
ic,

an
d

resp
irato

ry
resp

o
n
ses.

P
ercep

t
M
o
t

S
k
ills

71:647-655
B
o
u
ck
aert

J,
P
an

n
ier

JL
,
V
rijen

s
J
(1983)

C
ard

io
resp

irato
ry

re-
sp
o
n
se

to
b
icycle

an
d
ro
w
in
g
ergo

m
eter

exercise
in

o
arsm

en
.

E
u
r
J
A
p
p
l
P
h
ysio

l
51:51–59

B
riggs

S
D
,
R
az

N
,
M
ark

s
W

(1999)
A
ge-related

d
efi
cits

in
gen

er-
atio

n
an

d
m
an

ip
u
latio

n
o
f
m
en
tal

im
ages:

I.
T
h
e

ro
le

o
f

sen
so
rim

o
to
r

sp
eed

an
d

w
o
rk
in
g

m
em

o
ry.

P
sych

o
l
A
gin

g
14:427–435

165



 

 

33  

B
ru
yer

R
,S

cailq
u
in

JC
(2000).E

ff
ects

o
f
agin

g
o
n
th
e
gen

eratio
n
o
f

m
en
tal

im
ages.

E
xp

A
gin

g
R
es

26:337–351
C
o
e
W
,
S
t
Jean

R
,
B
u
rger

J
(1980)

H
yp

n
o
sis

an
d
th
e
en
h
an

cem
en
t

o
f
visu

al
im

agery.
In
t
J
C
lin

E
xp

H
yp

n
28:225–243

D
ecety

J,
Jean

n
ero

d
M
,
G
erm

ain
M
,
P
asten

e
J
(1991)

V
egetative

resp
o
n
se

d
u
rin

g
im

agin
ed

m
o
vem

en
t
is
p
ro
p
o
rtio

n
al

to
m
en
tal

eff
o
rt.

B
eh
av

B
rain

R
es

42:1–5
D
ecety

J,
Jean

n
ero

d
M
,
D
u
ro
zard

D
,
B
averel

G
(1993)

C
en
tral

activatio
n
o
f
au

to
n
o
m
ic

eff
ecto

rs
d
u
rin

g
m
en
tal

sim
u
latio

n
o
f

m
o
to
r
actio

n
s
in

m
an

.
J
P
h
ysio

l
(L
o
n
d
)
461:549–563

F
ad

iga
L
,
F
o
gassi

L
,
P
avesi

G
,
R
izzo

latti
G

(1995)
M
o
to
r
facili-

tatio
n
d
u
rin

g
actio

n
o
b
servatio

n
:
a
m
agn

etic
stim

u
latio

n
stu

d
y.

J
N
eu
ro
p
h
ysio

l
73:2608–2611

G
allese

V
,
F
ad

iga
L
,
F
o
gassi

L
,
R
izzo

latti
G

(1996)
A
ctio

n
rec-

o
gn

itio
n
in

th
e
p
rem

o
to
r
co
rtex.

B
rain

119:593–609
G
rafto

n
S
T
,A

rb
ib

M
A
,F

ad
iga

L
,R

izzo
lattiG

(1996)
L
o
calizatio

n
o
f

grasp
rep

resen
tatio

n
s

in
h
u
m
an

s
b
y

p
o
sitro

n
em

issio
n

to
m
o
grap

h
y.

2.
O
b
servatio

n
co
m
p
ared

w
ith

im
agin

atio
n
.
E
xp

B
rain

R
es

112:103–111
H
aas

F
,
D
isten

feld
S
,
A
xen

K
(1986)

E
ff
ects

o
f
p
erceived

m
u
sical

rh
yth

m
o
n
resp

irato
ry

p
attern

.
J
A
p
p
l
P
h
ysio

l
61:1185–1191

H
agerm

an
F
C

(1984)
A
p
p
lied

p
h
ysio

lo
gy

o
f
ro
w
in
g.

S
p
o
rts

M
ed

1:303–326
K
ro
gh

A
,
L
in
d
h
ard

J
(1913)

T
h
e
regu

latio
n

o
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II.2.3 La “personnalité ventilatoire”  

II.2.3.1 Au cours de l’hyperventilation 

Dans le cadre d’un travail en collaboration avec l’Université de Chisinau 

(République de Moldavie) de la direction d’une thèse en cotutelle, nous avons 

étudié les modes ventilatoires et la personnalité ventilatoire chez les sujets sains 

(enregistrements réalisés à Grenoble) et chez les patients souffrant de trouble 

panique (enregistrements réalisés à Chisinau) dont un des symptômes est 

l’hyperventilation volontaire. L’objectif du travail effectué chez les sujets sains a été 

d’étudier les caractéristiques ventilatoires et rechercher la persistance de la 

personnalité ventilatoire au cours de l’hyperventilation volontaire. Nous avons 

enregistré la ventilation chez 18 sujets sains dans différentes conditions : au cours 

d’une ventilation spontanée (SP1) puis d’une hyperventilation volontaire à la 

fréquence de la ventilation spontanée (HVSP) d’une part, et au cours d’une 

ventilation spontanée (SP2) puis d’une hyperventilation volontaire à une fréquence 

ventilatoire de 20 cycles /min (HV20) d’autre part.  La Figure 8 illustre pour un sujet les 

caractéristiques ventilatoires moyennes (TI, TE, VT et fR) dans ces différentes conditions 

ainsi que la quantification et la représentation du débit ventilatoire moyen (analyse 

harmonique cycle par cycle). La forme des débits semble similaire entre les deux 

conditions de repos et entre les deux conditions d’hyperventilation. 

 

 
Figure 8 : Pour un sujet représentation des caractéristiques ventilatoires moyennes : volume courant (VT), 
les durées inspiratoire et expiratoire (TI, TE), la représentation de Fresnel des 4 premières harmoniques 
obtenues d’une analyse cycle par cycle ventilatoire (débit) et le débit reconstitué correspondant, au 
cours de la ventilation spontanée (SP1 et SP2), d’une hyperventilation volontaire à la fréquence de la 
ventilation spontanée (HVSP) et à 20/min (HV20). Les valeurs moyennes de VT, et de la fréquence 
ventilatoire (fR) sont données pour chaque condition. 



 

 

35 

Le test de similarité appliqué à ces données a montré une similarité des formes des 

cycles ventilatoires entre HVSP et HV20.  

 

Nos résultats montrent l’existence d’une individualité ventilatoire lors de 

l’hyperventilation volontaire chez les volontaires sains, quel que soit le mode de 

l’hyperventilation. Ceci suggère que la personnalité ventilatoire est une propriété 

inhérente à la fonction ventilatoire. 

 
Besleaga et al (2016) Individuality of breathing during volitional moderate hyperventilation. 
Eur J Appl Physiol  
 
Directeur de thèse de Tudor Besleaga  (dérogation de l’EDISCE , UJF) en cotutelle avec 
l’Université d’Etat de Médecine “Nicolae Testemiţanu” , Département de physiologie 
humaine et biophysiques (Chisinau, République de Moldavie): “Effets ventilatoire et 
cardiaque de l’hyperventilation volontaire- Etude chez les volontaires sains et les patients 
souffrant de troubles paniques”, soutenue le 19 octobre 2011 à Grenoble.  
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(5.06 ±
 0.54 %

) and SP
2  (5.00 ±

 0.51 %
), and H

V
SP  

(4.07 ±
 0.51 %

) and H
V

20  (3.88 ±
 0.42 %

). O
nly T

I /T
T

O
T  

rem
ained unchanged in all four conditions. A

irflow
 shapes 

w
ere sim

ilar w
hen com

paring SP
1 -SP

2 , H
V

SP -H
V

20 , and 
SP

1 -H
V

SP  but not sim
ilar w

hen com
paring SP

2 -H
V

20 .
C
onclusions 

T
hese results suggest the existence of an 

individuality of airflow
 shape during volitional hyperven-

tilation. W
e conclude that volitional ventilation alike auto-

m
atic breathing follow

s inherent properties of the ventila-
tory system

.
R

egistered by Pascale C
alabrese on C

linicalTrials.gov, # 
N

C
T

01881945.

K
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A
bbreviations

F
E

T C
O

2  
 E

nd tidal C
O

2
H

V
SP  

 V
oluntary hyperventilation at the sponta-

neous breathing rate
H

V
20  

 V
oluntary hyperventilation at a breathing 

rate of 20/m
in

SP
1  

 Spontaneous breathing of protocol 1
SP

2  
 Spontaneous breathing of protocol 2

T
I  

 Inspiratory breath duration
T

E  
 E

xpiratory breath duration
T

T
O

T  
 B

reath duration (T
I  +

 T
E )

V
T  

 Tidal volum
e

V
T  ×

 60/T
T

O
T  

 M
inute ventilation

Introduction

T
he individuality of breathing pattern has been assessed 

over tim
e in healthy adults from

 breath-by-breath analysis 

A
bstract 

P
urpose 

T
he aim

 of this study is to investigate the individ-
uality of airflow

 shapes during volitional hyperventilation.
M
ethods 

V
entilation w

as recorded on 18 healthy sub-
jects follow

ing tw
o protocols: (1) spontaneous breath-

ing (SP
1 ) follow

ed by a volitional hyperventilation at 
each subject’s spontaneous (H

V
SP ) breathing rate, (2) 

spontaneous breathing (SP
2 ) follow

ed by hyperventila-
tion at 20/m

in (H
V

20 ). H
V

SP  and H
V

20  w
ere perform

ed 
at the sam

e level of hypocapnia: end tidal C
O

2  (F
E

T C
O

2 ) 
w

as m
aintained at 1 %

 below
 the spontaneous level. A

t 
each breath, the tidal volum

e (V
T ), the breath (T

T
O

T ), the 
inspiratory (T

I ) and expiratory durations, the m
inute ven-

tilation, V
T /T

I , T
I /T

T
O

T  and the airflow
 shape w

ere quan-
tified by harm

onic analysis. U
nder different conditions 

of breathing, w
e test if the airflow

 profiles of the sam
e 

individual are m
ore sim

ilar than airflow
 profiles betw

een 
individuals.
R
esults 

M
inute 

ventilation 
w

as 
not 

signifi-
cantly 

different 
betw

een 
SP

1  
(6.71 

±
 

1.64 
l·m

in
−

1) 
and 

SP
2  

(6.57 
±

 
1.31 

l·m
in

−
1) 

nor 
betw

een 
H

V
SP  

(15.88 ±
 4.92 l·m

in
−

1) and H
V

20  (15.87 ±
 4.16 l·m

in
−

1). 
Sim

ilar results w
ere obtained for F

E
T C

O
2  betw

een SP
1  
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of airflow
 shape (B

enchetrit et al. 1989). T
his individual-

ity w
as m

aintained during hypoxia (E
isele et al. 1992) and 

added resistive load (C
alabrese et al. 1998). T

hese results 
suggested that the individuality of breathing pattern is an 
inherent property of the respiratory system

. A
 study testing 

the existence of a genetic com
ponent in the determ

ination 
of the individuality of breathing w

as carried out on iden-
tical tw

ins and show
ed significant sim

ilarities w
ithin tw

in 
pairs (Shea et al. 1989). H

ow
ever, the resting airflow

 shape 
appears to be preserved over a certain increase in ventila-
tion beyond w

hich it is m
odified for exam

ple during exer-
cise (at 50 %

 of m
axim

al O
2  consum

ption) (E
isele et al. 

1992). T
his phenom

enon is also observed w
hen ventilation 

decreases w
hen adding high levels of resistive load (C

ala-
brese et al. 1998).

T
hese findings suggest that the individual breathing pat-

tern represents the shape of the respiratory pattern genera-
tor output for each subject w

ith lim
ited changes in ventila-

tion around spontaneous breathing.
T

he aim
 of this study is to investigate the individuality 

of airflow
 profiles during volitional breathing. V

olitional 
breathing, 

i.e. 
decision 

of 
taking 

a 
breath, 

voluntarily 
inspire and expire exists in hum

an subjects and is not a reg-
ular w

ay of breathing. If the individuality still exists in this 
condition, this w

ould suggest that individuality is inherent 
to the respiratory system

.
In a recent view

point H
aouzi (2011) cam

e to the con-
clusion that although the structures controlling breathing 
during volitional and spontaneous breathing are different, 
they both lead to the sam

e outcom
e: eupneic breathing. 

In hum
ans, volitional breathing suppresses the underly-

ing autom
atic breathing and how

 this is achieved is still 
under debate. V

olitional breathing rhythm
 m

ay be initiated 
(at least partially) by cortical inputs relaying into m

edul-
lary structures (M

cK
ay et al. 2003) or m

ay bypass these 
structures and be triggered by acting on the phrenic m

otor 
nucleus (C

orfield et al. 1998).
W

hatever the interaction betw
een cortical and m

edullary 
structures, the rhythm

 generated during volitional breathing 
can be considered as arising from

 a distinct pattern genera-
tor netw

ork (M
cK

ay et al. 2003). B
esides, recent in vivo 

and in vitro studies suggest that respiratory rhythm
 genera-

tion m
ay arise from

 m
ultiple distinct netw

orks w
hose out-

puts are sim
ilar (M

ellen 2010).
C

om
paring the shape of individual breathing pattern 

during volitional and spontaneous breathing m
ay bring 

insight on the differences or sim
ilarities of patterns gen-

erated by tw
o different netw

orks and consequently on the 
determ

inants of the individuality of breathing pattern.
For this purpose, spontaneous and volitional breathing 

w
as recorded in 18 healthy subjects. T

he volitional breath-
ing w

as ascertained by inducing a m
oderate level of hyper-

ventilation at (1) spontaneous breathing rate, and (2) a 

breathing rate of 20/m
in. T

he airflow
 shape w

as quantified 
breath by breath and com

parisons w
ere perform

ed betw
een 

spontaneous and volitional hyperventilation.

M
aterials and m

ethods

Subjects

E
ighteen 

healthy 
volunteers 

recruited 
from

 
the 

univer-
sity staff, ten m

en and eight w
om

en (m
ean ±

 SD
 height: 

171.1 ±
 8.5 cm

; w
eight: 69.9 ±

 12.0 kg) betw
een 21 and 

65 years of age (m
ean 34.0 ±

 13.4 years) participated in the 
study. A

fter a description of the experim
ental design and 

protocol, each subject signed an inform
ed consent form

. 
T

he experim
ental protocol w

as exam
ined and approved by 

the Institutional E
thics R

eview
 B

oard of the C
H

U
 G

reno-
ble, and the study w

as registered on C
linicalTrials.gov (# 

N
C

T
01881945).

E
xperim

ental protocol

V
olunteers 

w
ere 

com
fortably 

laid 
in 

sem
i-supine 

posi-
tion—

com
fortable position—

in a quiet room
 and w

ere 
asked to relax and to breathe freely. T

hey w
ore a facem

ask 
equipped w

ith a flow
m

eter (Fleish head N
o. 1) and a differ-

ential pressure transducer (163PC
01D

36, M
icro Sw

itch). 
Prior to recordings, leaks around the m

ask w
ere checked 

for w
ith an infrared C

O
2  analyzer (E

ngström
 E

liza/E
liza 

M
C

). E
nd tidal C

O
2  (F

E
T C

O
2 ) w

as subsequently m
easured 

continuously using the sam
e apparatus providing breath-

by-breath F
E

T C
O

2  (Fig. 1). V
olunteers w

ere asked to keep 
their eyes open during the w

hole recording period.
T

he infrared C
O

2  analyzer displays the m
ean value of 

the breathing rate and F
E

T C
O

2  m
easured over a period of 

30 s. T
he m

ean breathing rate and F
E

T C
O

2  at rest w
ere cal-

culated and used for the voluntary hyperventilation periods 
of both protocols.

V
olunteers follow

ed protocols 1 and 2. D
uring protocol 

1, spontaneous breathing (SP
1 ) w

as recorded during 3 m
in 

follow
ed by 3 m

in of hyperventilation H
V

SP  at the sponta-
neous breathing rate, but w

ith a larger volum
e. D

uring the 
com

plete voluntary hyperventilation process, the subject 
w

as guided to change the tidal volum
e to m

aintain F
E

T C
O

2  
1 %

 below
 the spontaneous level and to have a stable and 

consistent hypocapnia.
In protocol 2, the 3-m

in spontaneous breathing (SP
2 ) 

w
as follow

ed by 3 m
in of hyperventilation at a breathing 

rate of 20/m
in (H

V
20 ) and again, the subject w

as guided 
to change the tidal volum

e to achieve a 1 %
 decrease in 

F
E

T C
O

2 .
In both protocols, the breathing rate w

as im
posed by an 

auditory cue indicating the beginning of inspiration.
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A
 m

inim
um

 of 10 m
in separated the tw

o protocols, to let 
the subject recover its initial level of ventilation. Prelim

i-
nary tests show

ed a full recovery after 5 m
in.

A
nalysis

A
 breath-by-breath analysis w

as perform
ed over the w

hole 
period for each recording (SP

1 , H
V

SP , SP
2 , and H

V
20 ). T

he 
breaths, w

hich included sw
allow

ing or a sigh w
ere dis-

carded from
 the analysis.

T
he shape of the airflow

 w
as quantified for each rem

ain-
ing breath using harm

onic analysis applying norm
alized Fast 

Fourier Transform
 to airflow

 signal to take account of vari-
ation in breath duration. T

his m
ethod has been previously 

described (B
achy et al. 1986) and it w

as dem
onstrated that the 

first four harm
onics contain at least 95 %

 of the pow
er of the 

original signal. E
ach harm

onic is characterized by a phase and 
an am

plitude, w
hich can be represented by a vector (Fresnel 

representation). T
he shape of the airflow

 w
as quantified by the 

eight cartesian coordinates of these four vectors. In addition 
to the norm

alization in breath duration (harm
onic analysis), 

a norm
alization in the am

plitude w
as perform

ed by dividing 
each of the 8 coordinates by the square root of the sum

 of the 
square of all 8 coordinates. T

he m
ean value of each coordinate 

w
as then calculated for all breaths at each recording, provid-

ing a m
ean flow

 shape. In addition, an airflow
 profile can be 

reconstructed from
 the m

ean 8 coordinates.
Figure 2 show

s the ventilatory characteristics of one 
subject, the vector representation of the airflow

 shape and 
the reconstructed airflow

 profile under the four conditions 
of recording.

In addition, the follow
ing data w

ere derived for each 
breath: tidal volum

e (V
T ) by integration of the flow

 signal, 
breath duration (T

T
O

T ), and inspiratory (T
I ) and expiratory 

(T
E ) durations. M

inute ventilation (V
T  ×

 60/T
T

O
T ), V

T /T
I  

and T
I /T

T
O

T  w
ere also calculated for each breath.

M
ean values of the ventilatory characteristics, F

E
T C

O
2  

and 
airflow

 
shape 

w
ere 

also 
calculated 

from
 

retained 
breaths.

To com
pare ventilatory variables betw

een and w
ithin 

the protocol 1 and protocol 2 (SP
1  versus H

V
SP , SP

2  versus 
H

V
20 , SP

1  versus SP
2  and H

V
SP  versus H

V
20 ), a W

ilcoxon 
paired test w

as applied.
For the m

ultivariate (eight variables) airflow
 profile, w

e 
test if tw

o profiles com
ing from

 the sam
e individual are 

m
ore related than expected by chance. T

here m
ay be dif-

ferences w
ithin an individual under different conditions 

but each individual has a certain airflow
 profile that can 

be recognized am
ong airflow

 profiles of other individuals. 
T

he null hypothesis of the test is that the sum
 of differences 

w
ithin individuals is not different from

 the sum
 of differ-

ences betw
een pairs of individuals sam

pled random
ly; the 

alternative hypothesis is that the sum
 of differences w

ithin 
individuals is significantly less than that betw

een random
 

pairs of individuals. T
his test has been described in details 

by B
enchetrit et al. (1989) and Shea et al. (1989) and has 

been used to show
 the sim

ilarity in the airflow
 profile 

w
ithin an individual under tw

o different conditions (Shea 
et al. 1990; E

isele et al. 1992; C
alabrese et al. 1998; B

en-
chetrit 2000; M

eric et al. 2014).
T

his analysis w
as then applied to test w

hether the spon-
taneous breathing pattern is m

aintained during voluntary 
hyperventilation (SP

1  versus H
V

SP , SP
2  versus H

V
20  com

-
parisons), and to com

pare breathing pattern at tw
o different 

breathing rate of voluntary hyperventilation (H
V

SP  versus 
H

V
20  com

parison) to again verify the sim
ilarity of airflow

 
profiles betw

een SP
1  and SP

2 .
Statistical significance w

as set at p < 0.05.

R
esults

A
nalysis of the ventilatory data

T
he m

ean m
inute ventilation and F

E
T C

O
2  of each record-

ing for all subjects are given in Table 1. C
hanges in m

in-
ute ventilation and F

E
T C

O
2  are not significantly different 

betw
een SP

1  and SP
2  and H

V
SP  and H

V
20 .

SP1 
HVSP 

SP2 
HV20 

15 sec 

Airflow
 

FETCO
2 

1 l/sec 

8 %
 

sem
i 

supine  
posi!on 

Fleish head  

Infrared analyzer 

F
ig. 1  E

xperim
ental device and data recordings. H

ealthy subjects 
w

ere in sem
i-supine position. A

irflow
 (m

easured by a flow
m

eter-
Fleish head N

o. 1 m
ounted on a facem

ask) and the fraction of C
O

2  
(m

easured by an infrared C
O

2  analyzer) w
ere recorded during tw

o 

protocols: at spontaneous breathing (SP
1 ), volitional hyperventilation 

at each subject’s spontaneous breathing rate (H
V

SP ), and at spontane-
ous breathing (SP

2 ), volitional hyperventilation at 20/m
in (H

V
20 )
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1 3 C
oncerning the m

ean values over all subjects com
pared 

to spontaneous breathing (SP
1 ), hyperventilation at spon-

taneous breathing frequency (H
V

SP ) results in an increase 
in ventilation from

 6.71 ±
 1.64 to 15.88 ±

 4.92 l·m
in

−
1 

(+
9.17 

l·m
in

−
1) 

inducing 
a 

decrease 
in 

F
E

T C
O

2  
from

 
5.06 ±

 0.54 to 4.07 ±
 0.51 %

 (−
1.02 %

). C
oncerning spon-

taneous breathing (SP
2 ), hyperventilation at a breathing rate 

of 20/m
in (H

V
20 ) results in a change in ventilation from

 
6.57 ±

 1.31 to 15.87 ±
 4.16 l·m

in
−

1 (+
9.30 l·m

in
−

1) w
ith 

a decrease in F
E

T C
O

2 , from
 5.00 ±

 0.51 to 3.88 ±
 0.42 %

 
(−

1.12 %
).

Table 2 show
s respiratory characteristics of all subjects 

in both protocols 1 and 2. T
he results of the W

ilcoxon 
paired test applied to these variables show

 that as expected, 
T

T
O

T , T
I  and T

E  are not significantly different betw
een SP

1  
and H

V
SP , w

hereas they are significantly different betw
een 

SP
2  and H

V
20 . In both protocols, V

T  and V
T /T

I  are sig-
nificantly different from

 spontaneous to hyperventilation, 
but T

I /T
T

O
T  is not significantly different betw

een SP
1  and 

H
V

SP . Sim
ilar com

parisons can be taken betw
een SP

2  and 
H

V
20 . Tim

e variables (T
T

O
T , T

I , T
E ) and V

T  are significantly 

different betw
een H

V
SP  and H

V
20 , w

hereas no significant 
differences are observed in T

I /T
T

O
T  and V

T /T
I  betw

een 
H

V
SP  and H

V
20 .

Sim
ilarity of airflow

 profile w
ithin individuals

T
he reconstructed airflow

 profiles for all subjects under the 
four conditions at stake are represented in Fig. 3.

T
he sim

ilarity test perform
ed betw

een the tw
o spontane-

ous breathing periods (SP
1  versus SP

2 ) show
s that differ-

ences w
ithin individuals are significantly less than those 

betw
een individuals random

ly sam
pled (p < 0.001). Identi-

cal results are obtained w
hen com

paring airflow
 profile at 

H
V

SP  and H
V

20  (p < 0.001).
W

hen com
paring SP

1  and H
V

SP , w
e find that differences 

w
ithin individuals are significantly less that those betw

een 
individuals (p =

 0.005). B
y contrast, differences w

ithin 
individuals are not significantly less than those betw

een 
individuals, w

hen com
paring SP

2  and H
V

20  (p =
 0.593). 

W
e also applied the sim

ilarity test on SP
1  versus H

V
20  

(p =
 0.085) and SP

2  versus H
V

SP  (p =
 0.057).

EE 
SP1 

H
V

SP 

SP 2 

H
V

20 

1 sec  

250 m
l  

TI  
TE  

V
T 

V
T= 530 m

l   fR=15.2 m
in

-1 

V
T= 1 090 m

l   fR=13.8 m
in

-1 

TI  
TE  

V
T 

TI  
TE  

V
T 

TI   
TE  

V
T 

V
T= 470 m

l   fR=15.3 m
in

-1 

V
T= 810 m

l   fR=19.8 m
in

-1 

F
ig. 2  For the subject E

E
, m

ean ventilatory characteristics: tidal vol-
um

e (V
T ), inspiratory (T

I ) and expiratory (T
E ) durations; the vectorial 

representation of the first four harm
onics of a harm

onic analysis of 
the airflow

 shape and the corresponding reconstructed airflow
 profile 

are represented in the four conditions of recording [at spontaneous 

breathing (SP
1 ), volitional hyperventilation at subject’s spontaneous 

breathing rate (H
V

SP ), at spontaneous breathing (SP
2 ) and volitional 

hyperventilation at 20/m
in (H

V
20 )]. M

ean values of tidal volum
e (V

T ) 
and breathing rate (fR

) are given in each condition
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D
iscussion

T
he m

ain observation of this study is that there exists an 
individuality in airflow

 profile am
ong hum

an subjects 
during volitional breathing as w

ell as during spontane-
ous breathing. In addition, w

hen com
paring the airflow

 
profile during volitional hyperventilation at spontane-
ous breathing and at a breathing rate of 20/m

in, there is 
a sim

ilarity in the flow
 profile, despite differences in V

T  
and T

T
O

T .
In our study, volitional ventilation w

as ensured by 
inducing 

a 
m

ild 
hyperventilation 

1) 
at 

spontaneous 
breathing rate (H

V
SP ) and 2) at an increased respiratory 

rate (H
V

20 ) m
aintaining F

E
T C

O
2  1 %

below
 the spontane-

ous level in both conditions for all subjects. In this w
ay, 

som
atic sym

ptom
s and discom

fort induced by hypocap-
nia w

ere m
inim

ized (H
ornsveld et al. 1995) and allow

ed 
stable hypocapnia and a consistent decrease in F

E
T C

O
2 . 

T
he resulting increase in ventilation w

as of the sam
e 

order of m
agnitude in the tw

o protocols, 9.17 l·m
in

−
1 in 

protocol 1 and 9.30 l·m
in

−
1 in protocol 2, respectively, 

ensuring a m
oderate volitional hyperventilation. A

 sim
i-

lar increase in ventilation w
as induced by M

cK
ay et al. 

(2003) to study the neural correlates of voluntary breath-
ing in hum

ans.

To investigate the individuality of breathing pattern dur-
ing m

oderate hyperventilation, airflow
 profile is com

pared 
under different conditions. Indeed, com

paring the venti-
latory characteristics (V

T , T
I , T

E ) either one by one or all 
together, as done in other studies (B

enchetrit et al. 1989; 
Shea et al. 1989), w

as not relevant, as breathing depth and 
rate w

ere voluntarily changed. A
irflow

 profile containing 
valuable inform

ation w
as suggested by Proctor and H

ardy 
as early as 1949, and G

ray and G
rodins (1951) proposed 

that “transform
ation of the tracings to a com

pletely non-
dim

ensional form
 should be the first step in analyzing the 

significance of their shape”. T
he harm

onic analysis w
e used 

is indeed one such m
ethod of quantification of the airflow

 
shape. In addition, norm

alization of both the duration and 
the am

plitude allow
s focusing solely on the airflow

 shape.
T

he m
ultivariable statistical test com

pares, under tw
o 

different conditions, the differences betw
een tw

o record-
ings 

w
ithin 

individuals 
w

ith 
the 

differences 
observed 

betw
een random

 pairs of recordings. T
hus, it provides a 

result on the group rather than on each individual. T
here-

fore, even if there are changes in an individual, there are 
m

ore sim
ilarities w

ithin individuals than betw
een individ-

uals w
hen com

paring SP
1  and SP

2  or H
V

SP  and H
V

20 . A
 

detailed interpretation of the sim
ilarity test is given in B

en-
chetrit (2000).

Table 1  M
ean 

values ±
 standard deviations 

(18 healthy subjects) of m
inute 

ventilation (V
T  ×

 60/T
T

O
T ) 

and end tidal C
O

2  (F
E

T C
O

2 ) at 
spontaneous breathing (SP

1 ), 
voluntary hyperventilation at 
each subject’s spontaneous 
breathing rate (H

V
SP ), at 

spontaneous breathing (SP
2 ) 

and voluntary hyperventilation 
at 20/m

in (H
V

20 )

Significant differences (W
ilcoxon paired test p < 0.05) for: * SP

1  versus H
V

SP , # SP
2  versus H

V
20

Subject
V

T  ×
 60/T

T
O

T  (l·m
in

−
1)

F
E

T C
O

2  (%
)

SP
1

H
V

SP
SP

2
H

V
20

SP
1

H
V

SP
SP

2
H

V
20

L
A

4.90
13.27

5.75
10.85

4.47
3.14

4.62
3.24

C
K

7.16
20.12

7.37
20.18

6.15
4.48

6.17
4.37

E
E

8.01
15.07

7.22
16.03

4.24
3.57

4.48
3.73

FL
5.40

11.93
5.31

18.54
4.90

4.16
4.63

3.31

FC
6.71

20.23
7.09

17.34
4.59

3.81
4.41

3.47

G
B

4.94
11.79

5.18
10.32

4.38
3.63

4.43
3.57

H
A

5.27
14.98

5.24
12.47

5.14
3.91

5.22
4.13

JC
5.14

8.78
4.78

10.72
5.50

4.80
5.48

4.45

SJ
5.71

13.06
6.71

18.13
4.90

4.64
4.71

4.11

K
M

6.55
16.48

6.28
17.97

4.60
3.61

4.54
3.42

Z
N

7.69
19.73

7.18
17.33

5.04
3.97

4.93
3.81

T
T

6.35
13.11

6.51
18.16

5.29
4.47

5.11
4.01

T
G

6.44
14.96

5.55
10.54

5.56
4.44

5.48
4.78

T
B

9.61
24.96

8.32
23.69

5.30
3.98

5.05
3.84

D
D

5.40
9.71

5.11
12.94

6.11
5.16

6.02
4.16

N
H

10.87
26.31

9.74
22.21

5.16
3.68

4.98
3.75

FJ
6.81

19.03
7.06

16.47
4.67

3.78
4.87

3.64

A
B

7.82
12.25

7.90
11.85

5.02
4.09

4.93
4.10

M
ean

6.71
15.88

6.57
15.87

5.06
4.07

5,00
3.88

SD
1.64

4.92
1.31

4.16
0.54

0.51
0.51

0.42

*
,#

*
,#
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Table 2  Mean values ± standard deviations (18 healthy subjects) of ventilatory characteristics: breath (TTOT), inspiratory (TI) and expiratory (TE) durations, tidal volume (VT), VT/TI and TI/
TTOT at spontaneous breathing (SP1), voluntary hyperventilation at each subject’s spontaneous breathing rate (HVSP), at spontaneous breathing (SP2) and voluntary hyperventilation at 20/min 
(HV20)

Significant differences (Wilcoxon paired test p < 0.05) for: * SP1 versus HVSP, 
# SP2 versus HV20, 

° HVSP versus HV20

Subject TTOT (s) TI (s) TE (s) VT (l) TI/TTOT VT/TI (l.s
−1)

SP1 HVSP SP2 HV20 SP1 HVSP SP2 HV20 SP1 HVSP SP2 HV20 SP1 HVSP SP2 HV20 SP1 HVSP SP2 HV20 SP1 HVSP SP2 HV20

LA 3.75 2.98 2.79 3.64 1.19 1.41 1.16 1.44 2.56 1.57 1.64 2.20 0.29 0.65 0.27 0.62 0.34 0.47 0.42 0.42 0.24 0.47 0.23 0.43

CK 4.47 4.59 4.44 2.91 2.08 2.01 1.94 1.38 2.40 2.58 2.50 1.54 0.53 1.54 0.54 0.98 0.46 0.44 0.44 0.47 0.26 0.76 0.28 0.71

EE 3.94 4.35 3.91 3.03 1.70 1.63 1.72 1.19 2.24 2.72 2.19 1.83 0.53 1.09 0.47 0.81 0.43 0.38 0.44 0.39 0.31 0.67 0.27 0.68

FL 6.67 5.48 6.72 3,00 1.91 1.93 2.02 1.30 4.76 3.55 4.70 1.70 0.48 1.09 0.51 0.93 0.35 0.35 0.34 0.43 0.25 0.57 0.25 0.71

FC 4.76 4.89 4.27 3.12 1.99 1.76 1.76 1.40 2.77 3.14 2.50 1.72 0.53 1.65 0.50 0.90 0.42 0.36 0.41 0.45 0.27 0.94 0.29 0.65

GB 7.15 6.93 6.89 2.92 2.37 2.02 2.20 1.08 4.78 4.91 4.69 1.84 0.58 1.36 0.58 0.50 0.33 0.29 0.32 0.37 0.25 0.69 0.27 0.47

HA 7.08 6.66 6.02 3,00 2.85 2.84 2.38 1.19 4.24 3.82 3.65 1.81 0.62 1.66 0.53 0.62 0.40 0.43 0.39 0.40 0.22 0.59 0.22 0.53

JC 5.97 5.83 5.62 3.09 2.47 1.89 2.49 0.98 3.50 3.94 3.13 2.11 0.51 0.85 0.45 0.55 0.41 0.32 0.44 0.32 0.21 0.46 0.18 0.57

SJ 5.40 5,00 3.88 2.99 2.47 2.41 1.62 1.47 2.94 2.59 2.26 1.52 0.53 1.09 0.43 0.90 0.45 0.48 0.41 0.49 0.21 0.45 0.27 0.61

KM 3.19 3.27 2.94 2.97 1.35 0.90 1.25 1.01 1.85 2.37 1.69 1.96 0.35 0.90 0.31 0.89 0.42 0.28 0.43 0.34 0.26 1.01 0.25 0.88

ZN 3.56 3.77 3.58 3.03 1.39 1.78 1.37 1.40 2.17 1.98 2.21 1.63 0.45 1.23 0.42 0.87 0.39 0.47 0.38 0.46 0.33 0.70 0.31 0.62

TT 4.66 4.47 4.49 3.02 1.80 1.75 1.81 1.16 2.86 2.71 2.68 1.87 0.49 0.98 0.49 0.91 0.39 0.39 0.40 0.38 0.27 0.56 0.27 0.79

TG 4.95 5.24 5.50 3.11 1.97 2.41 2.19 1.41 2.98 2.82 3.31 1.71 0.53 1.30 0.50 0.55 0.40 0.46 0.40 0.45 0.27 0.54 0.23 0.39

TB 4,00 3.87 3.82 3.03 1.61 1.40 1.52 1.10 2.39 2.47 2.31 1.93 0.64 1.61 0.53 1.20 0.41 0.36 0.40 0.36 0.40 1.16 0.35 1.09

DD 6.85 7.53 5.95 2.95 2.87 3.52 2.31 1.43 3.98 4.01 3.64 1.52 0.61 1.22 0.50 0.64 0.42 0.47 0.39 0.49 0.22 0.35 0.22 0.44

NH 2.53 2.50 2.77 3,00 1.05 1.09 1.13 1.43 1.47 1.42 1.63 1.57 0.46 1.10 0.45 1.11 0.42 0.43 0.41 0.48 0.43 1.01 0.40 0.78

FJ 3.89 4.01 3.65 3,00 1.73 1.64 1.62 1.11 2.16 2.36 2.03 1.89 0.44 1.27 0.43 0.82 0.44 0.41 0.44 0.37 0.26 0.78 0.27 0.75

AB 2.91 2.91 2.94 3,00 1.32 1.54 1.31 1.67 1.59 1.36 1.63 1.33 0.38 0.59 0.39 0.59 0.45 0.53 0.44 0.56 0.29 0.39 0.30 0.36

Mean 4.76 4.68 4.46 3.05 1.89 1.89 1.77 1.29 2.87 2.80 2.69 1.76 0.50 1.18 0.46 0.80 0.41 0.41 0.41 0.42 0.27 0.67 0.27 0.64

SD 1.47 1.42 1.35 0.16 0.54 0.62 0.43 0.19 1.01 0.96 0.97 0.22 0.09 0.32 0.08 0.20 0.04 0.07 0.03 0.06 0.06 0.23 0.05 0.19
#,° #,° #,° *,#,° *,#
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A
lthough ventilation increases by the sam

e order of 
m

agnitude in the tw
o protocols, there w

ere differences in 
the ventilatory data during the voluntary hyperventilation 
period: in H

V
SP , the im

posed respiratory rate is the spon-
taneous one and changes concern m

ainly the tidal volum
e, 

w
hereas in H

V
20 , both respiratory rate and tidal volum

e 
are changed in alm

ost all subjects (Table 1). In our study, 
w

e fixed the level of hypocapnia and im
posed respiratory 

rate and depth to m
aintain this level; thus only T

I  and T
E  

could vary. T
I /T

T
O

T  rem
ained unchanged in all four condi-

tions, despite a decrease in T
T

O
T  during volitional breath-

ing at a rate of 20/m
in. U

nchanged T
I /T

T
O

T  w
as also 

observed by C
alabrese et al. (1998) w

hen adding resis-
tive load, w

hich led to an increase in T
T

O
T . T

hese authors 
suggested that the unchanged T

I /T
T

O
T  at different levels 

of added load m
ight represent an optim

al value for each 
subject. In our study, the fact that T

I /T
T

O
T  w

as the sam
e 

during volitional breathing as that during spontaneous 
breathing (at least in this increased ventilation range) sug-
gests that both autom

atic and volitional system
s lead to 

the sam
e optim

al value of T
I /T

T
O

T . A
ccording to H

aouzi 
(2011), even though the structures controlling breathing 
during volitional and spontaneous breathing are different, 
they both lead to the sam

e outcom
e: m

aintaining blood 
gas hom

eostasis.
Figure 3 represents all airflow

 profiles under the four 
conditions of recording. T

here are differences in airflow
 

profile betw
een individuals during spontaneous breathing 

and during volitional breathing as w
ell.

For each subject, the airflow
 profile at SP

1  and SP
2  

appears sim
ilar as w

ell as the airflow
 profile at H

V
SP  

and H
V

20 . T
he results of the sim

ilarity test confirm
 these 

observations. T
he sim

ilarity betw
een SP

1  and SP
2  is in 

agreem
ent w

ith all previous findings on the individuality 
of breathing pattern. T

he sim
ilarity betw

een the tw
o condi-

tions of volitional ventilation suggests that there exists an 
individuality of breathing airflow

 shape during volitional 
m

oderate hyperventilation. T
he question then arises as to 

know
 if this airflow

 is the sam
e at rest and during hyper-

ventilation. T
he sim

ilarity test provides no clear response 
to answ

er to this question. Indeed, the com
parison of spon-

taneous breathing and voluntary hyperventilation airflow
 

profiles show
s that only SP

1  and H
V

SP  have less differ-
ences w

ithin than betw
een individuals (p =

 0.005). T
hese 

results appear paradoxical. H
ow

ever, tw
o points deserve 

consideration. First, statistical tests do not im
ply transitiv-

ity. Second, in both protocols leading to m
oderate hyper-

ventilation, the breathing rate and depth are volitionally 
im

posed to m
aintain the sam

e level of hypocapnia during 
H

V
SP  and H

V
20 . H

ow
ever, T

T
O

T  and V
T  w

ere changed in 
alm

ost all subjects in H
V

20 , w
hereas only changes in V

T  
w

ere obtained in H
V

SP . T
hus, there m

ay be a greater inten-
sity of volitional control during H

V
20 . T

hese results m
ay 

be explained in tw
o w

ays: either a threshold of ventila-
tion that changes the individual’s resting airflow

 shape is 
attained during hyperventilation at 20 breaths per m

inute, 
but not during hyperventilation at resting frequency, or the 
duration of the breath has a significant effect on respira-
tory individuality. A

s the increase of ventilation is not very 
high and sim

ilar in the tw
o protocols, w

e think that the 
second hypothesis m

ay be the m
ost realistic.

O
ur assum

ption from
 these results w

ould be that there 
exists an individuality of flow

 profile during volitional 
hyperventilation and this flow

 profile is different from
 the 

spontaneous flow
 profile.

T
he airflow

 profile observed during volitional hyper-
ventilation m

ay result either from
 hyperventilation itself 

or from
 the volitional character of the ventilation. T

he 
fact that during hyperventilation induced by exercise, the 
individuality of airflow

 shape is different from
 the rest-

ing one, suggests that hyperventilation per se can induce 
another individuality of breathing. Follow

ing this assum
p-

tion, volitionally generated hyperventilation m
ay also lead 

to individuality of breathing pattern. Furtherm
ore, H

aouzi 
and B

ell (2009) concluded that non-m
edullary respiratory 

structures involved in volitional breathing can develop the 
respiratory control processes “in a m

anner that “m
im

ics” 
functions norm

ally associated w
ith m

edullary brain stem
 

structures”. T
his dem

onstrates the presence of profound 
degeneracy, defined by E

delm
an and G

ally (2001) as “the 
ability of elem

ents that are structurally different to per-
form

 the sam
e function or yield the sam

e output”. If the 
airflow

 shape m
ay be considered as a ventilatory output, 

the sim
ilarity betw

een airflow
 shapes generated autom

ati-
cally or volitionally m

ay suggest degeneracy in pattern 
generation.

D
ejours et al. (1961) claim

ed that “each subject has his 
ow

n com
bination of respiratory rate and tidal volum

e and 
also his ow

n shape of ventilatory m
ovem

ents” and thus, he 
first introduced the concept of “Personnalité R

espiratoire”. 
Further studies show

ed the existence of breathing pattern 
individuality in various conditions. T

he possible determ
i-

nants of this individuality w
ere exhaustively envisaged by 

Shea and G
uz (1992).

O
ur results suggest that if volitional and spontaneous 

breathing originates from
 tw

o separate system
s, then ven-

tilatory rhythm
 generating system

s are not a determ
inant 

of the airflow
 shape individuality. A

lthough the individu-
ality of airflow

 profile m
ay be m

odified in various con-
ditions, it rem

ains an inherent property of the ventilatory 
system

.
In conclusion, during m

oderate volitional hyperventila-
tion, unchanged T

I /T
T

O
T  com

bined w
ith the existence of 

airflow
 shape individuality, although different from

 spon-
taneous flow

 shape, suggests that volitional ventilation fol-
low

s inherent properties of the ventilatory system
.
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econstructed airflow
 profiles from

 the first four harm
onics of 

a harm
onic analysis of the airflow

 shape are represented for all sub-
jects in the four conditions [at spontaneous breathing (SP

1 ), voluntary 

hyperventilation at each subject’s spontaneous breathing rate (H
V

SP ), 
at spontaneous breathing (SP

2 ) and voluntary hyperventilation at 20/
m

in (H
V

20 )]
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II.2.3.2 Au cours de la ventilation assistée 

Les modes ventilatoires et la personnalité ventilatoire au cours de la ventilation 

assistée ont ensuite été étudiés. La ventilation assistée n’est ni naturelle ni 

physiologique, puisque l’on impose une entrée d’air dans les poumons ce qui 

entraine une augmentation de la pression au cours de l’inspiration, alors qu’en 

ventilation spontanée, l’action des muscles inspiratoires entraine une expansion de 

la cage thoracique et une diminution de la pression alvéolaire. De nombreux modes 

d’assistance ventilatoire existent, la finalité étant de permettre de répondre aux 

besoins ventilatoires du patient tout en ajustant son effort ventilatoire. Le mode de 

ventilation mécanique Neurally Adjusted Ventilatory Assist (NAVA) délivre une 

pression proportionnelle à l’activité neuronale de la commande centrale respiratoire 

du patient (via une mesure de l’activité électrique du diaphragme). L’aide 

inspiratoire (AI), très utilisée, nécessite un paramétrage du ventilateur identique pour 

tous les cycles ventilatoires ce qui, dans certains cas, ne présente pas une assistante 

optimale pour le patient. Nous avons évalué l’effet de différents niveaux de pression 

pour chaque mode de ventilation mécanique NAVA et AI, sur le mode ventilatoire, 

la personnalité ventilatoire et la normocapnie du sujet. La mesure des mouvements 

de la cage thoracique par pléthysmographie optoélectronique a aussi permis de 

compléter ce travail en étudiant la répartition des mouvements des compartiments 

thoracique et abdominal au cours de la ventilation assistée en comparaison avec la 

ventilation spontanée. En collaboration avec le Pr Frédéric Lofaso (investigateur 

principal), j’ai rédigé le protocole “Etude comparée du mode ventilatoire au cours 

de la ventilation mécanique NAVA” qui a permis l’inclusion et l’enregistrement de 10 

volontaires sains à l’hôpital Raymond Poincaré (acceptation par le Comité de 

Protection des Personnes "Ile-de-France XI" en avril 2012). Les enregistrements sur les 

volontaires sains ont été effectués dans différentes conditions : au cours de la  

ventilation spontanée, et au cours de trois niveaux de ventilation mécanique pour 

chaque mode (AI et NAVA) correspondant à des valeurs des pressions inspiratoires 

maximum de 5, 8, et 10 cmH2O. L’activité électrique diaphragmatique diminue 

significativement avec le niveau d’assistance pour les deux modes d’assistance AI et 

NAVA. VT augmente et la pression partielle transcutanée de CO2 (PtCO2) diminue 

avec l’augmentation des niveaux d’assistance pour AI seulement (aucun 

changement n’est cependant observé pour la NAVA). La synchronisation sujet-

ventilateur est meilleure avec la NAVA qu’avec l’AI. Pour les deux modes NAVA et AI, 
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les mouvements du compartiment abdominal diminuent tandis que les mouvements 

du compartiment thoracique augmentent. La personnalité ventilatoire n’est pas 

maintenue au cours de la ventilation mécanique à chaque niveau d’assistance quel 

que soit le mode (AI ou NAVA). 

 

Cette étude chez les volontaires sains montre que : 

1- La personnalité ventilatoire n’est pas maintenue au cours de la ventilation 

mécanique pour les deux modes d’assistance ventilatoire : Aide Inspiratoire (AI) ou 

Neurally Adjusted Ventilatory Assist (NAVA). 

2- Le mode NAVA semble “plus physiologique” que l’AI : meilleure synchronisation 

avec l’effort inspiratoire et maintien du volume courant et de la pression partielle 

transcutanée de CO2.  

 
Meric, Calabrese et al (2014) Physiological comparison of breathing patterns with neurally 
adjusted ventilatory assist (NAVA) and pressure-support ventilation to improve NAVA settings. 
Respir Physiol & Neurobiology. 
 
Délégation CNRS : Service de Physiologie et d’Explorations Fonctionnelles, Hôpital Raymond 
Poincaré (Garches 92)-2011-2012.  
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a

 b

 s

 t

 r

 a

 c

 t

N
eurally

 adjusted

 ventilator

 assist
 (N

A
V

A
)

 assists

 spontaneous

 breathing

 in

 proportion

 to

 diaphragm
atic

electrical

 activity

 (EA
di).

 H
ere,

 w
e

 evaluate

 the

 effects

 of

 various

 levels

 of

 N
A

V
A

 and

 PSV

 on

 the

 breathing
pattern

 and,

 thereby,

 on

 Pa
CO

2
hom

eostasis

 in

 10

 healthy

 volunteers.

 For

 each

 ventilation

 m
ode,

 four
levels

 of

 support

 (delivered

 pressure
 0
 i.e.
 baseline,

 5,

 8,

 and

 10

 cm
H

2 O
)

 w
ere

 tested

 in

 random

 order.
EA

di,

 flow
,

 and

 airw
ay

 pressure

 w
ere

 recorded.

 O
ptoelectronic

 plethysm
ography

 w
as

 used

 to

 study

 lung
volum

e

 distribution.

 D
uring

 both

 PSV

 and

 N
A

V
A

,
 EA
di

 decreased

 w
ith

 the

 level

 of

 assistance

 (P

 <

 0.01).
Tidal

 volum
e

 (V
T )

 increased

 and

 PtCO
2

decreased
 w

ith

 increased

 levels

 of

 PSV

 (P

 =

 0.044

 and

 P

 =

 0.0004;
respectively)

 w
hile

 no

 change

 w
as

 observed

 w
ith

 N
A

V
A

.

 Subject–ventilator

 synchronization

 w
as

 better
w

ith

 N
A

V
A

 than

 w
ith

 PSV
.

 N
A

V
A

 and

 PSV

 sim
ilarly

 decreased

 the

 abdom
inal

 contribution

 to

 V
T .

 N
o

 airflow
profile

 sim
ilarities

 w
ere

 observed

 betw
een

 baseline

 and
 m

echanical

 ventilation.

 D
iaphragm

atic

 activity
can

 decrease

 during

 N
A

V
A

 w
ithout

 any

 change

 in

 V
T

and
 Pa

CO
2 .

 This

 suggests

 that

 N
A

V
A

 adjustm
ent

cannot

 be

 based

 solely

 on

 V
T

and

 P
CO

2
criteria.

Registered

 by

 Frédéric

 Lofaso

 and

 N
icolas

 Terzi

 on

 ClinicalTrials.gov,

 #
N

CT01614873.
©

 2014
 Elsevier

 B.V
.

 A
ll

 rights

 reserved.

1.

 In
trodu

ction

Breathing

 is

 a

 com
plex

 process

 (Younes,

 1981)

 designed

 to
m

aintain

 hom
eostasis,

 w
ith

 stable

 Pa
CO

2
levels,

 via

 a

 series

 of
com

pensatory

 adjustm
ents.

 In

 recent

 studies,

 diaphragm
atic

 inac-
tivity

 during

 controlled

 m
echanical

 ventilation

 w
as

 show
n

 to

 cause
ventilator-induced

 diaphragm
atic

 dysfunction

 (V
ID

D
)

 (Jaber

 et

 al.,
2011;

 V
assilakopoulos

 and

 Petrof,

 2004).

 These

 data

 have

 led

 to
the

 increased

 use

 of

 assist

 m
odes.

 A
m

ong

 these,

 pressure-support
ventilation

 (PSV
)

 is

 w
idely

 used,

 m
ost

 notably

 during

 the

 w
ean-

ing

 phase

 (Esteban

 et

 al.,

 2008).

 Several

 studies

 have

 show
n

 that

∗
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 author

 at:
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RU

 Caen,
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 de

 Réanim
ation

 M
édicale,

 F-14000
Caen,

 France.

 Tel.:

 +33

 231

 064

 716;

 fax:

 +33

 231

 064

 996.
E-m

ail

 address:

 terzi-n@
chu-caen.fr

 (N
.

 Terzi).
1

These

 authors

 contributed

 equally

 to

 the

 w
ork.

volunteers

 decrease

 their

 inspiratory

 activity
 under

 PSV

 but

 do

 not
m

aintain

 norm
al

 CO
2

hom
eostasis

 w
hen

 PSV
 exceeds

 the

 dem
and

by

 im
posing

 an

 excessively

 high

 tidal

 volum
e

 (V
T )

 (G
eorgopoulos

et

 al.,

 1997;

 Scheid

 et

 al.,

 1994).

 To

 better

 m
atch

 the
 level

 of

 assis-
tance

 to

 the

 patient’s

 needs,

 m
anufacturers

 have

 developed

 new
m

odes

 that

 deliver

 a

 level

 of

 assistance

 proportional

 either
 to

 the
patient’s

 inspiratory

 m
uscle

 effort,

 in

 proportional

 assist

 ventila-
tion

 (PA
V

);

 or

 to

 the

 diaphragm
atic

 electrical

 activity

 (EA
di),

 in
neurally

 adjusted

 ventilator

 assist

 (N
A

V
A

)

 (N
avalesi

 and

 Costa,
2003;

 Sinderby

 et

 al.,

 1999).

 Clinical

 studies

 in

 critically

 ill

 patients
have

 confirm
ed

 m
any

 of

 the

 expected

 short-term

 physiological
benefits

 of

 N
A

V
A

,

 including

 better

 patient–ventilator

 synchroniza-
tion

 and

 a

 decreased

 risk

 of

 overinflation

 (Terzi

 et

 al.,

 2012).
H

ow
ever,

 although

 increasing

 the

 level

 of

 assistance

 during

 PSV

 is
w

ell

 know
n

 to

 increase

 V
T

and

 to

 induce

 hypocapnia

 in

 healthy

 sub-
jects

 (G
eorgopoulos

 et

 al.,

 1997;

 Scheid

 et

 al.,

 1994),

 little

 is

 know
n

about

 the

 effects

 of

 increasing

 N
A

V
A

 support

 on

 V
T

and

 Pa
CO

2 .
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 m
atter

 ©
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 A
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The

 m
ain

 objective

 of

 our

 study

 w
as

 to

 evaluate

 the

 effects
of

 various

 levels

 of

 N
A

V
A

 and

 PSV

 on

 the

 breathing

 pattern

 and,
thereby,

 on

 Pa
CO

2
hom

eostasis.

 In

 healthy

 volunteers,

 effective
N

A
V

A

 or

 PSV

 levels

 necessarily

 result

 in

 overassistance.

2.

 M
eth

ods

2.1.

 Study

 population

W
e

 studied

 10

 healthy

 volunteers.

 The

 appropriate

 ethics

 com
-

m
ittee

 (H
ôpital

 A
.

 Paré,

 Paris,

 France)

 approved

 the

 study,

 w
hich

w
as

 registered

 on

 ClinicalTrials.gov

 (#
N

CT01614873).

 A
ll

 vol-
unteers

 provided

 their

 w
ritten

 inform
ed

 consent

 before

 study
inclusion.

2.2.

 Study

 procedures

The

 volunteers

 w
ere

 in

 the

 supine

 position,

 w
ore

 a

 noseclip,
and

 breathed

 via

 a

 m
outhpiece

 avoiding

 leaks.

 They

 received

 non-
invasive

 ventilation

 using

 a

 ventilator

 able

 to

 deliver

 both

 PSV

 and
N

A
V

A

 (Servo-i,

 M
aquet

 Critical

 Care,

 Sölna,

 Sw
eden).

 The

 specific
non-invasive

 (N
IV

)

 m
ode

 w
as

 not

 used.
A

s

 previously

 described

 (Sinderby

 et

 al.,

 2007),

 the

 electrical
activity

 of

 the

 diaphragm

 (EA
di)

 w
as

 recorded

 using

 a

 com
m

er-
cialized

 nasogastric

 EA
di-catheter

 (8

 French

 diam
eter,

 125

 cm
long;

 M
aquet

 Critical

 Care,

 Solna,

 Sw
eden),

 w
ith

 an

 electrode
array

 on

 its

 distal

 segm
ent.

 Correct

 EA
di

 catheter

 positioning

 w
as

checked

 using

 the

 “EA
di

 catheter

 positioning”

 ventilator

 func-
tion.

2.2.1.

 Experim
ental

 setup
To

 com
pare

 breathing

 patterns

 assessed

 under

 the

 different
conditions

 using

 the

 sam
e

 m
easurem

ent

 devices,

 airw
ay

 pressure
(Paw

)

 and

 airflow

 w
ere

 m
easured

 using

 a

 differential

 pressure
transducer

 (V
alidyne,

 N
orthridge,

 CA
)

 and

 a

 Fleisch

 #
1

 pneu-
m

otachom
eter

 (Lausanne,

 Sw
itzerland),

 both

 connected

 to

 the
m

outhpiece.
Transcutaneous

 partial

 pressure

 of

 carbon

 dioxide

 (PtCO
2 )

 and
oxygen

 saturation

 (SP
O

2 )

 w
ere

 m
onitored

 noninvasively

 using

 an
earclip

 and

 a

 SenTec

 A
G

 m
onitor

 (Therw
il,

 Sw
itzerland).

Pressure,

 flow
,

 PtCO
2 ,

 and

 SP
O

2
signals

 w
ere

 digitized

 at

 a

 sam
p-

ling

 rate

 of

 100

 H
z

 and

 recorded

 directly

 on

 a

 personal

 com
puter

equipped

 w
ith

 the

 M
P

 150

 data-acquisition

 system

 (Biopac

 Sys-
tem

s,

 Santa

 Barbara,

 CA
,

 U
SA

).
In

 addition,

 flow
,

 Paw
,

 and

 EA
di

 m
onitored

 by

 the

 ventilator
w

ere

 recorded

 through

 an

 RS232

 interface

 at

 a

 sam
pling

 rate

 of
100

 H
z,

 using

 the

 dedicated

 softw
are

 (N
ava

 Tracker

 V
.2.0,

 M
aquet

Critical

 Care),

 and

 EA
di

 w
as

 analyzed

 using

 custom
ized

 softw
are.

Thoracic

 and

 abdom
inal

 volum
e

 changes

 w
ere

 m
onitored

 using
optoelectronic

 plethysm
ography

 (O
EP)

 w
ith

 52

 m
arkers

 attached
to

 the

 patient’s

 thorax,

 as

 described

 by

 Cala

 et

 al.

 (1996).

 A

 CX
1

codam
otion

 system

 (Charnw
ood

 D
ynam

ics

 Ltd.,

 Rothley,

 U
K

)

 w
as

used

 to

 m
onitor

 and

 record

 m
arker

 m
ovem

ents

 during

 the

 exper-
im

ents.

 A
ccuracy

 of

 O
EP

 volum
e

 m
easurem

ent

 w
as

 checked

 by
com

paring

 vital

 capacity

 values

 estim
ated

 by

 O
EP

 and

 by

 spirom
-

etry.

 The

 difference

 w
as

 alw
ays

 less

 than

 10%

 of

 the

 spirom
etry

value.
Synchronization

 of

 the

 three

 com
puter

 recordings

 w
as

 obtained
by

 synchronizing

 the

 clock

 tim
e

 of

 the

 three

 com
puters

 and

 the
beginning

 and

 end

 of

 each

 recording.

 In

 addition,

 sim
ilarity

 of

 the
flow

 and

 pressure

 contours

 and

 of

 the

 inspiratory

 and

 expiratory
tim

es

 of

 each

 cycle

 w
as

 checked.

2.2.2.

 Experim
ental

 protocol
D

ata

 w
ere

 recorded

 first

 during

 spontaneous

 breathing

 (SB)
then

 w
ith

 non-invasive

 ventilation

 (PSV

 and

 N
A

V
A

).

 Inspiratory

pressure

 support

 w
as

 set

 to

 obtain

 peak

 inspiratory

 pressure
values

 of

 5,

 8,

 and

 10

 cm
H

2 O

 (PSV
5,

 PSV
8,

 and

 PSV
10,

 respec-
tively).

 D
uring

 pressure

 support,

 at

 each

 PSV

 level,

 after

 2

 m
in

 to
allow

 breathing

 stabilization,

 w
e

 used

 the

 “N
A

V
A

 Preview
”

 venti-
lator

 function

 to

 estim
ate

 the

 N
A

V
A

 level

 that

 w
ould

 achieve

 the
sam

e

 inspiratory

 pressures

 (N
A

V
A

5,

 N
A

V
A

8,

 and

 N
A

V
A

10,

 respec-
tively).

 Positive

 end-expiratory

 pressure

 (PEEP)

 w
as

 set

 at

 zero

 and
inspired

 oxygen

 fraction

 (FIO
2 )

 at

 21%,

 and

 these

 settings

 w
ere

kept

 constant

 throughout

 the

 study.

 Flow

 and

 EA
di

 triggers

 had
each

 been

 adjusted

 previously

 by

 the

 physicians

 to

 be

 as

 sensi-
tive

 as

 possible

 w
ithout

 auto-triggering.

 EA
di

 and

 flow

 triggers
w

ere

 kept

 constant

 throughout

 the

 trial

 for

 each

 patient

 and

 w
ere

set

 at

 0.8

 !
V

 (0.8–08)

 and

 0.5

 L/m
in

 (0.5–0.5),

 respectively.

 D
uring

PSV
,

 the

 expiratory

 trigger

 w
as

 set

 at

 25%

 of

 the

 m
axim

al

 inspi-
ratory

 flow

 and

 the

 inspiratory

 ram
p

 at

 100

 m
s.

 PSV

 and

 N
A

V
A

w
ere

 used

 in

 random

 order.

 For

 each

 ventilation

 m
ode,

 the

 three
support

 levels

 w
ere

 tested

 in

 random

 order.

 Each

 m
ode

 w
as

 used
for

 8

 m
in

 or

 m
ore

 to

 allow

 the

 volunteer

 at

 least

 6

 m
in

 to

 attain
the

 steady

 state.

 O
nly

 the

 last

 2

 m
in

 w
ere

 used

 for

 the

 analy-
sis.

2.3.

 D
ata

 analysis

M
ean

 values

 of

 the

 2

 last

 m
inutes

 of

 each

 condition

 w
ere

 used
for

 the

 analysis.

 O
nly

 EA
di

 w
as

 analyzed

 m
anually,

 by

 an

 expert
w

ho

 w
as

 blinded

 to

 flow

 and

 pressure

 signals,

 w
hich

 w
ere

 ana-
lyzed

 autom
atically

 for

 com
putation

 of

 the

 usual

 breathing

 pattern
param

eters.

 Respiratory

 frequency

 (fR )

 and

 expiratory

 tidal

 volum
e

converted

 to

 BTPS

 conditions

 (V
T )

 w
ere

 determ
ined

 from

 the

 flow
signal.

The

 EA
di

 signal

 w
as

 used

 to

 determ
ine

 (1)

 the

 patient’s

 neu-
ral

 inspiratory

 tim
e,

 defined

 as

 the

 tim
e

 from

 the

 beginning

 of
the

 EA
di

 signal

 increase

 to

 the

 EA
di

 signal

 peak;

 (2)

 inspiratory
diaphragm

atic

 activity,

 defined

 as

 the

 area

 from

 the

 onset

 of

 the
rise

 to

 the

 peak

 of

 the

 EA
di

 signal

 (represented

 by

 the

 striped
area

 in

 Fig.

 1);

 (3)

 the

 ventilator

 inspiratory

 trigger

 delay

 (iTD
),

defined

 as

 the

 tim
e

 from

 the

 beginning

 of

 the

 inspiratory

 effort
detected

 by

 the

 EA
di

 signal

 to

 the

 onset

 of

 ventilator

 pressur-
ization;

 and

 (4)

 the

 insufflation

 in

 excess

 (T(iex)),

 defined

 as

 the
difference

 betw
een

 the

 end

 of

 the

 patient’s

 inspiratory

 effort,

 i.e.,
the

 EA
di

 signal

 peak,

 and

 the

 end

 of

 ventilator

 pressurization
(Fig.

 1).
O

EP

 allow
ed

 us

 to

 assess

 lung

 volum
e

 distribution

 betw
een

the

 thorax

 and

 abdom
en

 (Cala

 et

 al.,

 1996).

 W
e

 w
ere

 thus

 able

 to
determ

ine

 w
hether,

 com
pared

 to

 PSV
,

 N
A

V
A

 kept

 this

 distribution
closer

 to

 that

 seen

 during

 SB.

 W
e

 expected

 to

 find

 this

 effect

 of
N

A
V

A

 because

 diaphragm
atic

 activity

 persists

 throughout

 insuffla-
tion

 w
ith

 N
A

V
A

 but

 does

 not

 alw
ays

 persist

 during

 PSV
,

 w
hich

 can
m

aintain

 pressurization

 w
ithout

 any

 further

 diaphragm
atic

 con-
traction

 once

 the

 insufflation

 is

 triggered.

2.4.

 Breathing

 pattern

 com
parison

For

 each

 recording,

 airflow

 shape

 w
as

 quantified

 by

 eight

 vari-
ables

 having

 no

 physiological

 significance.

 The

 first

 four

 harm
onics

(described

 by

 a

 phase

 and

 an

 am
plitude)

 of

 a

 serial

 Fourier

 analysis
applied

 to

 a

 breath

 contain

 at

 least

 95%

 of

 the

 pow
er

 of

 the

 origi-
nal

 signal

 and

 are

 sufficient

 to

 quantify

 airflow

 signal

 shape

 (Bachy
et

 al.,

 1986).

 The

 vectorial

 representation

 of

 the

 first

 four

 harm
onics

is

 term
ed

 A
STER

 and

 the

 airflow

 shape

 of

 a

 breath

 is

 quantified

 by
the

 eight

 Cartesian

 coordinates

 of

 these

 four

 vectors

 (8

 values).

 For
statistical

 com
parisons

 of

 A
STERs,

 to

 take

 into

 account

 only

 airflow
shape,

 each

 A
STER

 w
as

 norm
alized

 for

 am
plitude

 (by

 dividing

 each
coordinate

 by

 the

 square

 root

 of

 the

 sum

 of

 the

 square

 of

 all

 eight
coordinates).

 The

 m
ean

 A
STER

 value

 w
as

 also

 calculated

 for

 each
recording.
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Fig.

 1.

 Flow
,

 airw
ay

 pressure

 (Paw
),

 and

 electrical

 activity
 of

 the

 diaphragm

 (EA
di)

 signals

 for

 one

 subject

 during

 pressure-support

 ventilation

 at

 level

 8

 (PSV
8).

 The

 figure
show

s

 the

 patient’s

 neural

 inspiratory

 tim
e

 (Tni),

 ventilator
 inspiratory

 trigger

 delay

 (iTD
),

 and

 insufflation

 in

 excess

 (T(iex)).

 Inspiratory

 diaphragm
atic

 activity,

 defined

 as
the

 area

 from

 the

 onset

 of

 the

 rise

 to

 the

 peak

 of

 the

 EA
di

 signal,
 is

 represented

 by

 the

 striped

 area.

2.5.

 Statistical

 analysis

The

 

data

 

w
ere

 

described

 

as

 

m
edian

 ±

 interquartile
 

range
(25–75th

 percentiles).

 A
s

 data

 distribution

 w
as

 not

 norm
al,

 Fried-
m

an’s

 test

 w
as

 used

 to

 separately

 evaluate

 the

 effects

 of

 PSV

 and
N

A
V

A

 on

 EA
di,

 fR ,

 V
T ,

 and

 delta

 PtCO
2

expressed

 as

 the

 differences
from

 baseline,

 i.e.

 spontaneous

 breathing

 w
ithout

 assistance

 in
inspiration,

 w
hich

 therefore

 could

 be

 considered

 as

 the

 level

 0

 of
both

 PSV

 and

 N
A

V
A

.

 Thus,

 w
e

 perform
ed

 Friedm
an’s

 test

 to

 eval-
uate

 the

 differences

 am
ong

 four

 PSV

 or

 N
A

V
A

 levels

 (delivered
pressure

 0,

 i.e.

 baseline,

 5,

 8,

 and

 10

 cm
H

2 O
).

 W
hen

 the

 Friedm
an’s

test

 w
as

 significant

 a

 tw
o

 by

 tw
o

 com
parison

 w
as

 perform
ed

 using
the

 W
ilcoxon

 test.

 N
eural

 inspiratory

 tim
e,

 iTD
,

 T(iex)

 and

 regional
distribution

 of

 V
T

expressed

 as

 contribution

 of

 the

 abdom
en

 to

 V
T

w
ere

 com
pared

 betw
een

 PSV

 or

 N
A

V
A

 using

 the

 W
ilcoxon

 test.

 The
com

parison

 w
as

 perform
ed

 for

 all

 values,

 independently

 from

 the
level

 of

 assist.
A

 specific

 analysis

 (Benchetrit

 et

 al.,

 1989;

 Calabrese

 et

 al.,

 1998;
Eisele

 et

 al.,

 1992;

 Shea

 et

 al.,

 1987)

 w
as

 designed

 to

 com
pare

intraindividual

 differences

 to

 interindividual

 w
ithin-group

 differ-
ences

 betw
een

 tw
o

 conditions

 (e.g.

 spontaneous

 breathing

 and

 a
level

 of

 assisted

 ventilation).

 The

 null

 hypothesis

 w
as

 that

 the

 sum
of

 intraindividual

 differences

 w
as

 not

 different

 from

 the

 sum

 of
differences

 betw
een

 pairs

 of

 individuals

 taken

 random
ly;

 the

 alter-
native

 hypothesis

 w
as

 that

 the

 sum

 of

 intraindividual

 differences
w

as

 significantly

 less

 than

 the

 sum

 of

 differences

 betw
een

 pairs

of

 individuals

 taken

 random
ly.

 This

 test

 provides

 inform
ation

 on
intraindividual

 differences

 in

 an

 individual

 w
ho

 can

 be

 recognized
am

ong

 other

 group

 m
em

bers

 based

 on

 certain

 characteristics.

 For
exam

ple,

 w
e

 tested

 w
hether

 airflow

 shape

 differences

 betw
een

 SB
and

 a

 specific

 level

 of

 an

 assisted

 ventilation

 m
ode

 (e.g.,

 PSV
5)

 w
ere

the

 sam
e

 in

 a

 given

 individual

 relative

 to

 differences

 in

 tw
o

 condi-
tions

 (e.g.

 SB

 and

 PSV
5)

 betw
een

 all

 individuals

 in

 the

 sam
e

 group.
W

e
 repeated

 this

 analysis

 betw
een

 pairw
ise

 com
binations

 of

 all
conditions:

 SB

 vs.

 PSV
8,

 SB

 vs.

 PSV
10,

 SB

 vs.

 N
A

V
A

5,

 SB

 vs.

 N
A

V
A

8,
SB

 vs.

 N
A

V
A

10,

 PSV
5

 vs.

 N
A

V
A

5,

 PSV
8

 vs.

 N
A

V
A

8

 and,

 finally,

 PSV
10

vs.

 N
A

V
A

10.
 P
 values

 low
er

 than

 0.05

 w
ere

 considered

 significant.
Statistical

 tests
 w

ere

 run

 using

 the

 StatV
iew

 5

 package

 (SA
S

 Insti-
tute,

 G
renoble,

 France).

3.

 R
esu

lts

3.1.

 Study

 population

W
e

 enrolled

 10

 consecutive

 healthy
 volunteers

 w
ith

 norm
al

findings

 from

 a

 physical

 exam
ination

 and

 pulm
onary

 function
tests.

 Table

 1

 reports

 the

 characteristics
 of
 10

 volunteers.

 O
ne

of

 the

 volunteers

 w
as

 unable

 to

 tolerate
 the
 gastroesophageal

catheter.

 D
uring

 N
A

V
A

,

 gains

 w
ere

 1.25

 (0.95–1.6)
 cm

H
2 O

/!
V

;

 2
(1.4–2.6)

 cm
H

2 O
/!

V
,

 and

 2.6

 (2–2.9)

 cm
H

2 O
/!

V
,

 to
 m

atch

 PSV

 sett-
ings

 of

 5,

 8,

 and

 10

 cm
H

2 O
.

Table

 1
Characteristics

 of

 the

 10

 healthy

 volunteers.

#

 

A
ge

 (y)

 

H
eight

 (cm
)

 

W
eight

 (kg)

 

Sex

 

V
C

 (sitting)

 (%)

 

M
IP

 (cm
H

2 O
)

 

M
EP

 (cm
H

2 O
)

1

 

54

 

185

 

92

 

M

 

106

 

142

 

177
2

 

23

 

180

 

87

 

M

 

107

 

141

 

108
3

 

25

 

183

 

71

 

M

 

91

 

124

 

153
4

 

34

 

174

 

67

 

M

 

96

 

95

 

150
5

 

24

 

166

 

65

 

F

 

108

 

81

 

113
6

 

22

 

156

 

57

 

F

 

N
D

 

N
D

 

N
D

7

 

37

 

190

 

100

 

M

 

116

 

152

 

221
8

 

42

 

168

 

72

 

F

 

99

 

99

 

91
9

 

28

 

173

 

65

 

M

 

111

 

113

 

112
10

 

58

 

177

 

58

 

F

 

83

 

47

 

70

Abbreviations:

 F,

 fem
ale;

 M
,

 m
ale;

 V
C,

 vital

 capacity,

 %

 of

 predicted

 value;

 M
EP,

 m
axim

al

 expiratory

 pressure;

 M
IP,

 m
axim

al

 inspiratory

 pressure.

 N
D

,

 not

 done.
#

6

 w
as

 unable

 to

 tolerate

 the

 gastroesophageal

 catheter.
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Fig.

 2.

 Com
parison

 of

 respiratory

 rate

 (panel

 A
),

 individual

 data

 for

 tidal

 volum
e

 (panel

 B),

 and

 PtCO
2

as

 the

 difference

 betw
een

 end

 and

 baseline

 (panel

 C),

 according

 to
breathing

 condition.

 SB,

 spontaneous

 breathing;

 PSV
,

 pressure-support

 ventilation;

 and

 N
A

V
A

,

 neurally

 adjusted

 ventilatory

 assist.

 The

 num
bers

 after

 PSV

 or

 N
A

V
A

 indicate
the

 support

 level

 in

 cm
H

2 O
.
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Fig.

 3.

 Effect

 of

 m
echanical

 ventilation

 on

 inspiratory

 activity

 defined

 as

 the
 electrical

 activity

 of

 the

 diaphragm
.

 SB,

 spontaneous

 breathing;

 PSV
,

 pressure-support

 ventilation;
and

 N
A

V
A

,

 neurally

 adjusted

 ventilatory

 assist.

 *W
ilcoxon

 test;

 **integral

 of
 Eadi
 m

easured

 during

 the

 neural

 inspiratory

 tim
e.

3.2.

 Effect

 of

 m
echanical

 ventilation

 on

 breathing

 pattern

A
s

 show
n

 in

 Fig.

 2A
,

 no

 significant

 change

 in

 fR
occurred

 w
ith

either

 m
ode

 (P

 =

 0.55,

 and

 0.79

 respectively

 w
ith

 PSV

 and

 N
A

V
A

;
Friedm

an

 test).

 V
T

increased

 w
ith

 the

 support

 level

 during

 PSV
(P

 =

 0.0044;

 Friedm
an

 test)

 but

 did

 not

 change

 significantly

 dur-
ing

 N
A

V
A

 (P

 =

 0.61;

 Friedm
an

 test)

 (Fig.

 2B).

 V
T

w
as

 significantly
higher

 during

 PSV

 8

 and

 PSV

 10

 com
pare

 to

 SB

 (P

 =

 0.03

 and

 P

 =

 0.01
respectively;

 W
ilcoxon

 test).

 D
elta

 PtCO
2

(difference

 betw
een

 end
and

 baseline)

 decreased

 significantly

 w
ith

 increasing

 levels

 of

 sup-
port

 during

 PSV

 (P

 =

 0.0004;

 Friedm
an

 test)

 but

 show
ed

 no

 change
w

ith

 the

 level

 of

 support

 during

 N
A

V
A

 (P

 =

 0.95;

 Friedm
an

 test)
( Fig.

 2C).

 D
elta

 PtcCO
2

decreased

 significantly

 during

 PSV
5,

 PSV
8

and

 PSV
10

 com
pared

 to

 SB

 (P

 =

 0.01;

 P

 =

 0.007

 and

 P

 =

 0.01

 respec-
tively;

 W
ilcoxon

 test).
Individual

 airflow

 shapes

 during

 SB

 w
ere

 not

 m
aintained

 during
assisted

 ventilation:

 P

 values

 w
ere

 >0.05

 for

 com
parisons

 of

 SB

 vs.
PSV

5,

 SB

 vs.

 PSV
8,

 SB

 vs.

 PSV
10,

 SB

 vs.

 N
A

V
A

5,

 SB

 vs.

 N
A

V
A

8,

 and

 SB

vs.

 N
A

V
A

10.

 M
oreover,

 w
hen

 com
paring

 PSV

 vs.

 N
A

V
A

 at

 the

 sam
e

level

 of

 support,

 the

 airflow

 shapes

 w
ere

 not

 m
aintained

 w
ithin

individuals

 (P

 values

 >0.05

 for

 com
parisons

 of

 PSV
5

 vs.

 N
A

V
A

5,
PSV

8
 vs.
 N

A
V

A
8,

 and

 PSV
10

 vs.

 N
A

V
A

10).

3.3.

 Effect
 of
 m

echanical

 ventilation

 on

 inspiratory

 activity

D
uring

 

both
 

PSV
 

and

 

N
A

V
A

,

 

electrical

 

inspiratory

 

activity
decreased

 as

 the

 support

 level

 increased

 (P

 values

 0.0032

 and

 0.01
during

 PSV

 and

 N
A

V
A

 respectively;

 Friedm
an

 test)

 (Fig.

 3).

3.4.

 Patient–ventilator

 synchronization

Inspiratory

 trigger

 delay

 w
as

 alw
ays

 longer

 w
ith

 PSV

 than

 w
ith

N
A

V
A

 (P

 <

 0.01;

 W
ilcoxon

 test).

 Insufflation

 in

 excess

 and

 neural
inspiratory

 tim
e

 did

 not

 differ

 across

 m
odes

 (P

 alw
ays

 >0.24

 and
>0.23

 respectively;

 W
ilcoxon

 test

 (Table

 2).

Table

 2
Subject–ventilator

 interaction.

M
O

D
E

 

PSV

 5

 

PSV

 8

 

PSV

 10

 

N
A

V
A

 5

 

N
A

V
A

 8

 

N
A

V
A

 10

iTD

 

160

 ±

 47.5
(142–190) *

190

 ±

 40
(175–215) **

160

 ±

 40
(140–180) ***

70

 ±

 10
(70–80) *

80

 ±

 20
(70–90) **

80

 ±

 20
(70–90) ***

T(iex)

 

205

 ±

 80
(175–255)

190

 ±

 110
(130–240)

230

 ±

 70
(190–260)

200

 ±

 120
(140–180)

180

 ±

 80
(150–230)

210

 ±

 70
(160–230)

Ti

 n
eu

ral

 

1480

 ±

 615
(1263–1878)

1490

 ±

 560
(1230–1790)

1390

 ±

 890
(1090–1980)

1320

 ±

 690
(1020–1710)

1090

 ±

 360
(950–1310)

1120

 ±

 410
(1010–1420)

Ti/Ttot

 

0.42

 ±

 0.05
(0.38–0.44)

0.40

 ±

 0.09
(0.33–0.42)

0.43

 ±

 0.08
(0.38–0.46)

0.46

 ±

 0.04
(0.42–0.46)

0.41

 ±

 0.07
(0.39–0.46)

0.43

 ±

 0.04
(0.41–0.46)

The

 data

 are

 described

 as

 m
edian

 ±

 interquartile

 range

 (25–75th

 percentiles).
Abbreviations:

 iTD
,

 inspiratory

 trigger

 delay;

 T(iex),

 insufflation

 tim
e

 in

 excess;

 Ti

 neural,

 tim
e

 of

 inspiration

 m
easured

 on

 EM
G

 signal;

 Ti/Ttot,

 tim
e

 of

 inspiration

 to

 total
breath

 duration

 m
easured

 on

 flow

 signal.
W

ilcoxon

 test:
*

PSV
5

 vs.

 N
A

V
A

5:

 P

 =

 0.0117.
**

PSV
8

 vs.

 N
A

V
A

8:

 P

 =

 0.018.
***

PSV
10

 vs.

 N
A

V
A

10:

 P

 =

 0.0077.
V

alues

 w
ithout

 asterisk

 indicate

 that

 there

 is

 no

 statistical

 difference

 betw
een

 the

 values

 observed

 in

 PSV

 and

 N
A

V
A

.
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3.5.

 Lung

 volum
e

 distribution

V
T

as

 

assessed

 

by

 

optoelectronic

 

plethysm
ography

 

during
SB

 correlated

 closely

 w
ith

 V
T

m
easured

 by

 pneum
otachography

(r 2
=

 0.954).

 The

 Bland–A
ltm

an

 plot

 show
ed

 that

 the

 m
ean

 dif-
ference

 w
as

 14

 m
L

 (95%CI,

 −
62

 m
L

 to

 −
76

 m
L)

 and

 the

 lim
its

 of
agreem

ent

 w
ere

 92

 m
L

 (95%CI,

 76

 m
L)

 and

 −
64

 m
L

 (95%

 CI,

 −
62

 m
L).

Thorax

 V
T

increased

 w
ith

 the

 support

 level

 during

 N
A

V
A

 and

 PSV
(P

 =

 0.019

 and

 0.021

 respectively;

 Friedm
an

 test).

 A
bdom

inal

 V
T

decreased

 as

 the

 support

 level

 increased

 during

 PSV

 and

 N
A

V
A

(P

 =

 0.021

 and

 0.019

 respectively;

 Friedm
an

 test).

 Regional

 venti-
lation

 distribution

 w
as

 not

 significantly

 different

 betw
een

 PSV

 and
N

A
V

A
.

4.

 D
iscu

ssion

In

 our

 study,

 healthy

 volunteers

 receiving

 different

 levels

 of
N

A
V

A

 m
aintained

 their

 baseline

 m
inute

 ventilation

 and

 carbon
dioxide

 hom
eostasis

 by

 decreasing

 their

 inspiratory

 activity.

 In

 con-
trast,

 PSV

 induced

 hyperventilation

 w
ith

 hypocapnia.

 In

 addition,
synchronization

 of

 the

 assist

 w
ith

 the

 beginning

 of

 the

 inspiratory
effort

 w
as

 better

 w
ith

 N
A

V
A

 than

 w
ith

 PSV
.

The

 m
ain

 objective

 of

 the

 respiratory

 control

 system

 is

 to

 m
ain-

tain

 Pa
CO

2
at

 a

 near-constant

 level

 via

 an

 array

 of

 com
pensatory

adjustm
ents

 (Cherniack

 and

 A
ltose,

 1981).
D

evices

 have

 been

 developed

 to

 allow

 investigation

 of

 the
effects

 of

 unloading

 (Poon

 and

 W
ard,

 1986;

 Younes

 et

 al.,

 1987).
By

 unloading

 the

 respiratory

 system
,

 one

 can

 determ
ine

 w
hether

the

 norm
al

 or

 abnorm
al

 native

 resistance

 and

 elastance

 of

 the
respiratory

 system

 constrain

 the

 level

 of

 ventilation

 or

 m
odify

 its
pattern.

 G
allagher

 and

 Younes

 (1989)

 and

 Poon

 et

 al.

 (1987)

 w
ere

the

 first

 to

 use

 assisted

 m
echanical

 ventilation

 to

 achieve

 partial
resistive

 unloading

 of

 the

 respiratory

 system
.

 They

 dem
onstrated

that

 the

 inspiratory

 resistive

 load

 w
as

 an

 im
portant

 determ
inant

 of
the

 pattern

 of

 respiratory

 m
otor

 output.

 Thus,

 inspiratory

 resistive
unloading

 caused

 significant

 shortening

 and

 shape

 changes

 of

 the
pressure

 generated

 by

 the

 inspiratory

 m
uscles.

A
lso

 for

 evaluating

 the

 effects

 of

 resistive

 and

 elastic

 unload-
ing,

 Younes

 et

 al.

 w
ere

 the

 first

 to

 develop

 a

 ventilator

 prototype
in

 w
hich

 the

 assistance

 used

 the

 principles

 of

 equations

 of

 m
otion

to

 ensure

 proportionality

 to

 the

 load

 im
posed

 on

 the

 inspiratory
m

uscles

 (Younes,

 1992).

 Subsequently,

 an

 intensive

 care

 ventilator
(PA

V
+,

 Covidien,

 D
ublin,

 Ireland)

 w
as

 developed

 to

 autom
atically

adjust

 proportional

 flow

 and

 volum
e

 assist

 to

 the

 values

 associ-
ated

 w
ith

 constant

 unloading

 fractions

 of

 the

 approxim
ate

 values

 of
respiratory

 system

 resistance

 and

 elastance

 (K
ondili

 et

 al.,

 2006).

 In
a

 study

 of

 norm
al

 volunteers

 during

 assist-volum
e

 control,

 PSV
,

 and
PA

V
,

 w
ith

 the

 assist

 level

 set

 at

 the

 highest

 com
fortable

 value,

 Pa
CO

2
rem

ained

 close

 to

 its

 set

 point

 during

 PA
V

,

 preventing

 the

 occur-
rence

 of

 respiratory

 alkalosis

 (M
itrouska

 et

 al.,

 1999).

 H
ow

ever,
during

 PA
V

 this

 ventilator

 provides

 support

 only

 once

 it

 detects
an

 inspiratory

 flow

 initiated

 by

 the

 patient.

 A

 substantial

 tim
e

 lag
can

 occur

 betw
een

 such

 detection

 and

 inspiratory

 m
uscle

 effort
initiation

 in

 patients

 w
ith

 dynam
ic

 hyperinflation.

 Finally,

 as

 w
ith

PSV

 (N
ava

 et

 al.,

 1995),

 loss

 of

 patient–ventilator

 synchrony

 can
be

 observed

 w
ith

 PA
V

.

 M
oreover,

 leaks

 or

 changes

 in

 m
echani-

cal

 properties

 can

 induce

 runaw
ay

 phenom
enon

 (Ranieri

 et

 al.,
1997).

The

 latest

 im
provem

ent

 in

 m
ethods

 of

 inspiratory

 m
uscle

unloading

 is

 the

 developm
ent

 of

 N
A

V
A

,

 in

 w
hich

 the

 inspiratory
assist

 is

 proportional

 to

 EA
di

 (Terzi

 et

 al.,

 2012).

 N
A

V
A

 artificially
increases

 the

 conversion

 of

 phrenic

 nerve

 im
pulses

 to

 inspira-
tory

 driving

 pressure

 and,

 therefore,

 to

 V
T ,

 and

 the

 feedback

 loops
(including

 the

 chem
ical

 feedback

 loop)

 that

 control

 the

 phrenic
nerves

 m
ay

 be

 the

 only

 rem
aining

 determ
inants

 of

 V
T

and

 V
E .

Except

 

for

 

subject–ventilator

 

interaction

 

param
eters

 

and
ventilation

 distribution

 betw
een

 the

 abdom
inal

 and

 thoracic

 com
-

partm
ents,

 N
A

V
A

 and

 PSV

 w
ere

 not

 com
pared

 directly

 (Friedm
an’s

test

 evaluated

 PSV

 and

 N
A

V
A

 independently),

 because

 the

 airw
ay

pressure

 profile

 over

 tim
e

 differed

 betw
een

 these

 tw
o

 m
odes.

 PSV
delivers

 a

 pressure

 level

 that

 is

 constant

 and

 determ
ined

 by

 the
prescriber,

 instead

 of

 being

 proportional

 to

 feedback

 loop

 activity.
Therefore,

 pressure

 support

 can

 rapidly

 exceed

 the

 patient’s

 needs,
resulting

 in

 excessively

 high

 V
T

values

 (A
zarian

 et

 al.,

 1993).

 In

 this
situation,

 fR
adjustm

ent

 m
ay

 fail

 to

 prevent

 hypocapnia

 (Scheid
et

 al.,

 1994).

 In

 contrast,

 as

 previously

 described

 (Sinderby

 et

 al.,
2007),

 N
A

V
A

 decreased

 the

 inspiratory

 activity,

 w
hich,

 according
to

 the

 closed

 loop

 process,

 in

 turn

 m
odified

 the

 shape

 of

 pressure
assistance

 w
ithout

 significantly

 changing

 V
T

or

 fR .

 In

 keeping

 w
ith

these

 m
echanism

s,

 norm
ocapnia

 w
as

 m
aintained

 during

 N
A

V
A

 in
our

 study.

 These

 results

 suggest

 that

 V
T

and

 fR ,

 and

 therefore

 Pa
CO

2 ,
rem

ain

 under

 the

 subject’s

 control

 w
ith

 N
A

V
A

.

 Thus,

 the

 breathing
pattern

 obtained

 w
ith

 N
A

V
A

 is

 the

 result

 of

 a

 com
plex

 m
ultifactorial

physiological

 process

 involving

 the

 subject’s

 chem
ical

 and

 neural
com

ponents,

 w
hich

 w
ere

 not

 specifically

 and

 separately

 evaluated
in

 our

 study.
In

 our

 study,

 w
hereas

 the

 expiratory

 trigger

 w
as

 com
parable

w
ith

 N
A

V
A

 and

 PSV
,

 the

 N
A

V
A

 inspiratory

 trigger

 outperform
ed

 the
PSV

 inspiratory

 trigger,

 in

 keeping

 w
ith

 previous

 clinical

 studies
( Terzi

 et

 al.,

 2010)

 dem
onstrating

 better

 patient–ventilator

 syn-
chronization

 w
ith

 N
A

V
A

 than

 w
ith

 PSV
.

 W
ith

 N
A

V
A

,

 EA
di

 triggers
the

 assist

 w
hen

 the

 subject

 initiates

 an

 inspiratory

 effort,

 even

 dur-
ing

 expiration

 w
ith

 intrinsic

 PEEP

 (Piquilloud

 et

 al.,

 2011),

 and

 a
decrease

 in

 EA
di

 term
inates

 the

 assist.
By

 using

 an

 optoelectronic

 system
,

 w
e

 show
ed

 that

 both

 N
A

V
A

and

 PSV

 sim
ilarly

 decreased

 m
otion

 of

 the

 abdom
inal

 com
part-

m
ent.

 This

 finding,

 together

 w
ith

 the

 decrease

 in

 diaphragm
atic

m
uscle

 activity

 w
ith

 increasing

 levels

 of

 support,

 suggests

 that

 the
dow

nw
ard

 course

 of

 the

 diaphragm

 m
ay

 decrease

 w
ith

 increas-
ing

 support

 levels

 in

 healthy

 individuals.

 In

 contrast,

 m
otion

 of
the

 upper

 and

 low
er

 thoracic

 com
partm

ents

 increased

 signifi-
cantly

 w
ith

 increasing

 support

 levels

 during

 both

 N
A

V
A

 and

 PSV
,

in

 agreem
ent

 w
ith

 an

 earlier

 study

 (A
liverti

 et

 al.,

 2000).

 This

 find-
ing

 m
ay

 be

 ascribable

 to

 the

 lung

 inflation

 induced

 by

 m
echanical

ventilation.

 The

 differences

 in

 chest-w
all

 m
otion

 betw
een

 sponta-
neous

 breathing

 and

 assisted

 m
echanical

 ventilation

 m
ay

 explain
the

 breathing

 pattern

 differences

 observed

 betw
een

 these

 tw
o

conditions.

 Indeed,

 using

 a

 previously

 validated

 m
ethod

 to

 ana-
lyze

 the

 breathing

 pattern,

 w
e

 found

 no

 significant

 sim
ilarities

betw
een

 rest

 and

 PSV

 or

 N
A

V
A

 for

 any

 of

 the

 variables.

 Therefore,
breathing

 pattern

 individuality

 w
as

 not

 m
aintained

 during

 PSV

 or
N

A
V

A
.

O
ur

 study

 has

 several

 lim
itations.

 First,

 w
e

 cannot

 exclude
an

 influence

 of

 cortical

 inputs

 on

 the

 recorded

 breathing

 pat-
terns.

 H
ow

ever,

 none

 of

 the

 subjects

 reported

 any

 discom
fort

during

 any

 of

 the

 conditions,

 suggesting

 that

 the

 breathing

 pat-
terns

 w
ere

 norm
ally

 influenced

 by

 the

 cortical

 inputs,

 w
hich

are

 usually

 active

 during

 w
akefulness.

 Second,

 the

 difference

 in
effects

 of

 PSV

 vs.

 N
A

V
A

 on

 PtCO
2

is

 am
ong

 our

 m
ost

 striking

 find-
ings.

 A
rterial

 P
CO

2
m

easurem
ent

 w
ould

 have

 been

 scientifically
preferable

 but

 ethically

 unacceptable

 in

 our

 healthy

 volunteers.
Previous

 studies

 have

 dem
onstrated

 that

 PtCO
2

is

 very

 close

 to
Pa

CO
2

and

 that

 PtCO
2

changes

 are

 representative

 of

 Pa
CO

2
changes

(Eberhard,

 2007;

 G
ancel

 et

 al.,

 2011;

 Storre

 et

 al.,

 2007,

 2011).

 Third,
w

e

 did

 not

 investigate

 global

 inspiratory

 activity

 in

 the

 volun-
teers.

 H
ow

ever,

 the

 diaphragm

 is

 the

 m
ain

 inspiratory

 m
uscle

 and
diaphragm

atic

 activity

 can

 therefore

 be

 considered

 representative
of

 inspiratory

 activity

 (M
ognoni

 et

 al.,

 1969).

 Finally,

 the

 absence

 of
esophageal

 and

 gastric

 pressure

 traces

 m
ight

 appear

 as

 an

 obstacle
to

 independent

 determ
ination

 of

 the

 neural

 inspiratory

 tim
e.

 N
ev-

ertheless,

 previous

 w
ork

 establishes

 that

 neural

 inspiratory

 tim
e

 is
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17

better

 

estim
ated

 

using

 

diaphragm
atic

 

electrom
yography

 

than
using

 esophageal

 and

 gastric

 pressure

 (Parthasarathy,

 Jubran

 et

 al.,
2000).

4.1.

 Clinical

 im
plications

In
 clinical

 practice,

 determ
ining

 the

 optim
al

 N
A

V
A

 level

 rem
ains

challenging,

 and

 several

 m
ethods

 have

 been

 suggested.

 Contrary

 to
PSV

,

 N
A

V
A

 generates

 V
T

levels

 that

 can

 rem
ain

 constant

 indepen-
dently

 from
 the
 support

 level

 once

 the

 patient’s

 ventilation

 needs
are

 satisfied

 (Brander

 et

 al.,

 2009).

 O
ne

 study

 evaluated

 breathing
pattern

 analysis
 during

 a

 titration

 procedure

 as

 a

 m
eans

 of

 deter-
m

ining

 the

 best

 N
A

V
A

 support

 level

 (Brander

 et

 al.,

 2009).

 Titration
consisted

 in

 increasing
 the
 N

A
V

A

 level

 from

 about

 3

 cm
H

2 O

 in

 1-
cm

 H
2 O

/A
U

 steps

 every

 3
 m

in
 (A

U

 refers

 to

 A
rbitrary

 U
nit

 and

 is

 the
Edi

 signal

 intensity

 in

 !
V

).
 The
 response

 in

 term
s

 of

 V
T

and

 airw
ay

pressure

 (Paw
)

 w
as

 biphasic.
 D

uring

 the

 first

 phase,

 V
T

and

 Paw
increased,

 w
hile

 the

 esophageal

 pressure–tim
e

 product

 (i.e.,

 inspi-
ratory

 m
uscle

 effort)

 and

 EA
di

 decreased.

 Further

 increases

 in

 the
N

A
V

A

 level

 (second

 phase)

 did

 not

 significantly

 change

 V
T

but

 con-
tinued

 to

 decrease

 the

 esophageal

 pressure–tim
e

 product

 and

 EA
di.

Thus,

 the

 first

 phase

 m
ay

 indicate

 an

 insufficient
 N

A
V

A

 level

 to

 sup-
plem

ent

 the

 patient’s

 w
eak

 breathing

 effort,

 w
hile

 the

 beginning

 of
the

 second

 phase

 m
ay

 correspond

 to

 the

 low
est

 support

 level

 that
satisfies

 the

 patient’s

 needs.

 Thus,

 the

 optim
al

 (or

 adequate)

 N
A

V
A

level

 m
ay

 be

 equal

 to

 or

 greater

 than

 this

 inflection

 point.
 H

ow
ever,

our

 finding

 that

 CO
2

hom
eostasis

 is

 preserved

 during

 overassis-
tance

 w
ith

 N
A

V
A

 indicates

 that

 N
A

V
A

 settings

 cannot

 rely
 solely

on

 a

 V
T

or

 Pa
CO

2
target.

 O
ther

 targets

 seem

 needed.

 O
ne

 study

 used
60%

 of

 the

 highest

 EA
di

 value

 recorded

 during

 spontaneous

 breath-
ing

 as

 the

 target

 (Roze

 et

 al.,

 2011).

 This

 value

 w
as

 determ
ined

 daily
during

 a

 spontaneous

 breathing

 trial

 w
ith

 a

 pressure-support

 level
of

 7

 cm
H

2 O

 and

 no

 PEEP.

 This

 m
ethod

 proved

 feasible

 and

 w
ell

tolerated

 until

 extubation

 but

 w
as

 tim
e

 consum
ing.

 A
n

 alternative
m

ight

 consist

 in

 adapting

 the

 support

 level

 to

 the

 patient’s

 respira-
tory

 discom
fort

 once

 the

 V
T

plateau

 is

 attained

 w
ith

 N
A

V
A

 (Schm
idt

et

 al.,

 2011).

 H
ow

ever

 further

 studies

 are

 needed

 to

 confirm

 this
possibility.

In

 conclusion,

 N
A

V
A

 seem
s

 a

 m
ore

 physiological

 m
ethod

 of
inspiratory

 m
uscle

 unloading

 than

 PSV
,

 for

 tw
o

 reasons:

 syn-
chronization

 w
ith

 the

 patient’s

 inspiratory

 effort

 is

 better,

 and
non-volitional

 overinflation

 does

 not

 occur.

 In

 contrast

 to

 PSV
,

N
A

V
A

 preserves

 carbon

 dioxide

 hom
eostasis.

 Thus

 overassistance,
i.e.,

 low

 EA
di,

 during

 N
A

V
A

 w
as

 not

 associated

 w
ith

 changes

 in
Pa

CO
2 .

 This

 observation

 m
ay

 explain

 w
hy

 identifying

 the

 optim
al

N
A

V
A

 level

 rem
ains

 a

 challenge.
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II.3   VARIABILITE DE LA FREQUENCE CARDIAQUE  
 

II.3.1 Introduction  

II.3.1.1 La variabilité de la fréquence cardiaque  

La variabilité de la fréquence cardiaque (VFC) est la variabilité de la fréquence 

cycle par cycle cardiaque, obtenue à partir des intervalles R-R. Cette variabilité est 

le reflet de l’influence du système nerveux autonome (SNA) sur la fréquence 

cardiaque. Ainsi, la VFC reflète l’équilibre entre les influences sympathique (cardio-

accélératrice) et parasympathique (cardio-inhibitrice) sur le rythme du nœud sinusal.  

L’analyse du spectre de la fréquence cardiaque a contribué à mieux comprendre 

la régulation par le système nerveux autonome, et la signification de ses différentes 

composantes grâce à l’administration de bloqueurs sympathique et 

parasympathique (Akselrod et al ,1981 et 1985). 

Depuis, la VFC a été largement utilisée comme un indicateur du niveau du SNA dans 

certains états physiologiques: stress, fatigue (travail, sport) ou pathologiques comme 

l’hypertension artérielle, le diabète, le syndrome d’apnée du sommeil, etc. Elle est 

également utilisée comme indicateur du niveau d’analgésie (Pomfrett et al, 1993) 

ou de la douleur. 

 

II.3.1.2 L’arythmie sinusale d’origine respiratoire  

L’arythmie Sinusale d’origine Respiratoire (ASR) représente les variations du rythme 

cardiaque au cours du cycle respiratoire. L’ASR est la variabilité du rythme 

cardiaque en synchronisation avec le rythme respiratoire, et contribue en partie à la 

VCF (Cf analyse spectrale II.3.1.3). L’interaction entre rythme cardiaque et 

respiration a été constatée en 1847 (Ludwig). Ce n’est cependant qu’au début du 

20ième siècle que le phénomène est analysé plus précisément (Anrep et al, 1936 ; 

Heymans, 1929): pendant l’inspiration, la fréquence cardiaque augmente et, 

pendant l’expiration, la fréquence cardiaque diminue. Ce phénomène est illustré sur 

la Figure 9 qui représente l’enregistrement chez un volontaire sain d’un 

électrocardiogramme (ECG), d’un débit ventilatoire mesuré à la bouche et de la 

fréquence cardiaque calculée à partir de l’ECG. 
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ECG: électrocardiogramme 
 
 
 
Débit ventilatoire instantané (mesuré à la 
bouche : pneumotachographie). 
 
Les pointillés verticaux représentent le 
découpage de chaque cycle 
ventilatoire, composé d’une inspiration et 
expiration. 
 
 
Chaque trait horizontal représente la 
fréquence cardiaque, l’inverse de la durée 
qui sépare deux ondes R sur l’ECG (FC). 
 
On observe une augmentation de la FC 
au cours de l’inspiration et une diminution 
au cours de l’expiration. 

Figure 9 : Illustration du phénomène d’arythmie sinusale d’origine respiratoire 

L’arythmie cardiaque d’origine respiratoire est souvent considérée comme un 

indicateur de l’activité vagale cardiaque. La signification physiologique de l’ASR n’a 

pas été complètement élucidée. On fait l’hypothèse que l’ARS optimise l’échange 

des gaz dans la circulation pulmonaire, améliore la relation entre la perfusion 

pulmonaire et la ventilation dans le cadre du cycle respiratoire.   

 

II.3.1.3 L’analyse du spectre de la fréquence cardiaque  

L’étude de VFC peut se faire par une analyse dans le domaine temporel ou dans le 

domaine fréquentiel. Le domaine fréquentiel est largement utilisé et consiste en 

l’analyse du spectre de puissance de la fréquence cardiaque ou de la période 

cardiaque (Figure 10). Les puissances spectrales sont mesurées dans des bandes de 

fréquences suivantes et ont été plus ou moins identifiées comme ayant une 

signification physiologique : 

• puissance totale (total frequency power : Ptot) de 0 à 0,4Hz : reflet global de la 

VFC 

• ultra basses fréquences (ultralow frequency power : ULF) de 0 et 0,0033 Hz  et très 

basses fréquences (very low frequency power : VLF) de 0,0033 et 0,04 Hz: non 

encore complétement identifiées, thermorégulation, catécholamines, 

angiotensine II 
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• basses fréquences (Low Frequency power : LF) de 0,04 et 0,15 Hz : reflètent 

l’influence sympathique (accélération du rythme cardiaque), et à un moindre 

degré parasympathique (ralentissement du rythme cardiaque), modulée par les 

barorécepteurs 

• hautes fréquences (High Frequency power : HF) de 0,15 et 0,4 Hz : correspondent 

à la modulation du tonus vagal normalement en lien avec la respiration (part de 

l’arythmie cardiaque d’origine respiratoire quand la fréquence ventilatoire est 

comprise dans cet intervalle de fréquence) 

 

 
Figure 10 : Spectre de la période cardiaque avec représentation des bandes de fréquences: basses 
fréquences (LF) de 0,04 et 0,15 Hz et hautes fréquences (HF) de 0,15 et 0,4 Hz 

 

II.3.2 L’arythmie sinusale d’origine respiratoire  

II.3.2.1 Au cours de l’addition de résistance respiratoire 

L’addition des résistances à la bouche entraine une augmentation de la pression 

négative intra-thoracique et une stimulation des barorécepteurs intra-thoraciques. 

Nous avons étudié les changements de VFC et ASR induits par l’addition de 

résistances respiratoires à la bouche (stimulus du système cardio-ventilatoire) chez 

sept volontaires sains pour quatre niveaux de résistance additionnelle. Les résultats 

montrent une augmentation des caractéristiques de VFC et ASR avec la diminution 

de la fréquence respiratoire induite par l’addition des résistances. 
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Afin de préciser l’origine des variations obtenues, diminution de fréquence 

respiratoire ou addition de résistance, nous avons comparé les caractéristiques de 

VFC et ASR à deux valeurs de fréquences ventilatoires, chacune obtenue soit en 

additionnant une résistance, soit en imposant la fréquence. Les caractéristiques de 

VFC et ASR sont identiques à une fréquence ventilatoire donnée. 

 

Ces résultats soulignent l’importance du mode ventilatoire dans les variations de la 

variabilité de la fréquence cardiaque (VFC) et l’arythmie sinusale d’origine 

respiratoire (ASR). L’utilisation des variations de VFC et ASR comme index du système 

nerveux autonome serait plus pertinente si les variations de la fréquence respiratoire 

étaient prises en considération. 

 
Calabrese et al. (2000) Cardiorespiratory interactions during resistive load breathing. Am J 
Physiol-Regulatory Integrative and Comparative Physiology 
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recording,the

value
ofthe

resistance
w

as
calculated

using
a

m
outh

pressure-flow
plot

on
a

breath-by-breath
basis

throughout
the

entire
recording.

M
ean

resistance
values

com
puted

for
the

seven
subjects

w
ere

R
0

5
0.76

6
0.02

(apparatus
resistance),

R
1

5
3.25

6
0.16,

R
2

5
5.24

6
0.30,

R
3

5
8.25

6
0.37,and

R
4

5
12.51

6
0.63

cm
H

2 O
zl 2

1
zs.D

ata
acquisition

w
as

started
w

ithin
a

few
m

inutes
of

addition
of

resistance.
H

R
V

d
a

ta
a

n
a

ly
s
is

.
T

he
acquisition

of
the

data
w

as
per-

form
ed

on
a

M
acintosh

m
icrocom

puter
equipped

w
ith

an
analog-to-digital

interface
card.

Sam
pling

rate
w

as
256

H
z.

T
o

calculate
the

respiratory
period

(T
T

O
T )

and
V

T ,
and

to
study

H
R

V
and

R
SA

,
a

breath-by-breath
analysis

w
as

per-
form

ed
of

allrecordings
(involving

an
average

of
50

breaths/
recording).

T
he

E
C

G
signal

w
as

processed,
and

the
R

-R
intervalseries

w
ere

extracted
and

displayed
on

the
com

puter
screen

to
verify

that
the

signalexhibited
no

noticeable
trend

and
to

show
possible

errors.M
eans

6
SD

ofthe
R

-R
intervals

w
ere

calculated
for

each
recording.R

-R
intervals

w
ere

inter-
polated

linearly
at

0.25-s
intervals

to
obtain

equidistant
tim

e
sam

ples,and
pow

er
spectralanalysis

w
as

perform
ed

using
a

recording
length

of
at

least
1,024

sam
ple

data
points.A

fast
F

ourier
T

ransform
procedure

w
as

applied
to

obtain
the

low
-

(L
F

:
0.04–0.15

H
z)

and
high-frequency

(H
F

:
0.15–0.40

H
z)

spectral
pow

er
com

ponents.F
or

each
recording,a

restricted
respiratory

frequency
pow

er
com

ponent
identified

as
the

respiratory
centered

frequency
(R

C
F

)
com

ponent
w

as
also

calculated,using
the

frequency
range

corresponding
to

6
10%

of
the

respiratory
rate

averaged
over

the
entire

recording
(17).

A
m

ore
specific

analysis
of

R
SA

w
as

perform
ed

using
a

breath-by-breath
H

R
V

analysis
(17).T

o
quantify

the
extent

of
w

ithin-respiratory
cycle

R
SA

,
a

sinusoid
is

calculated,
fitting

to
the

changes
in

instantaneous
heart

rate
w

ithin
the

respiratory
cycle

(F
ig.

1).
Its

am
plitude,

w
hich

m
ay

be
con-

sidered
as

the
m

axim
um

heart
rate

w
ithin

each
breath,

is
used

as
a

m
easure

of
the

m
agnitude

of
R

SA
.T

he
instant

of
occurrence

ofthis
m

axim
um

is
expressed

either
as

a
fraction

of
breath

duration
(phase)

or
in

seconds
(delay).

A
verage

am
plitude,phase,and

delay
values

over
severalbreaths

are
then

calculated
for

each
recording.

S
ta

tis
tic

a
l

a
n

a
ly

s
e
s
.V

alues
are

expressed
as

m
eans

6
SD

.
M

ean
com

parison
of

R
-R

interval,
respiratory

period,
and

R
-R

interval
spectral

frequency
com

ponents
in

response
to

resistive
load

breathing
w

as
achieved

using
a

one-w
ay

A
N

O
V

A
.

T
he

coefficient
of

variation
of

R
-R

interval
and

respiratory
period

w
ere

com
pared

using
K

ruskal-W
allis

test.

R
E

S
U

L
T

S

E
ffe

c
t

o
f

r
e
s
p

ir
a

to
r
y

r
e
s
is

tiv
e

lo
a

d
in

g
o
n

H
R

V
a

n
d

R
S

A
.

A
pplying

resistive
loads

throughout
the

entire
breath

results
in

lengthening
ofrespiratory

period
and

increases
in

V
T

w
ith,how

ever,no
noticeable

changes
in

F
E

T
C

O
2 .

T
able

1
show

s
m

ean
values

and
m

ean
coeffi-

cients
of

variation
of

both
T

T
O

T
and

R
-R

interval
cal -

culated
over

the
seven

subjects.T
he

m
ean

respiratory
period

can
be

seen
to

increase
w

ith
increasing

load
w

hile
variability

rem
ains

unchanged.In
contrast,the

m
ean

R
-R

intervalrem
ains

unchanged
w

ith
increasing

load,
w

hereas
the

variability
observed

at
the

highest

R
2209

C
A

R
D

IO
R

E
SP

IR
A

T
O

R
Y

IN
T

E
R

A
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T
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N
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E
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resistive
load

is
double

that
for

unloaded
breathing.A

significant
m

ain
treatm

ent
effect

observed
w

as
that

increasing
resistive

loads
resulted

in
significant

in-
creases

in
all

spectral
pow

er
com

ponents
(T

able
1).

H
ow

ever,the
increase

in
L

F
com

pared
w

ith
that

in
H

F
at

R
3

and
R

4
m

ay
be

explained
by

the
low

correspond -
ing

breathing
frequencies

that
are

in
the

L
F

rather
than

the
H

F
dom

ain.
A

t
low

breathing
rates

(#
0.15

H
z),the

changes
in

the
R

C
F

spectralcom
ponent

are
a

better
reflection

of
changes

in
respiratory-related

R
-R

variability
than

those
in

the
H

F
com

ponent.
F

igure
2

represents
H

R
V

expressed
as

the
coefficient

of
variation

of
R

-R
intervalplotted

versus
T

T
O

T
for

all
loads

in
all

subjects.
T

he
coefficient

of
linear

correla-
tion

calculated
over

these
data

is
significantly

different
from

zero
(r

5
0.510,

P
,

0.01).
R

SA
am

plitude,phase,and
delay

versus
T

T
O

T
for

all
subjects

and
for

the
five

conditions
are

represented
in

F
ig.3.E

ach
point

is
a

m
ean

value
for

each
recording

of
am

plitude,phase,and
delay

calculated
from

the
sinu-

soid
fitted

to
the

changes
in

the
instantaneous

heart
rate

w
ithin

each
breath.

B
oth

am
plitude

(r
5

0.479,
P

,
0.01)

and
phase

(r
5

2
0.705,

P
,

0.001)
are

linearly
correlated

to
T

T
O

T ,
and

therefore
the

delay-
T

T
O

T
regression

is
quadratic

(r
5

0.666,
P

,
0.001).It

m
ay

be
noted

that
according

to
this

parabolic
fit,

the
m

axim
um

value
of

the
delay

is
reached

for
a

T
T

O
T

of
7.52

s.

F
ig.

1.
E

xam
ple

of
recording

w
ith

a
resistive

load
of

5.48
cm

H
2 O

zl 2
1zs

and
the

sinusoid
fitted

to
breath-by-breath

changes
in

instantaneous
heart

rate.E
C

G
,electrocardiogram

.

F
ig.

2.
C

oefficient
of

variation
of

R
-R

interval
versus

respiratory
period

(T
T

O
T )for

all7
subjects

for
no

resistive
load

and
the

four
levels

of
resistive

loads.

T
able

1.
H

R
V

d
u

r
in

g
r
e
s
is

tiv
e

lo
a

d
in

g
:

r
e
s
p

ir
a

to
r
y

p
e
r
io

d
,

R
-R

in
te

r
v
a

l,

a
n

d
s
p

e
c
tr

a
l

a
n

a
ly

s
is

o
f

R
-R

in
te

r
v
a

l
s
e
r
ie

s

T
T

O
T ,s

R
-R

Interval,s

T
otal

P
ow

er,
10

2
3

s
2

Spectral
C

om
ponents,10

2
3

s
2

M
ean

M
ean

variation
coefficient

M
ean

M
ean

variation
coefficient

L
F

H
F

R
C

F

R
0

4.26
0.10

0.844
0.06

1.70
6

2.04
0.38

6
0.36

0.87
6

1.45
0.52

6
0.86

R
1

5.00
0.12

0.848
0.08

2.36
6

2.18
0.79

6
0.68

1.07
6

1.65
0.69

6
1.08

R
2

5.29
0.11

0.847
0.08

2.72
6

3.18
0.55

6
0.39

1.59
6

2.41
1.06

6
1.50

R
3

6.09
0.11

0.845
0.10

4.16
6

3.55
1.89

6
1.96

1.66
6

2.72
1.48

6
1.58

R
4

6.88
0.12

0.846
0.13

5.62
6

3.03
3.15

6
2.32

1.85
6

2.14
2.58

6
1.36

P
values

,
0.001

0.594
0.653

0.044
,

0.001
,

0.001
0.052

,
0.001

R
0 ,

control;
R

1 ,
R

2 ,
R

3 ,
and

R
4 ,

increasing
resistive

loads;
T

T
O

T ,
respiratory

period;
T

otal
pow

er,
total

pow
er

of
the

R
-R

interval
series

spectrum
;L

F
,low

-frequency
com

ponent(0.04–0.15
H

z);H
F

,high-frequency
com

ponent(0.15–0.40
H

z);R
C

F
,respiratory

centered
frequency

spectralpow
er

com
ponents;H

R
V

,heart
rate

variability.
P

values
are

the
results

ofan
A

N
O

V
A

perform
ed

on
each

variable
except

for
m

ean
variation

coefficients,w
hich

w
ere

com
pared

by
using

a
K

ruskal-W
allis

nonparam
etric

test
because

they
are

not
norm

ally
distributed.

R
2210

C
A

R
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E
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C
o
m

p
a

r
is

o
n

o
f

H
R

V
a

n
d

R
S

A
fo

r
a

g
iv

e
n

b
r
e
a

th
in

g

r
a

te
w

ith
a

n
d

w
ith

o
u

t
r
e
s
is

tiv
e

lo
a

d
in

g
.

T
o

exam
ine

w
hether

changes
in

H
R

V
and

R
SA

during
loaded

breathing
can

be
attributed

to
the

accom
panying

fallin
breathing

frequency,
further

recordings
w

ere
per-

form
ed

on
another

group
of

participants.
T

he
first

of
tw

o
sets

of
8-m

in
airflow

and
E

C
G

recordings
w

as
obtained

w
ith

a
breathing

resistance,w
hereas

the
sec-

ond
w

as
obtained

w
ith

the
subject

breathing
at

an
im

posed
rate

nam
ely

fixed
at

a
frequency

equivalent
to

that
observed

during
the

loaded
breathing

condition.
T

w
o

levels
of

resistance
w

ere
applied:

R
2

5
4.56

and
R

4
5

12.23
cm

H
2 O

zl 2
1
zs.

T
he

corresponding
im

posed
respiratory

rates
w

ere
provided

by
an

auditory
cue

during
the

nonloaded
breathing

conditions.T
he

F
E

T
C

O
2

w
as

checked
and

instruction
w

as
given

to
increase

or
decrease

the
V

T
such

that
the

F
E

T
C

O
2

value
rem

ained
constant.

M
eans

6
SD

of
T

T
O

T ,
R

-R
interval,

and
V

T

F
ig.

4.
M

ean
6

SD
of

R
-R

interval
(b

o
tto

m
),

tidal
volum

e
(V

T ,
m

id
d

le),
and

T
T

O
T

(to
p)

at
resistive

load
(R

2
and

R
4 )

on
y-axis

and
corresponding

im
posed

frequency
(F

2
and

F
4 )on

x-axis.Identity
lines

are
draw

n
for

each
graph.C

om
parison

betw
een

loaded
and

im
posed

breathing
frequency

conditions
w

ere
achieved

by
using

paired
t-test

for
R

-R
interval(P

5
0.733

for
R

2 -F
2

and
P

5
0.777

for
R

4 -F
4 ),

T
T

O
T

(P
5

0.895
for

R
2 -F

2
and

P
5

0.468
for

R
4 -F

4 ),and
V

T
(P

5
0.217

for
R

2 -F
2

and
P

5
0.111

for
R

4 -F
4 ).

F
ig.

3.
A

m
plitude

(to
p),

phase
(m

id
d

le),
and

delay
(b

o
tto

m
)

versus
T

T
O

T
plotted

for
all

7
subjects.

A
m

plitude,
phase,

and
delay

are
calculated

breath-by-breath
from

the
sinusoid

fitted
to

the
instanta-

neous
heart

rate.
E

ach
point

is
a

m
ean

value
calculated

over
all

breaths
at

each
load.A

m
plitude

is
expressed

as
a

fraction
of

m
ean

heart
rate,phase

as
a

fraction
of

T
T

O
T ,and

delay
in

seconds.

R
2211

C
A

R
D

IO
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E
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obtained
for

resistive
loading

R
2

and
R

4
and

the
equiv -

alent
im

posed
breathing

frequencies
F

2
and

F
4

are
show

n
in

F
ig.4

for
each

subject.R
esults

ofpaired
t-test

com
parisons

indicated
no

significant
differences

as
be-

tw
een

loaded
and

im
posed

breathing
frequency

condi-
tions.T

able
2

show
s

results
ofthe

spectraland
breath-

by-breath
H

R
V

analysis
perform

ed
on

these
data.

C
om

parisons
revealed

no
significant

differences
either

in
any

of
the

H
R

V
spectral

com
ponents

(paired
t-test)

or
in

the
am

plitude
or

phase
(paired

W
ilcoxon-test).

D
IS

C
U

S
S

IO
N

R
esults

ofthe
present

study
show

that
adding

resis-
tive

loads
throughout

the
entire

breathing
cycle

re-
sulted

in
an

increase
in

H
R

V
and

R
SA

w
ith

the
m

ean
R

-R
interval

rem
aining

unchanged.
T

he
increase

in
H

R
V

and
R

SA
appears

to
be

linearly
correlated

to
the

increase
in

respiratory
period

in
re-

sponse
to

resistive
loading.

A
n

im
portant

additional
observation

here
is

that
there

w
ere

no
significant

dif-
ferences

betw
een

H
R

V
and

R
SA

for
a

given
subject

breathing
at

an
equivalent

frequency
obtained

by
re-

sistive
loading

or
im

posed
breathing

frequency.
T

he
observed

increase
in

R
SA

could
probably

be
accounted

for
by

either
increases

in
intrathoracic

pres-
sure

and
the

ensuing
stim

ulation
of

baroreceptors
or

changes
in

the
respiratory

pattern
follow

ing
resistive

loading.
C

hanges
in

intrathoracic
pressure

can
pro-

duce
both

oscillations
in

arterialblood
pressure,w

hich
are

sensed
by

carotid
sinus

and
aortic

baroreceptors,
and

fluctuations
in

cardiac
filling

sensed
by

cardiac
baroreceptors.Indeed,by

using
graded

levels
of

phen-
ylephrine

and
nitroprusside

infusions
in

hum
an

sub-
jects

to
respectively

increase
and

decrease
arterial

pressure
(10),R

SA
w

as
found

to
be

slight
at

low
levels

of
baroreceptor

stim
ulation

but
to

increase
asym

ptoti-
cally

w
ith

higher
levels.

A
ccording

to
Seals

et
al.(18),adding

a
resistive

load
to

the
inspiratory

part
of

the
respiratory

cycle
w

ould
“(i)greatly

exaggerate
the

negative
intrathoracic

pres-
sure

changes
at

any
given

lung
volum

e
during

volun-
tary

inspiration,
producing

a
significant

decrease
in

system
ic

arterial
pressure

and
(ii)

m
arkedly

increase
central

respiratory
m

otor
output.”

T
hese

authors
ob-

served
that

the
m

ajor
effect

of
applying

increased
in-

spiratory
resistance

(of
20

cm
H

2 O
zl 2

1
zs)

w
as

to
cause

the
arterial

blood
pressure

to
fall

significantly
during

early
inspiration.

In
our

experim
ents,

resistive
loads

w
ere

added
throughout

the
entire

breath,
leading

to
changes

in
m

outh
pressure,w

hich
reached

its
nadir

at
about

2
6

cm
H

2 O
for

the
highest

added
resistance

R
4

(12.51
cm

H
2 O

zl 2
1
zs),com

pared
w

ith
under

2
1

cm
H

2 O
for

R
0

(0.76
cm

H
2 O

zl 2
1
zs).

It
m

ay
be

argued
that,

in
the

present
study,the

resistive
load

applied
w

as
insuf-

ficient
to

alter
baroreceptor

input
to

cardiac
m

otoneu-
rons,because

a
sim

ilar
R

SA
am

plitude
(as

w
ellas

H
F

and
R

C
F

pow
er

com
ponents)

w
as

observed
for

both
loaded

and
nonloaded

breathing
at

an
equivalent

breathing
frequency.

A
n

alternative
explanation

m
ight,in

agreem
entw

ith
other

findings
(4),be

thatthe
m

arked
w

ithin-respiratory
cycle

arterial
blood

pres-
sure

oscillations
are

not
the

predom
inant

factor
in-

volved
in

the
changes

in
R

SA
.T

here
is

strong
evidence

(8)
that

respiration
m

odulates
autonom

ic
outflow

by
interfering

w
ith

the
ability

of
baroreceptor

inputs
to

influence
the

activity
ofautonom

ic
m

otoneurons.Ithas
been

reported
that

the
effect

oflung
inflation

itselfcan
suppress

or
m

ask
baroreceptor

influences
in

the
intact

hum
an

(10,18).C
hanges

in
sym

pathetic
and/or

vagal
outflow

during
quiet

breathing
m

ay
thus

be
due

to
respiration

itself
rather

than
to

arterial
pressure

changes
accom

panying
respiration.

C
hanges

in
respiratory

pattern
are

w
ell

know
n

to
influence

R
SA

.
W

hereas
the

average
R

-R
interval

re-
m

ains
unchanged

over
a

w
ide

range
of

breathing
fre-

quencies,an
increase

in
R

SA
is

observed
w

ith
increas-

ing
respiratory

period
and/or

V
T

(5,
13)

even
w

here
these

latter
increases

are
passive

(11).
In

agreem
ent

w
ith

these
previous

observations,our
results

show
that

H
R

V
and

R
SA

increase
w

ith
the

longer
respiratory

period
induced

by
resistive

loading,w
hereas

the
m

ean
R

-R
interval

duration
rem

ains
unchanged

(T
able

1).
T

he
greater

R
SA

am
plitude

reached
for

higher
val-

ues
of

T
T

O
T

m
ay

be
explained

by
the

fact
that

a
suffi -

cient
lapse

of
tim

e
exists

for
expiratory

cholinergic
influences

to
be

dissipated,resulting
in

a
low

er
resid-

ualvagaltone
and

thus
a

greater
heart

rate
response,

hence
leading

to
an

unchanged
m

ean
R

-R
interval

associated
w

ith
an

increased
H

R
V

and
R

SA
.

O
n

the
other

hand,w
ith

shorter
T

T
O

T ,the
effects

ofcholinergic

T
able

2.
S

p
e
c
tr

a
l

a
n

d
b

r
e
a

th
-b

y
-b

r
e
a

th
a

n
a

ly
s
is

o
f

H
R

V
a

n
d

R
S

A
a

t
g
iv

e
n

b
r
e
a

th
in

g
r
a

te
s

w
ith

a
n

d
w

ith
o
u

t
r
e
s
is

tiv
e

lo
a

d
in

g

T
otal

P
ow

er,
10

2
3

s
2

Spectral
C

om
ponents,10

2
3

s
2

A
m

plitude
P

hase
L

F
H

F
R

C
F

R
2

2.94
6

1.37
0.95

6
0.68

1.06
6

0.57
0.71

6
0.37

0.09
6

0.02
0.44

6
0.02

F
2

3.30
6

2.71
0.78

6
0.66

1.30
6

0.99
0.88

6
0.53

0.10
6

0.02
0.46

6
0.05

P
0.431

0.407
0.391

0.261
0.600

0.345
R

4
4.57

6
1.59

1.82
6

1.53
1.73

6
0.62

1.76
6

1.27
0.13

6
0.02

0.40
6

0.05
F

4
4.67

6
3.08

0.96
6

0.73
2.37

6
1.72

1.99
6

1.78
0.12

6
0.03

0.42
6

0.09
P

0.814
0.156

0.455
0.526

0.893
0.225

R
2

and
R

4
are

the
added

loads
and

F
2

and
F

4
are

the
corresponding

im
posed

respiratory
rates.M

ean
values

w
ere

calculated
over

6
subjects

for
R

2 -F
2

and
5

subjects
for

R
4 -F

4 .A
m

plitude
and

P
hase

are
expressed,respectively,as

a
fraction

ofm
ean

heart
rate

for
each

breath
and

a
fraction

of
respiratory

cycle
duration.

C
om

parisons
betw

een
loaded

and
im

posed
breathing

frequency
conditions

w
ere

achieved
by

using
paired

t-test
for

R
-R

interval,respiratory
period,tidalvolum

e,and
R

-R
intervalspectralfrequency

com
ponents

and
by

paired
W

ilcoxon
test

for
am

plitude
and

phase.N
o

significant
difference

w
as

found
betw

een
the

2
conditions

for
any

variable.
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influences
released

during
expiration

m
ay

persist,lim
-

iting
the

extent
of

the
residual

vagal
release

and
en-

suing
increase

in
heart

rate,
leading

again
to

an
un-

changed
m

ean
R

-R
intervalbut

associated
now

w
ith

a
low

er
H

R
V

and
R

SA
.

In
conclusion,

this
study

on
the

effect
of

resistive
load

breathing
on

cardiorespiratory
interactions

show
s

that
these

interactions
and

particularly
the

changes
in

R
SA

are
strongly

dependent
on

the
changes

in
the

breathing
pattern

resulting
from

ventilatory
load-com

-
pensatory

m
echanism

s.

P
e
r
s
p

e
c
tiv

e
s

F
luctuations

ofR
-R

intervals
or

heart
rates

are
used

w
idely

as
indexes

ofthe
levelofautonom

ic
traffic

to
the

heart.
If

these
fluctuations

are
to

be
taken

as
valid

noninvasive
indexes

of
autonom

ic
neural

traffic,
they

then
should

reflect
such

traffic
faithfully

and
should

not
be

influenced
im

portantly
by

respiratory-auto-
nom

ic
interactions

unrelated
to

net
neural

outflow
.

G
iven

the
m

ajor
influence

of
breathing

pattern
on

H
R

V
,

one
possible

strategy
m

ay
be

to
quantify

the
effect

of
breathing

pattern
changes

and
possibly

to
“subtract”

this
effect.

In
our

study,there
w

as
a

linear
relationship

betw
een

H
R

V
and

T
T

O
T

and
also

betw
een

R
SA

characteristics
and

T
T

O
T .O

n
the

other
hand,there

w
ere

no
significant

differences
in

H
R

V
and

R
SA

characteristics
betw

een
control

and
loaded

conditions
at

the
sam

e
breathing

frequency.T
hese

results
are

also
in

favor
ofthe

im
por-

tant
influence

of
the

breathing
pattern

in
H

R
V

.
T

hey
also

suggest
that

an
individualor

a
generic

H
R

V
-T

T
O

T
or

R
SA

characteristic-T
T

O
T

m
ay

be
established,w

hich
can

be
used

as
an

estim
ation

of
the

T
T

O
T

effect.
C

hanges
in

T
T

O
T

m
ay

be
obtained

either
by

im
posed

breathing
frequency,w

hich
depends

on
voluntary

con-
trol

of
breathing,

or
by

resistive
loading,

w
hich

in-
volves

ventilatory
com

pensating
m

echanism
s.
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ü
g
e
r
s

A
r
c
h

273:413–430,1961.
15.

K
oep

ch
en

H
P

,
W

agn
er

P
H

,
an

d
L

u
x

H
D

.
Ü
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ervösen
Steuerung

der
H

erz-
frequenz.

P
fl

ü
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II.3.2.2 Au cours de différentes fréquences ventilatoires imposées 

Il a été observé des différences inter-individuelles non seulement sur les 

caractéristiques de ASR mais aussi sur l’amplitude de leurs variations. Afin de préciser 

le rôle de la fréquence ventilatoire spontanée (individualité ventilatoire) dans ces 

variations de ASR, nous avons étudiées chez 12 volontaires sains les caractéristiques 

de ASR lors de ventilation à fréquence imposée. Les valeurs de fréquences imposées 

étaient de part et d’autre de celle de la fréquence spontanée (FRS) de chaque 

individu (FRS -6, FRS -3, FRS +3, FRS +6 cycles/min). Les résultats montrent que plus la 

fréquence ventilatoire spontanée est basse, moins l’amplitude de ASR augmente 

avec la diminution de la fréquence ventilatoire imposée. 

 

Les variations des caractéristiques de l’arythmie sinusale d’origine respiratoire 

induites par les changements de fréquence ventilatoire peuvent partiellement être 

expliquées par la fréquence ventilatoire spontanée de chaque individu. 

 
Ben Lamine et al. (2004) Individual differences in respiratory sinus arrhythmia. Am J Physiol-
Heart and Circulatory Physiology 
 

Nous avons aussi recherché si la diminution de la fréquence cardiaque de repos 

consécutive à l’entraînement était due à une diminution du tonus vagal. Chez 20 

athlètes et 12 sujets témoins appariés en âge, l’ECG, la respiration et la pression 

artérielle ont été enregistrés à la fréquence ventilatoire spontanée ainsi qu’aux  

fréquences ventilatoire spontanées ± 4 cycles par minute. Les caractéristiques de 

VFC et ASR ont été analysées. Les résultats montrent que seule la fréquence 

cardiaque de repos est significativement plus basse chez les athlètes. 

 

Ces résultats suggèrent que le tonus vagal objectivé par l’arythmie sinusale d’origine 

respiratoire n’est pas modifié par l’entraînement. 

 
Scott et al (2004) Enhanced cardiac vagal efferent activity does not explain training-induced 
bradycardia. Auton Neurosc : Basic and Clinical 
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To
investigate

the
interindividualdif-

ferences
in
respiratory

sinus
arrhythm

ia
(RSA

),recordings
of
venti-

lation
and

electrocardiogram
w
ere

obtained
from

12
healthy

subjects
forfive

im
posed

breathing
periods

(T
T
O
T )surrounding

each
individ -

ual’sspontaneousbreathing
period.In

addition
to
the

spectralanalysis
ofthe

R-R
intervalsignalateach

breathing
period,RSA

characteris-
tics

w
ere

quantified
by

using
a
breath-by-breath

analysis
w
here

a
sinusoid

w
as
fitted

to
the

changes
in
instantaneous

heartrate
in
each

breath.The
am
plitude

and
phase

(or
delay

!
phase

"
T
T
O
T )
of
this

sinusoid
w
ere

taken
asthe

RSA
characteristicsforeach

breath.Itw
as

found
thatforeach

subjectthe
RSA

am
plitude-T

T
O
T
relationship

w
as

linear,w
hereas

the
delay-T

T
O
T
relationship

w
as
parabolic.H

ow
ever,

the
param

eters
of
these

relationships
differed

betw
een

individuals.
Linearcorrelation

betw
een

the
slopes

ofRSA
am
plitude

versus
T
T
O
T

regression
lines

and
1)
m
ean

breathing
period

and
2)
m
ean

R-R
interval

during
spontaneous

breathing
w
ere

calculated.
O
nly

the
correlation

coefficientw
ith
breathing

period
w
as
significantly

differ-
ent

from
zero,indicating

that
the

longer
the

spontaneous
breathing

period
the

lesser
the

increase
in
RSA

am
plitude

w
ith

increasing
breathing

period.Sim
ilarly,only

the
correlation

coefficientbetw
een

the
curvature

of
the

RSA
delay-T

T
O
T
parabola

and
m
ean

breathing
period

w
as
significantly

differentfrom
zero;the

longerthe
spontane-

ous
breathing

period
the

larger
the

curvature
of
RSA

delay.These
results

suggest
that

the
changes

in
RSA

characteristics
induced

by
changing

the
breathing

period
m
ay
be
explained

partly
by
the

spon-
taneous

breathing
period

of
each

individual.Furtherm
ore,a

transfer
function

analysis
perform

ed
on
these

data
suggested

interindividual
differences

in
the

autonom
ic
m
odulation

ofthe
heartrate.

hum
an;

heart
rate

variability;
autonom

ic
control

of
heart

rate;
indi-

viduality
ofbreathing

pattern

RESPIRA
TO
RY

SIN
U
S
A
RRH

Y
TH
M
IA
(RSA

)is
often

considered
to
be

a
valid

index
of
vagal

control
justified

by
the

highly
linear

relationship
betw

een
1)vagalefferentactivity

and
the

m
agni-

tude
ofRSA

in
spontaneously

breathing
anesthetized

dogs(18)
and

2)the
R-R

intervaland
RSA

am
plitude

during
progressive

cholinergic
blockade

for
a
given

subject(19,24).These
rela-

tionships
are

related
to
the

cardiac
vagal

outflow
and

to
the

cardiac
vagaltone,respectively.RSA

is
also

affected
by
other

aspects
of
autonom

ic
cardiac

controlsuch
as
the

parasym
pa-

thetic
baroreflex

(6,11),and
ithasrecently

been
show

n
thatthe

cardiac
sym

pathetic
outflow

m
ay
also

m
odulate

RSA
(28).

In
addition

to
this

“m
ultidim

ensional”
aspectto

parasym
pa-

thetic
cardiac

control,
the

betw
een-individual

differences
in

RSA
increase

the
difficulty

ofRSA
interpretation.In

the
latest

com
m
ittee

report
on

heart
rate

(H
R)

variability
(H
RV
),

m
ethod,and

interpretation
(3),this

betw
een-individualaspect

is
m
entioned

several
tim
es
leading

to
the

conclusion
that

“caution
needs

to
be
exercised

in
interpreting

RSA
,especially

for
betw

een-subjectcom
parisons.”

For
exam

ple,the
relation-

ship
betw

een
RSA

am
plitude

and
pharm

acologically
defined

vagaltone
w
hen

investigated
fora

num
berofsubjects

appears
to
be
lessclose

than
thatfound

w
ithin

a
given

subject(15,20).
The

increase
in
RSA

am
plitude

w
ith

increasing
breathing

period
also

varies
am
ong

individuals
(4,17).

G
iven

the
im
portance

of
the

respiratory
m
odulation

of
hum

an
autonom

ic
rhythm

s
and

the
prepotency

of
breathing

in
generating

respiratory
frequency

rhythm
s
(1),

the
inci-

dence
of
the

spontaneous
breathing

rate
is
w
orth

clarifying
because

there
existsan

individuality
ofthe

breathing
pattern

(2,
27)

that
has

been
reported

in
several

physiological
conditions

(12,26).W
e
investigated

the
role

ofspontaneous
breathing

period
in
R
SA

changes
induced

by
breathing

period
changes.

To
quantify

R
SA
,
w
e
used

a
breath-by-

breath
analysis

w
here

a
sinusoid

is
fitted

to
the

instanta-
neous

H
R
foreach

breath
(23).The

am
plitude

and
the

phase
(or

delay)
of
this

sinusoid
constitute

the
characteristics

of
R
SA

forthatbreath,and
m
ean

valuesare
calculated

foreach
breathing

period.
W
e
thus

quantified
R
SA

in
healthy

sub-
jects

atvarious
breathing

rates.
O
urhypothesis

w
as
thatthe

rate
ofincrease

in
RSA

am
pli-

tude
w
ith

respiratory
period

m
ightbe

sim
ilar

in
allsubjects,

provided
a
com

parable
range

of
breathing

rates
is
exam

ined.
W
e
defined

this
com

parable
range

by
starting

from
the

indi-
vidualspontaneous

respiratory
frequency

of
each

subjectand
by

choosing
breathing

rates
surrounding

this
spontaneous

breathing
rate.O

urresults
show

that,even
underthese

condi-
tions,a

difference
in
the

rate
of
increase

in
RSA

am
plitude

w
ith

the
breathing

period
existed

betw
een

individuals.Sim
i-

larly,difference
betw

een
individuals

w
as
found

in
the

param
-

eters
of
the

parabola
fitted

to
the

delay-breathing
period

rela-
tionship.

H
ow
ever,

these
differences

(the
rate

of
increase

in
RSA

on
one

hand
and

the
curvature

ofRSA
on
the

otherhand)
w
ere

correlated
w
ith
the

spontaneous
breathing

period
and

not
w
ith
the

m
ean

R-R
interval.

These
resultssuggestthatin

allindividualsthere
are

changes
in
RSA

characteristicsw
ith
totalrespiratory

period
(T
T
O
T ),but

there
are

differences
betw

een
individuals

in
the

features
of
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these
changes.These

differences
appear

to
be
related

to
the

spontaneous
breathing

period
ofthe

subjects.
In
addition,thisprotocolgivesthe

possibility
ofperform

ing
a
transfer

function
analysis

of
the

RSA
control

system
(25).

Indeed,the
plot

of
the

norm
alized

RSA
[am

plitude
of
RSA

/
tidal

volum
e
(V
T )]

versus
T
T
O
T
provides

the
“gain”

of
the

system
ateach

T
T
O
T
foreach

individual.

M
ETH

O
D
S

Subjects

Tw
elve

healthy
volunteers

betw
een

18
and

28
yrofage,seven

of
w
hom

w
ere

m
en,

participated
in
the

study
(m
eans

#
SD
:
height,

173.5
#
7.8

cm
;w
eight,64.7

#
10.4

kg;age,m
ean

22.9
#
3.1

yr).
Inform

ed
consentw

as
obtained

from
allsubjects.The

experim
ental

protocol
w
as
exam

ined
and

approved
by

the
Institutional

Ethics
Review

Board.

Experim
entalProtocol

Subjects
w
ere

com
fortably

seated
and

w
ore

a
face

m
ask

on
w
hich

a
flow

m
eter(Fleish

head
no.1)and

a
differentialpressure

transducer
(163PC01D

36,M
icro

Sw
itch)w

ere
m
ounted.Leaks

from
around

the
m
ask

w
ere

checked
for

before
the

recording
w
as
initiated

using
an

infrared
CO

2
analyzer

(Engström
Eliza/Eliza

M
C).

End-tidal
CO

2
fraction

(F
ET
C
O
2 )w

as
m
easured

continuously
using

the
sam

e
appara -

tus,and
an
electrocardiographic

trace
(ECG

)
w
as
obtained

covering
the

w
hole

ofthe
recording

period.Foreach
subject,six

seriesof5-to
10-m

in
recordings

w
ere

perform
ed,

w
ith

the
first

corresponding
to

spontaneous
breathing

and
the

follow
ing

five
w
ith

random
ly
sorted

sequences:
at
an
im
posed

frequency
fixed

at
the

m
ean

spontaneous
respiratory

frequency
and

at
the

m
ean

spontaneous
respiratory

fre-
quency

$
3
and

$
6
and

%
3
and

%
6
breaths/m

in.Forsubjects
w
ith
a

low
spontaneous

respiratory
frequency,the

%
3
and

%
6
breaths/m

in
recordings

w
ere

replaced
by

%
2
and

%
4
breaths/m

in.
The

highest
breathing

rate
observed

am
ong

our
subjects

w
as
17
breaths/m

in,so
recordings

forthatsubjectw
ere

perform
ed
for11,14,17,21,and

23
breaths/m

in,
w
hereas

the
low

est
breathing

rate
observed

w
as

7
breaths/m

in
w
ith
recordings

accordingly
perform

ed
at3,5,7,9,and

11
breaths/m

in.
To

im
pose

the
breathing

rate,
an
auditory

cue
w
as
used,

w
hich

signaled
only

for
the

inspiration
to
begin.

H
ence,

the
inspiratory

II -to-expiratory
tim
e
ratio,

as
w
ell

as
the

V
T ,
w
as
chosen

by
the

subject.
H
ow
ever,

if
F
ET
C
O
2
departed

m
ore

than
#
0.4%

from
the

controllevel,subjectsw
ere

requested
to
change

theirV
T
accordingly.

In
fact,in

m
ostcases,during

im
posed

frequency
breathing,subjects

are
inclined

to
hyperventilate

and
thus

before
the

recording
w
as

started,they
w
ere

asked
to
decrease

the
V
T .

D
ata

Acquisition

The
acquisition

of
the

data
w
as
carried

out
on

a
M
acintosh

m
icrocom

puter
equipped

w
ith

an
analog-digital

interface
card.

The
sam

pling
rate

w
as
256

H
z.To

calculate
T
T
O
T
and

V
T ,and

to
study

H
RV

and
RSA

,
a
breath-by-breath

analysis
of
all

recordings
w
as

perform
ed.TheECG

signalw
asprocessed,and

theR-R
intervalseries

w
ere

extracted
and

displayed
on
the

com
puterscreen

to
verify

thatthe
signalexhibited

no
noticeable

trend
and

to
show

up
possible

errors.
M
eans

and
SD

ofthe
R-R

intervals
w
ere

calculated
foreach

record-
ing.

R-R
intervals

w
ere

interpolated
linearly

at
0.25-s

intervals
to

obtain
equidistanttim

e
sam

ples,and
spectralanalysis

w
as
perform

ed
using

a
recording

length
ofatleast1,024

sam
ple

data
points.

D
ata

Analysis

A
Fourier

transform
procedure

w
as
applied

to
obtain

the
low

-
frequency

(LF;
0.04–0.15

H
z)
and

high-frequency
(H
F;
0.15–0.40

H
z)
com

ponents.
For

each
recording,

a
restricted

respiratory
fre-

quency
com

ponent
identified

as
the

respiratory
centered

frequency
(RCF)

com
ponent

w
as
also

calculated
using

the
frequency

range
corresponding

to
#
10%

of
the

respiratory
rate

averaged
over

the
entire

recording
(23).

The
pow

er
corresponding

to
the

different
frequency

ranges
w
as
expressed

as
a
percentage

ofthe
totalspectral

pow
erm

inus
thatcorresponding

to
the

very
LF

(0–0.04
H
z).

A
m
ore

specific
analysis

of
RSA

w
as
perform

ed
using

a
breath-

by-breath
H
RV

analysis
(23).

To
quantify

the
extent

of
w
ithin-

respiratory
cycle

H
RV
,
a
sinusoid

w
as
fitted

to
the

changes
in

instantaneous
H
R
w
ithin

the
respiratory

cycle.For
each

breath,the
m
axim

um
value

ofthe
sinusoid

w
as
expressed

as
a
percentage

ofthe
m
ean

cardiac
frequency

calculated
over

thatbreath.This
m
axim

um
value

is
used

as
a
m
easure

of
RSA

am
plitude.

The
tim
e
elapsing

betw
een

the
beginning

of
the

breath
and

the
occurrence

of
this

m
axim

um
value

is
expressed

eitherin
term

s
ofthe

fraction
ofbreath

duration
(phase)

atw
hich

itoccurs
or
in
seconds

(delay
!
phase

"
T
T
O
T ).

A
verage

am
plitude,

phase,
and

delay
values

over
several

breaths
w
ere

then
calculated

foreach
recording.In

addition,foreach
breath,a

norm
alized

RSA
am
plitude

(RSA
am
plitude

divided
by
the

corresponding
V
T )w

as
calculated.

StatisticalAnalyses

V
alues

are
expressed

as
m
eans

#
SD
.M

ean
values

ofthe
various

variablesbetw
een

spontaneousand
im
posed

breathing
atthesam

erate
w
ere

com
pared

using
a
paired

t-test,
w
hereas

SD
s
w
ere

com
pared

using
a
W
ilcoxon

paired
test.

To
com

pare
H
Rs
betw

een
differentrecordings

fora
given

subject,
m
ean

R-R
intervals

atdifferentim
posed

breathing
frequencies

w
ere

com
pared

using
A
N
O
V
A
.

Linearcorrelation
coefficientsand

regression
linesw

ere
calculated

foreach
subjectfrom

am
plitude

againstbreathing
period

plots
using

allthe
valuesavailable

forthissubject(250–300
breaths).To

testthe
hypothesis

of
a
parallel

regression
line

for
all

subjects,
a
linear

regression
line

w
asalso

calculated
using

allthe
valuesofallsubjects.

The
differences

in
slope

betw
een

this
com

m
on

line
slope

and
the

individual
slopes

w
ere

calculated,
and

the
sum

of
the

w
eighted

differencesw
ascom

pared
using

a
&
2-testw

ith
11
degreesoffreedom

as
itapplies

to
12
subjects.

Parabolic
fitw

ascalculated
foreach

subjecton
delay-vs.-breathing

period
plots.A

lso,one
parabolic

shape
w
as
adjusted

using
allavail-

able
valuesofallsubjects.A

sin
the

case
ofthe

regression
lines,to

test
the

hypothesisofthe
existence

ofa
com

m
on
parabola,the

sum
ofthe

w
eighted

differencesbetw
een

the
curvature

param
eterofthe

com
m
on

parabolic
shape

and
those

ofthe
individualparabolas

w
ere

calculated
again

using
a

&
2-test.

Foralltests,significance
w
as
setatP

'
0.05.

R
ESU

LTS

The
values

of
T
T
O
T
and

R-R
interval

during
spontaneous

breathing
are

given
in
Table

1.

RSA
for

Spontaneous
and

Im
posed

Breathing
atthe

Sam
e
Frequency

Figure
1
show

san
exam

ple
oftw

o
recordingson

one
subject

w
hen

breathing
spontaneously

(left)and
w
hen

breathing
atan

im
posed

frequency
equal

to
the

spontaneous
breathing

rate
(right).Figure

1
also

show
s
the

instantaneous
H
R,delim

ited
breath

by
breath,and

the
corresponding

spectralanalysis
for

the
w
hole

recording.
Com

parison
of
the

T
T
O
T ,V

T ,R-R
interval,and

RSA
anal -

yses
for

spontaneous
and

im
posed

breathing
atthe

sam
e
rate

forall12
subjects

is
illustrated

in
Figs.2

and
3.The

P
values

of
the

tests
corresponding

to
the

differentvariables
for

m
ean

valuesand
SD

are
given

in
the

legend
to
the

figures.In
Fig.2A

H
2306

IN
D
IV
ID
U
A
LITY

O
F
RESPIRA

TO
RY

SIN
U
S
A
RRH

Y
TH
M
IA

AJP-H
eartC

irc
Physiol

•V
O
L
286

•JU
N
E
2004

•w
w
w
.ajpheart.org

 on November 25, 2010 ajpheart.physiology.org Downloaded from 



 

 

56 

Fig.
1.
Recording

of
spontaneous

and
im
-

posed
frequency

breathing
atthe

sam
e
rate.

A
bove

the
ECG

,1/R-R
intervalratio

[instan-
taneous

heartrate
(H
R)]is

represented
w
ith

arrow
heads

indicating
each

R
w
ave.

A
lso

show
n
are

the
instantaneous

H
Rs

for
the

w
hole

recording
and

the
resulting

Fourier
analysis

spectrum
w
ith

the
delim

itation
of

the
very-low

-frequency
(V
LF),

low
-fre-

quency
(LF),

and
high-frequency

(H
F)

bands.The
large

shaded
arrow

is
the

m
ean

breathing
frequency

for
the

recording,
and

tw
o
sm
all

shaded
arrow

s
indicate

!
10%

,
delim

iting
the

respiratory
centered

fre-
quency

(RCF)band.

Table
1.

Param
eters

ofam
plitude

"
f(T

TO
T )
and

delay
"
f(T

TO
T )
relationships

Subject
N
o.

Spontaneous
Breathing

Line
Fitting

A
m
plitude

"
f(T

T
O
T )

slope

Parabola
Fitting

D
elay

"
f(T

T
O
T )

Curvature

Coordinates
ofthe

m
axim

um

T
T
O
T ,s

R-R
interval,s

T
T
O
T ,s

D
elay,s

1
3.3

0.799
0.041

#
0.119

5.2
1.8

2
7.4

0.818
0.013

#
0.027

8.7
2.5

3
5.3

0.617
0.022

#
0.036

9.1
3.2

4
8.2

0.766
0.016

#
0.041

8.4
3.3

5
7.5

0.780
0.017

#
0.038

9.6
3.6

6
5.6

0.823
0.010

#
0.041

8.5
2.9

7
4.1

0.886
0.015

#
0.037

9.7
3.0

8
3.8

0.733
0.017

#
0.048

8.5
3.2

9
4.4

0.834
0.021

#
0.083

6.0
2.2

10
8.3

0.829
0.007

#
0.017

13.2
3.7

11
6.5

0.923
0.009

#
0.034

11.6
3.5

12
4.2

0.918
0.029

#
0.050

8.5
2.9

The
curvature

(2a)ofa
parabola

(ax
2

$
bx

$
c)isoften

used
to
characterize

thisparabola
because

itisindependentofthe
origin.T

T
O
T ,totalrespiratory

period.
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is
plotted

the
m
ean

im
posed

breathing
period

against
the

spontaneous
period

for
all

subjects.
A
lthough

there
w
as
no

significant
difference

betw
een

the
tw
o
conditions

as
to
the

m
ean

value,the
im
posed

breathing
appearsto

be
m
ore

regular,
as
show

n
by
a
sm
allerSD

.The
V
T
(Fig.2B)w

as
slightly,but

significantly,higherduring
im
posed

breathing
w
ith,how

ever,
no
difference

in
SD

w
ith
regard

to
the

tw
o
conditions.N

orw
as

any
significantdifference

found
in
the

T
I and

T
I -to-T

T
O
T
ratio

w
ith

P
"
0.082

and
P

"
0.133,respectively.Com

parison
of

the
R-R

interval(Fig.2C)
w
ith
regard

to
the

tw
o
conditions

show
ed
no
difference

eitherin
m
ean

value
orSD

.
The

pow
er
of
the

spectralcom
ponents

of
the

R-R
interval

signalw
as
also

com
pared

forthe
tw
o
conditions:there

w
as
no

significant
difference

in
either

the
LF

(P
"
0.422)

or
H
F

com
ponent(Fig.3A),w

hereasthe
RCF

com
ponentw

assignif-
icantly

higherforthe
im
posed

frequency
condition

due
to
m
ore

regularbreathing
in
this

condition.
RSA

am
plitude

and
delay

w
ere

also
com

pared
betw

een
the

tw
o
conditions

(Fig.3,B
and

C),and
there

w
as
no
significant

difference
w
ith
regard

to
eitherm

ean
values

orSD
s.

RSA
C
hanges

for
Im
posed

Breathing
Frequencies

Spectralanalysis.Figure
4
show

s
the

RCF
and

H
F
com

po-
nentsofallthe

im
posed

breathing
frequency

recordingsforthe
12
subjects.A

s
expected,the

H
F
com

ponentfalls
forrespira-

tory
periods

longer
than

6.78
s
(0.15

H
z),w

hereas
the

RCF
com

ponentexhibits
a
plateau

at
%
80%

ofthe
totalpow

erand
thisplateau

isreached
forvaluesofT

T
O
T
ofbetw

een
6
and

7
s.

RSA
am

plitude.
RSA

am
plitude

increased
w
ith

increasing
T
T
O
T .
For

each
subject,

the
coefficient

of
linear

correlation
betw

een
RSA

am
plitude

and
T
T
O
T
w
as
calculated

on
all

breathsrecorded
forthatsubject.A

ll12
correlation

coefficients
differed

significantly
from

zero,and
theirvalues

ranged
from

0.91
to
0.99.Individualregression

lines
w
ere

also
calculated

for
each

subject.These
regression

lines
are

show
n
in
Fig.5,

and
individualvalues

of
the

slopes
are

given
in
Table

1.The
hypothesis

of
a
com

m
on
slope

applying
for

all
subjects

w
as

then
tested

using
a

&
2-test.The

value
ofthe

testw
as

&
2

"
698,

and
thus

the
hypothesis

w
as
rejected

(P
'
0.001).

To
investigate

the
relationship

betw
een

these
individual

regression
lines

and
the

subject
characteristics,

individual
slopes

w
ere

plotted
versus

m
ean

R-R
interval

(Fig.6,right)
and

also
m
ean

T
T
O
T
(Fig.6,left)calculated

from
the

recording
at
spontaneous

breathing.
It
can

be
seen

that,
w
hereas

no
correlation

w
as
observed

w
ith

R-R
interval

(r
"
0.135,

not
significant),the

linearcorrelation
w
ith
spontaneous

T
T
O
T
w
as

significantly
differentfrom

zero
(r

"
0.648,P

'
0.03).The

slope
ofthe

latterregression
line

isnegative,indicating
thatthe

higherthe
spontaneous

T
T
O
T
the

low
erthe

rate
ofincrease

of
RSA

am
plitude

w
ith
respiratory

period.
RSA

delay.The
delay

increased
w
ith

T
T
O
T
up
to
a
certain

value
and

then
decreased.Foreach

subject,a
parabolic

fitw
as

found.
The

coefficients
of
m
ultiple

correlation
w
ere

signifi-
cantly

different
from

zero
for

all
subjects,

and
their

value
varied

from
0.93

to
0.99

am
ong

subjects.These
parabolas

are
show

n
in
Fig.

7.
H
ow
ever,

the
parabola

appeared
to
differ

betw
een

individuals
as
can

be
seen

in
Table

1,
w
here

the
curvature

and
the

coordinates
of
the

m
axim

um
of
individual

parabola
are

show
n.The

curvature
(2a)

of
a
parabola

(ax
2

$
bx

$
c)isoften

used
to
characterize

thisparabola
because

itis
independentofthe

origin.A
&
2-testto

explore
the

hypothesis
ofa

parabola
com

m
on
to
allsubjectlead

to
a
rejection

ofthe
hypothesisforalltheparabolacurvature(&

2
"
93.5,P

'
0.01).

A
s
above,

w
e
investigated

the
relationship

betw
een

these
parabolas

and
the

individual
characteristics.

W
e
plotted

the
curvature

versus
m
ean

R-R
interval(Fig.8,right)

and
m
ean

Fig.2.Com
parison

oftotalrepiratory
period

(T
T
O
T ;

A),tidalvolum
e
(V
T ;B),and

R-R
interval(C)

for
spontaneous

and
im
posed

breathing
at
the

sam
e

frequency.The
plotrepresentsm

ean
valuesand

SD
s

for
im
posed

frequency
againstspontaneous

breath-
ing

for
all
12
subjects.The

m
ean

values
and

SD
s

w
ere

com
pared

betw
een

the
tw
o
conditions.In

re-
gard

to
T
T
O
T ,
m
ean

values
(P

"
0.947)

and
SD
s

(P
"
0.054)w

ere
notsignificantly

different.ForV
T ,

the
m
ean

value
w
as
significantly

higherduring
im
-

posed
breathing

(P
"
0.037),w

hereasSD
sw
ere

not
significantly

different
(P

"
0.057).

For
the

R-R
interval,neither

the
m
ean

values
(P

"
0.576)

nor
the

SD
s
(P

"
0.268)differed

significantly
betw

een
the

tw
o
conditions.

Fig.
3.
Com

parison
of
H
R
variability

(A)
(pow

er
spectrum

com
ponents)

and
respiratory

sinus
ar-

rhythm
ia
(RSA

)
characteristics

[am
plitude

(B)
and

delay
(C)]forspontaneousand

im
posed

breathing
at

the
sam

e
frequency.

The
m
ean

values
and

SD
s

(apartthose
forH

F
and

RCF)forim
posed

frequency
againstspontaneous

breathing
condition

are
plotted

for
all12

subjects.The
pow

er
in
the

H
F
band

w
as

not
significantly

different
betw

een
the

tw
o
condi-

tions
(P

"
0.463),w

hereas
that

in
the

RCF
band

w
as
significantly

higher
(P

"
0.028)

for
im
posed

breathing.
There

w
as
no

significant
difference

in
either

am
plitude

(m
ean

value,P
"
0.196;and

SD
,

P
"
0.625)

or
delay

(m
ean

value,P
"
0.062;and

SD
,P

"
0.348)betw

een
the

tw
o
conditions.
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T
T
O
T
(Fig.8,left)calculated

from
spontaneousbreathing.O

nly
the

correlation
coefficient

(r
!
0.660,

P
"
0.03)

betw
een

curvature
and

spontaneous
T
T
O
T
w
as
significantly

different
from

zero,indicating
thatgreatercurvature

is
associated

w
ith

longerspontaneous
T
T
O
T .

RSA
transfer

function
analysis.The

norm
alized

RSA
am
pli-

tude
(RSA

am
plitude-to-V

T
ratio)w

as
plotted

versus
T
T
O
T
for

each
subject.Correlation

coefficients
w
ere

calculated
foreach

subject.A
llcoefficients

w
ere

significantly
differentfrom

zero,
and

individuallinearregression
lines

w
ere

calculated
(Fig.9).

D
ISC

U
SSIO

N

The
m
ain

findings
of
this

study
w
ere

that
1)
there

exist
differences

betw
een

individuals
in
that

RSA
characteristics

change
w
ith

T
T
O
T
and

2)
these

differences
m
ay
be,

at
least

partly,explained
by
the

differences
in
the

spontaneous
breath-

ing
period

betw
een

subjects.Furtherm
ore,interindividualdif-

ferences
in
the

H
R
m
odulation

system
are

suggested
by
the

results
ofa

transferfunction
analysis

perform
ed
on
these

data.

Spontaneous
Versus

Im
posed

Breathing

Before
studying

RSA
corresponding

to
different

im
posed

breathing
periods,w

e
feltthatthe

RSA
for

spontaneous
and

im
posed

breathing
at
the

sam
e
rate

should
be
com

pared
to

ascertain
thatthe

respiratory
period

w
as
the

m
ain

explicative
factor

and
thus

to
justify

the
study

being
carried

out
w
ith

im
posed

breathing
rates.

In
hum

ans,volitionalbreathing
arises

from
a
corticom

otor
excitation

of
the

diaphragm
,
w
hich

m
ay
act

directly
on

the
phrenic

m
otor

nucleus
via

the
corticospinaltract“bypassing”

brain
stem

respiratory
centers;alternatively,orin

addition,this
m
ay

be
achieved

indirectly
via

the
respiratory

centers
and

bulbospinalpaths.There
is
no
clear

evidence
for

these
alter-

natives,although
severalstudies

suggestthatthe
corticom

otor
excitation

ofthe
diaphragm

does
nottransitvia

the
m
edullary

respiratory
centers

(7).
The

observation
of
no

difference
in

RSA
betw

een
spontaneous

and
im
posed

breathing
atthe

sam
e

rate
doesnotprovide

indication
in
favorofeitheralternative.It

m
erely

suggests
thatfor

each
individualbreathing

rate
per

se
hasan

influence
on
the

characteristicsofRSA
.H
RV

and
RSA

,
spontaneous

orim
posed,atthe

sam
e
breathing

rate
have

been
studied

by
severalauthors(10,16,17,21,22).In

these
studies,

no
difference

w
as
found

in
either

m
ean

H
R
or
H
F
am
plitude

betw
een

spontaneous
and

paced,
or
m
etronom

ic,
breathing.

O
ur
results

in
agreem

ent
w
ith

these
observations

lead
to
the

conclusion
that

the
voluntary

control
of
breathing

does
not

enhance
vagaltone

oralterthe
vagalm

odulation
ofH

R.

Experim
entalProtocol

W
e
chose

to
im
pose

breathing
frequencies

starting
offfrom

the
spontaneous

breathing
rate

ofeach
subject.This

w
as
done

because
ofthe

greatvariability
in
resting

breathing
rate

am
ong

subjects
(8)and

also
because

this
breathing

rate
appears

to
be

an
individualcharacteristic

(2).Thus
the

recordings
w
ere

not
perform

ed
overthe

sam
e
range

ofbreathing
frequency

forall
12
subjects,and

also
the

w
idth

of
the

frequency
range

used
varied

w
ith
the

individualsubject.This
can

be
seen

clearly
in

Fig.
5,
w
here

the
extrem

ities
of
a
regression

line
show

the
extrem

e
values

of
respiratory

period
obtained

for
the

subject
concerned.These

differences
m
ay
be
considered

as
a
bias

in
the

experim
entation,buton

the
otherhand

itshould
be
pointed

outthata
frequency

of12
breaths/m

in
representsan

increase
in

breathing
rate

forsom
e
subjects

and
a
decrease

forothers,and
this

m
ay
influence

the
regulatory

m
echanism

s
brought

into
play.In

this
study,foreach

subject,starting
from

a
breathing

rate
corresponding

to
the

spontaneous
rate

tw
o
higherand

tw
o

low
er
rates

w
ere

im
posed,thus

surrounding
the

spontaneous
rate.

Fig.5.A
m
plitude-T

T
O
T
regression

lines
for

allsubjects.The
regression

lines
w
ere

obtained
overallthe

breaths
recorded

foreach
subject.The

extrem
ities

of
each

regression
line

correspond
to
the

low
estand

highestvalues
recorded

forthatsubject.

Fig.4.The
pow

er
atRCF

(A)
and

H
F
(B)

for
allthe

recordings
and

for
all

subjects.The
pow

erisexpressed
asa

percentage
ofthe

totalpow
erm

inusthat
atV

LF
(V
LF

"
0.04

H
z).
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R-R
Interval:

M
ean

Value
and

Spectrum
for

D
ifferent

Breathing
Period

Changing
the

respiratory
period

did
notchange

the
H
R.This

observation
is
in
accordance

w
ith

several
authors

(1,4,17),
and,as

suggested
by
Brow

n
etal.(4),differentw

ithin-subject
breathing

frequencies
and

depths
distribute

vagalfiring
w
ithin

the
respiratory

cycle
butdo

notalterthe
levelofvagaloutflow

.
K
ollai

and
M
izsei

(20)
found

that
the

m
ean

heart
period

changed
in
responseto

slow
breathing

and
thatthenatureofthe

change
(increase,

decrease,
or
no

change)
varied

w
ith

the
individual.D

ifferences
in
the

experim
entalprotocoland

in
the

range
of
periods

explored
in
each

subject
m
ay
explain

this
divergence.
The

percentages
ofthe

pow
erspectrum

occurring
in
the

H
F

and
RCF

bands
of
the

instantaneous
cardiac

rate
signal

are
show

n
in
Fig.4.Itcan

be
seen

that,as
expected,the

pow
erin

the
H
F
band

is
greaterthan

pow
erin

the
RCF

band
up
to
the

period
(6.7

s)
corresponding

to
0.15

H
z
and

thatbeyond
this

there
is
a
noticeable

difference
betw

een
the

tw
o
plots:

the
valuesofH

F
fall,w

hereasa
plateau

isreached
forRCF,w

hich
appears

to
be
at

#
80%

ofthe
totalpow

erspectrum
.Itshould

be
noted

that
if
the

H
F
band

is
not

suitable
as
a
m
eans

of
describing

the
pow

ercorresponding
to
breathing

atlow
breath-

ing
rates,

the
RCF

band
has

the
disadvantage

of
varying

in
w
idth

w
ith
breathing

rate.
N
evertheless,

as
the

total
surface

of
the

pow
er
spectrum

represents
the

variance
of
the

analyzed
signal,the

percentage
ofthe

pow
erin

a
given

band
(here,RCF)m

ay
be
considered

to
be
the

variance
associated

w
ith
this

frequency
range.Thus

the
factthatthe

pow
erin

the
RCF

band
reachesa

plateau
suggests

thatthe
extentof

the
H
RV

dependenton
breathing

rate
does

notexceed
80%

ofthe
totalvariability.

RSA
Am

plitude

A
ll
subjects

exhibited
an
increase

in
RSA

am
plitude

w
ith

increasing
respiratory

period
atleastin

the
explored

range
of

periods.This
observation

is
in
accordance

w
ith
the

findings
of

H
irsch

and
Bishop

(17),w
ho
estim

ated
RSA

am
plitude

as
the

difference
betw

een
the

low
estand

highestinstantaneous
H
Rs

in
each

breath,
and

also
those

of
other

authors
w
ho

used
spectralanalysis

(10).
O
ur
initial

hypothesis,
w
hich

w
as
that

parallel
regression

lines
could

be
found,representing

the
RSA

am
plitude-versus-

breathing
period

relationship
for

allsubjects,w
as
rejected

by
the

statisticaltest,w
hich

indicated
interindividualdifferences

in
this

relationship.
Sim

ilar
results

have
been

reported
by

H
irsch

and
Bishop

(17),w
ho
plotted

RSA
am
plitude

versus
breathing

rate
foreach

subjecton
a
log-log

scale.They
found

aconstantRSA
forlow

breathing
rates,below

3–7
breaths/m

in,
and

then
a
decreasing

relationship,
the

slope
of
w
hich

w
as

expressed
in
decibelsperdecade

and
w
hich

defined
the

system
roll-off.

The
origin

of
the

decreasing
relationship

(LF
inter-

cept)varied
am
ong

subjects,as
did

the
roll-off,i.e.,the

slope
ofthe

log
RSA

-log
breathing

frequency
plot.

In
the

sam
e
w
ay

as
for

the
roll-off,

the
slope

of
RSA

am
plitude-breathing

period
relationship

exhibited
interindi-

vidualdifferences
and

this
slope

w
as
notrelated

to
an
individ-

ual’s
H
R
butcorrelated

to
theirspontaneous

breathing
period.

This
slope,w

hich
represents

the
rate

of
change

of
RSA

am
-

plitude
w
ith

T
T
O
T ,m

ay
be
considered

to
be
a
m
easure

of
the

responsivenessofthe
H
R
m
odulation

m
echanism

to
changesin

respiratory
period.The

significantnegative
correlation

w
ith
the

spontaneous
T
T
O
T
suggests

thatsubjects
w
ith
a
low

spontane -
ous

breathing
period

(high
rate)w

illbe
m
ore

responsive;i.e.,
theirRSA

am
plitude

w
illincrease

m
ore

w
ith
increasing

period
than

forsubjects
w
ith
long

breathing
periods.

Fig.6.PlotofRSA
am
plitude-T

T
O
T
regression

line
slopes

againstm
ean

values
of
R-R

interval(right)
and

T
T
O
T
(left)

obtained
from

the
spontaneous

breathing
recording.N

S,notsignificant.

Fig.7.D
elay-T

T
O
T
relationships

forallsubjects.The
parabolic

fitw
as
calcu -

lated
for

all
the

breaths
recorded

for
each

subject.
For

each
parabola,

the
extrem

ities
correspond

to
the

low
est

and
highest

values
recorded

for
that

subject.
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This
responsiveness

is
som

ew
hat

different
from

the
one

defined
by
K
ollaiand

M
iszei(20).They

defined
an
individual

RSA
responsivenessexpressed

asthe
ratio

!H
P/!RSA

,w
here

!H
P
is
the

change
in
heartperiod

w
ith
increasing

respiratory
period.Because

three
types

of
!H
P
w
ere

found
[individuals

w
ith

increasing
(A
),
decreasing

(Z),
and

unchanged
(A
/Z)

!H
P],

the
slope

of
the

!H
P-!RSA

plot
w
as
respectively

positive,negative,orclose
to
zero.This

ratio
w
as
found

to
be

correlated
to
parasym

pathetic
control

(PC),
defined

as
the

changes
in
heartperiod

aftercom
plete

parasym
pathetic

block-
ade

by
the

adm
inistration

of
atropine.A

lthough
there

w
as
a

continuum
of
distribution

of
subjects

along
the

!H
P/!RSA

-
against-PC

regression
line,the

A
type

w
as
m
ainly

distributed
on
the

left-hand
side

of
the

graph
(i.e.,

high
responsiveness

associated
w
ith
low

PC)and
the

Z
type

w
asm

ainly
distributed

atthe
right-hand

end
ofthe

regression
line.K

ollaiand
M
iszei

concluded
that

the
interindividual

differences
in
RSA

have
their

origin
m
ainly

in
the

differences
in
PC,

although
they

found
that

introducing
respiratory

characteristics
(T
T
O
T
and

V
T )im

proved
the

degree
ofRSA

-PC
correlation.

RSA
D
elay

The
delay

is
the

tim
e
elapsing

in
each

breath
betw

een
the

onsetofinspiration
and

the
reaching

ofthe
m
axim

alvalue
of

the
sinusoid

fitted
to
the

instantaneousH
R.W

e
chose

the
delay

(delay
"
phase

#
T
T
O
T )
rather

than
the

phase
because

of
its

tim
e
dim

ension,
w
hich

m
ight

m
ake

the
interpretation

of
the

results
easier.This

variable
differs

som
ew
hatfrom

the
phase

angle
betw

een
the

P-P
interval

and
respiration

reported
by

Eckberg
(9),w

ho
m
easured

the
phase

angle
betw

een
the

onset
of
inspiration

and
the

heartperiod
shortening.A

lthough
both

Eckberg’s
study

and
the

present
one

are
concerned

w
ith

the
tim
e
lapse

betw
een

inspiratory
onsetand

H
R
acceleration,for

Eckberg
the

phase
w
asdefined

by
the

startofthe
acceleration,

w
hereas

in
this

study
the

delay
w
as
defined

by
the

m
om
entof

the
m
axim

um
acceleration.

N
evertheless,

in
both

studies,
a

change
occurred

at
periods

in
the

range
of
8–10

s.
Indeed,

Eckberg
reported

thatatbreathing
intervals

of8
and

10
s,P-P

shortening
began

before
the

onset
of
inspiration,so

that
the

polarity
ofthe

phase
changed

from
positive

to
negative

as
the

breathing
period

increased.In
our

study,the
delay-T

T
O
T
rela -

tionship
is
parabolic

and
for

8
of
12

subject
the

m
axim

um
occurred

in
the

8-to
10-s

range
(Table

1).
O
ur
hypothesis

w
as
that

of
the

existence
of
a
com

m
on

parabolic
shape

representing
the

RSA
delay-T

T
O
T
relationship

forallsubjects.Thisw
asbased

on
the

assum
ption

thatthe
tim
e

taken
to
develop

the
inspiratory

parasym
pathetic

inhibition
on

the
heartand

reach
the

m
axim

um
H
R
acceleration

w
ould

be
sim

ilar
am
ong

subjects.
G
iven

our
protocol,

w
e
expected

a
parabolic

fitonly
forthose

subjectsw
ith
long

T
T
O
T .O

urresults
rejected

thishypothesis,and,ascan
be
seen

in
Fig.7,even

for
those

subjects
such

as
subjects

1
and

2
w
ith
shortspontaneous

T
T
O
T ,
a
parabolic

relationship
exists

betw
een

the
delay

and
T
T
O
T ,and

the
delay

is
reached

earlierthan
ata

T
T
O
T
value

of
8
s.
The

curvature
as
w
ell

as
the

other
param

eters
of
the

parabolas
w
ere

found
to
be
related

to
the

spontaneous
T
T
O
T ,

indicating
the

influence
of
the

latter
on

changes
in
RSA

broughtaboutby
changing

the
breathing

period.
O
ne
possible

interpretation
ofthese

resultsw
ould

be
thatthe

pattern
of
the

m
odulatory

m
echanism

is
affected,

or
even

determ
ined,

by
the

spontaneous
breathing

period
so
that

for
subjects

w
ith
a
long

spontaneous
T
T
O
T
the

m
odulation

w
illbe

initiated
either

later
in
the

breathing
period

or
m
uch

m
ore

gradually
than

for
those

subjects
w
ith

a
shorter

spontaneous
breathing

period.

RSA
Transfer

Function
Analysis

In
this

study,
it
can

be
assum

ed
that

in
each

series
of

recordings
on
one

subject,the
only

variable
thatis

changed

Fig.8.Plotofcurvature
ofthe

parabola
againstthe

m
ean

valuesofR-R
intervaland

T
T
O
T
obtained

from
the

spontaneous
breathing

recording.The
curvature

(2a)
of
a
parabola

(ax
2

$
bx

$
c)
is
often

used
to

characterize
this

parabola
because

itis
independent

ofthe
origin.

Fig.
9.
N
orm

alized
am
plitude-T

T
O
T
regression

lines
for

all
subjects.

The
regression

lines
w
ere

obtained
overallthe

breaths
recorded

foreach
subject.

The
extrem

ities
of
each

regression
line

correspond
to
the

low
estand

highest
values

recorded
forthatsubject.
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isthe
breathing

rate.Thusthe
breathing

rate
changesm

ay
be

considered
as
an
input

to
the

H
R
m
odulation

system
,
the

outputofw
hich

is
R
SA
.A
s
any

change
in
the

breathing
rate

is
associated

w
ith
changes

in
V
T
to
com

pare
the

gain
ofthe

H
R
m
odulation

system
w
ithin

and
betw

een
subjects,

the
am
plitude

ofR
SA

ofeach
breath

has
to
be
norm

alized,i.e.,
divided

by
its
V
T .

Figure
9
show

s
that

the
change

in
the

gain
of
the

system
varies

am
ong

individuals;in
som

e
subjects

(subjects
7,9,and

10)
there

w
ere

little
changes,

in
contrast

to
som

e
others

(subjects
1,3,and

12).Furtherm
ore,over

a
fixed

respiratory
period

range,there
are

betw
een-individual

differences
in
the

gain
ofthe

system
.Thisindicatesthatthese

differencesare
not

due
to
the

different
am
ount

of
the

input
but

rather
to
the

characteristics
ofthe

system
.

Thus
ifone

subject’s
line

is
“higher”

than
anothersubject’s

line,then
the

form
ersubjecthas

greatergain.Ifone
subject’s

line
intersects

w
ith

another
subject’s

line,
then

the
form

er
subjecthas

greater
gain

over
a
particular

range
of
respiratory

period
and

lessergain
overthe

rem
aining

respiratory
range.

Transferfunction
analyses

have
been

used
in
physiological

(25)
and

pathological
(13)

conditions
w
here

the
gain

of
the

system
w
asquantified

and
considered

asbeing
am
easureofthe

autonom
ic
tone.

Individuality
ofRSA?

These
results,in

addition
to
severalother

observations
(4,

15,20)on
interindividualdifferencesin

RSA
changes,suggest

that
there

m
ay
exist

an
individuality

of
RSA

.
H
ow
ever,

the
existence

ofindividuality
im
pliesnotonly

differencesbetw
een

individuals
butalso

reproducibility
for

a
given

subject.Little
data

are
available

on
the

reproducibility
of
RSA

at
a
given

period.
G
rossm

an
et
al.
(14)

and
G
rossm

an
and

K
ollai

(15)
show

ed
thatbehavioraltasksknow

n
to
influence

cardiac
vagal

tone
produce

closely
corresponding

w
ithin-subjectchanges

in
m
ean

R-R
intervaland

RSA
w
hen

the
respiratory

param
eters

are
controlled.

The
com

parison
of
spontaneous

and
m
etro-

nom
ic
breathing

as
in
this

study
and

several
other

studies
suggests

that
there

w
as
no
difference

in
RSA

am
plitude

be-
tw
een

these
tw
o
conditions

even
in
head-up

tiltand
low

body
negative

pressure
situations,as

reported
by
Patw

ardhan
etal.

(22).Forrespiratory
periods

otherthan
spontaneous,the

RSA
am
plitude

corresponding
to
an

increased
respiratory

period
induced

by
the

addition
of
resistive

load
w
as
sim

ilar
to
the

RSA
am
plitude

forthe
sam

e
im
posed

respiratory
period

(5).
In
conclusion,in

addition
to
the

differencesin
RSA

betw
een

individuals,there
existinterindividualdifferences

in
the

RSA
controlsystem

response
to
changes

in
T
T
O
T
dependenton

1)
the

spontaneous
breathing

period
and

2)
on

the
strength

of
autonom

ic
tone.

Therefore,
these

results
suggest

that,
in
addition

to
the

influence
of
respiratory

characteristics
on
the

gating
of
sym

-
pathetic

and
vagalm

otoneurons
responsiveness,the

individual
breathing

rate
m
ay
play

a
role

in
the

build
up
ofthe

PC
ofH

R.
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II.4   MESURE PHYSIOLOGIQUE  
 

La signification et la pertinence de la mesure physiologique constituent une part 

importante de mes travaux de recherche. 

Le recueil de données expérimentales sur des volontaires sains ou des patients, leurs 

analyses et leurs interprétations ont constitué les bases de mes travaux de recherche 

quel qu’en soit l’axe : exploration, mesure ou approche théorique.  

Le recueil de données nécessite une autorisation de lieu de recherche biomédicale 

délivré par l’Agence Régionale de Santé d’une part, et un avis favorable d’un 

Comité de Protection des Personnes pour chaque protocole d’étude, d’autre part. 

Dans ce cadre, j’ai pris en charge depuis 2005, au sein de l’équipe PRETA, la 

responsabilité de la réalisation d’un plateau technique pour pratiquer des 

enregistrements sur volontaires sains à partir de mesures non invasives. J’ai 

entièrement rédigé le dossier de demande d’autorisation de lieu de recherche 

biomédicale pour la salle d’enregistrement de notre laboratoire. Cette autorisation a 

été obtenue pour la première fois en 2008. J’ai aussi rédigé et soumis un protocole 

sur volontaires sains intitulé « Validation d’outils d’étude de la respiration et de ses 

interactions avec la circulation et la déglutition », qui a été accepté pour trois ans 

par le Comité de Protection des Personnes ”Sud Est V” (CHU de Grenoble) en mai 

2008, pour lequel, j’ai demandé un renouvellement accepté jusqu’en juin 2013. 

L’autorisation de lieu de recherche ainsi qu’un protocole ont ensuite été reconduits 

par l’équipe et je suis actuellement coresponsable (depuis 2013) de ce plateau 

technique et veille à la mise en application du protocole en étroite collaboration 

avec le médecin investigateur. J’ai aussi participé au projet qui consiste à 

promouvoir cette plate-forme au sein de l’Université, et ainsi permettre le partage de 

notre matériel et de notre savoir-faire avec des chercheurs d’autres équipes. 

 

II.4.1 Comparaison de la ventilation mesurée par 

pneumotachographie et pléthysmographie respiratoire à 

variation d’inductance  

La pléthysmographie respiratoire à variation d’inductance (PRI) est une méthode de 

mesure non-invasive mesurant des variations de sections de surface du thorax 



 

 

61 

(PRITHO) et de l’abdomen (PRIABD) (Martinot-Lagarde et al, 1988) qui repose sur les lois 

de la magnétostatique. En effet, Les variations de courant induit par un champ 

magnétique généré à l’intérieur des spires d’une bobine entourant les 

compartiments du thorax et de l’abdomen, permettent de déduire les variations de 

surfaces de sections de ces compartiments (courant induit dépendant de l’aire 

incluse dans la bobine). Les spires sont constituées de fils conducteurs isolés, cousus 

en zig-zag sur un gilet en tissus extensible (Figure 11). 

 

 
Figure 11 : Capteur et signaux de pléthysmographie respiratoire à variation d’inductance (PRI) 

Le volume (VPRI), estimation du volume courant, est obtenu par la combinaison 

linéaire pondérée des signaux du thorax (PRITHO) et de l’abdomen (PRIABD) mesurés 

par PRI : VPRI = τ PRITHO + α PRIABD. La détermination des coefficients de pondération τ 

et α constitue la calibration du système de mesure PRI. De nombreuses méthodes de 

calibration existent, pour notre étude nous avons utilisé les valeurs τ =2 et α = 1 

(Banzett et al, 1995). Le débit ventilatoire obtenu par PRI (DPRI) peut aussi être calculé 

en dérivant puis en filtrant (filtre passe-bas) ce volume VPRI. 

Afin de vérifier la validité des données ventilatoires obtenues par PRI, la respiration a 

été enregistrée simultanément par PRI et pneumotachographie chez dix volontaires 

sains au repos et au cours d’addition de deux niveaux de résistances à la bouche, 

en position assise, couchée sur le dos et sur le côté. Les volumes courants obtenus 

par les deux méthodes (VPRI) et par intégration du signal débit mesuré par 

pneumotachographie (VPNT) sont très proches pour des volumes inférieurs à un litre. 

Au dessus de cette valeur, la mesure par PRI semble sous estimer les volumes (Figure 

12). 

Gilet de Pléthysmographie 
Respiratoire par Inductance (PRI) 

Signaux PRI du thorax (PRITHO)		
et	de	l’abdomen	(PRIABD)	 

PRIABD	
 

PRITHO 
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Figure 12 : Représentation de volumes courants obtenus par intégration du signal débit mesuré par 
pneumotachographie (VPNT) en fonction des volumes courants obtenu par le signal PRI (VPRI) pour les 10 
sujets dans toutes les 9 conditions : en position assise, couchée sur le dos et le côté au repos et avec 
l’addition de deux niveaux de résistances additionnelles. 

Ce qui peut s’expliquer par le fait que pour des volumes courants élevés, les 

variations de sections de surfaces du thorax et de l’abdomen ne sont pas les seules 

composantes des variations de volume. 

Nous avons calculé la qualité de l’ajustement entre les signaux de débit ventilatoire 

obtenus par pneumotachographie (DPNT) et par dérivation du volume PRI (DPRI). Elle 

est la plus élevée en ventilation spontanée, reste supérieure à 90% pour la plus faible 

des résistances additionnelles (» 5 cmH2O.s.l-1) et est nettement plus faible pour la 

deuxième résistance (» 14 cmH2O.s.l-1).  

Ce qui peut suggérer que lors de l’addition de résistance, les variations des 

compartiments du thorax et de l’abdomen peuvent être de formes différentes 

entraînant des écarts entre les formes débits DPNT et DPRI.  

 

En conclusion, les données respiratoires acquises par pléthysmographie respiratoire à 

variation d’inductance (PRI), peuvent être utilisées pour l’évaluation de la 

ventilation, la limitation étant le niveau du volume courant (inférieur à un litre). 

Quant à la forme des signaux de débit ventilatoire obtenu par PRI et par 

pneumotachographie, la qualité de l’ajustement est satisfaisante dans les conditions 

de repos et diminue avec le niveau croissant des résistances additionnelles. 

 
Eberhard A et al (2001). Comparison between the respiratory inductance plethysmography 
signal derivative and the airflow signal. Adv Exp Med and Biol  
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Afin d’étendre les conditions de validité de la mesure PRI pour l’évaluation de la 

ventilation (notamment pour des VT>1 litre), nous avons modifié le traitement des 

signaux PRI. En effet, précédemment le signal de débit DPNT a été obtenu après 

dérivation de VPRI puis filtrage avec le même filtre passe bas quel que soit le sujet ou 

la condition. Dans ce travail, nous avons étudié l’utilisation d’un filtre adapté à 

chaque individu (filtre individuel) dans une condition donnée et la possibilité de 

l’appliquer pour le même individu dans une autre condition. La respiration a donc 

été enregistré par pneumotachographie et PRI chez douze volontaires sains au cours 

de la ventilation de repos et de deux protocoles d’hyperventilation volontaire : 1) à 

la fréquence ventilatoire de repos et 2) à une fréquence ventilatoire de 20 

cycles/min. 

Un filtre adapté individuel a donc été calculé en se basant sur les signaux mesurés 

par PRI et pneumotachographie (fonction de transfert) en respiration de repos. Ce 

filtre a ensuite été appliqué sur les signaux obtenus en hyperventilation volontaire 

puis lors de la phase de récupération. Un filtre individuel a aussi été calculé à partir 

des signaux enregistrés au cours des autres conditions (hyperventilation volontaire et 

récupération). Dans plus 90% des cas, la qualité de l’ajustement entre DPNT et DPRI en 

appliquant un filtre individuel calculé avec les enregistrements au repos était 

supérieure à 90%. Elle n’est pas meilleure lorsque l’on applique un filtre individuel 

calculé avec les enregistrements de la condition (hyperventilation volontaire et 

récupération). 

 

L’application d’un filtre individuel permet d’étendre le domaine de validité des 

mesures de la ventilation par pléthysmographie respiratoire à variation d’inductance 

(PRI). Le filtre individuel calculé à partir des signaux PRI et de pneumotachographie 

de repos peut-être appliquée à différentes conditions de ventilation 

(hyperventilations volontaires et récupérations) pour un sujet donné. 

 
Calabrese et al (2007) Respiratory Inductance Plethysmography is suitable for voluntary 
hyperventilation test” Annual inter conf of IEEE Eng in Med and Biol Society  
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A
bstract—

. 
T

he 
aim

 
of 

this 
w

ork 
w

as 
to 

evaluate 
the 

goodness of fit of a signal issued of the respiratory inductance 
plethysm

ography (R
IP) derivative to the airflow

 signal during 
rest, voluntary hyperventilation, and recovery. R

IP derivative 
signal w

as filtered w
ith an adjusted filter based on each subject 

airflow
 signal (pneum

otachography). For each subject and for 
each condition (rest, voluntary hyperventilation, and recovery) 
com

parisons w
ere perform

ed betw
een the airflow

 signal and 
the 

R
IP 

derivative 
signal 

filtered 
w

ith 
an 

adjusted 
filter 

obtained either on rest signal or on the studied part of the 
signals (voluntary hyperventilation or recovery). R

esults show
 

that the goodness of fit w
as : (1) higher than 90%

 at alm
ost all 

com
parisons (122 on 132), (2) not im

proved by applying an 
adjusted filter obtained on the studied part of the signals. T

hese 
results suggest that R

IP could be used for studying breathing 
during voluntary hyperventilation and recovery using adjusted 
filters obtained from

 com
parison to airflow

 signal at rest.  

I. 
IN

TR
O

D
U

C
TIO

N 
ESPIR

A
TO

R
Y

 inductance plethysm
ography (R

IP) is a 
noninvasive 

m
ethod 

for 
m

easurem
ent 

of 
breathing 

providing 
rib 

cage 
and 

abdom
en 

cross 
sectional 

area 
changes. 

The 
linear 

com
bination 

betw
een 

rib 
cage 

and 
abdom

en cross sectional area changes allow
s to estim

ate 
breathing volum

e changes. There are very few
 com

parison 
betw

een airflow
 and R

IP derivative signal in physiological 
conditions. Eberhard et al. [1] have com

pared airflow
 and 

R
IP derivative signal in three different postures (seated, 

lateral and dorsal supine) and also in control and in tw
o 

resistive loaded conditions. The fit of R
IP derivative to the 

airflow
 signal rem

ained w
ell in control condition and at a 

resistance of ~5 cm
 H

2O
/l/s but lesser at a resistance of ~14 

cm
 H

2O
/l/s. The R

IP derivative signal w
as sm

oothed by 
using the sam

e 
low

-pass filter for all subjects and 
all 

conditions. 
V

oluntary hyperventilation test have been proposed to test 
predisposition to the hyperventilation syndrom

e [2] w
hich is 

used to describe patient w
ith the som

atic sym
ptom

s of both 
hypocapnia 

and 
anxiety 

[3]. 
R

IP 
allow

s 
recording 

of 
breathing 

w
ithout 

using 
m

ask 
(needed 

for 
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pneum
otachography) and thus subjects m

ay not be aw
are 

that their breathing is recorded. The aim
 of the present w

ork 
w

as 
to 

evaluate 
the 

consistency 
betw

een 
airflow

 
(pneum

otachography) and R
IP derivative during voluntary 

hyperventilation. 
A

irflow
 

and 
R

IP 
signals 

w
ere 

both 
recorded 

in 
healthy 

subjects 
during 

rest, 
voluntary 

hyperventilation, and recovery. The R
IP derivative signal 

w
as 

processed 
by 

a 
filter 

calculated 
w

ith 
airflow

 
(pneum

otachography) taken as the reference signal, for each 
subject in each of all circum

stances. C
om

parison of the 
goodness of fit of the filtered R

IP derivative to the airflow
 

signal in different conditions w
as perform

ed in order to 
determ

ine if the adjusted filter obtained on rest recording 
could be applied to the other conditions and thus allow

s to 
go w

ithout the m
ask during voluntary hyperventilation and 

recovery. 

II. 
M

A
TER

IA
LS A

N
D

 M
ETH

O
D

S 

A. 
M

aterials and experim
ental protocol 

W
e studied tw

elve healthy volunteers betw
een 24 and 65 

years of age, five of w
hom

 w
ere m

en. A
ll study participants 

provided inform
ed consent. The study w

as approved by the 
relevant ethics com

m
ittee (C

H
U

 G
renoble). B

reathing w
as 

recorded sim
ultaneously w

ith a flow
m

eter (Fleish head no.1) 
and a differential transducer (163PC

01D
36, M

icro Sw
itch) 

placed on a face m
ask and w

ith a R
IP (V

isuresp, R
B

I). 
Leaks from

 around the  m
ask w

ere checked for before the 
recording w

as 
initiated using 

an 
infrared 

C
O

2 
analyser 

(Engström
 

Eliza/Eliza 
M

C
). 

End-tidal 
C

O
2 

fraction 
(F

ETC
O

2) 
w

as 
m

easured 
continuously 

using 
the 

sam
e 

apparatus. Subjects w
ere in sem

i-supine position. Tw
o series 

of recordings w
ere perform

ed successively: (1) at rest (three 
m

inutes, R
est1), during voluntary hyperventilation at each 

subject’s spontaneous breathing rate (three m
inutes, H

V
1), 

during recovery (ten m
inutes, R

ec1), and (2) successively at 
rest 

(three 
m

inutes, 
R

est2), 
during 

voluntary 
hyperventilation at 20 breaths/m

in (three m
inutes, H

V
2), 

during 
recovery 

(ten 
m

inutes, 
R

ec2). 
Subjects 

w
ere 

encouraged to increase tidal volum
e in order to descend 

F
ETC

O
2 to 3.5 %

. To im
pose the breathing rate, an auditory 

cue w
as used, w

hich signaled only for the inspiration to 
begin. 

B. 
M

ethods 
A

ll signals w
ere digitized at a rate of 100H

z. For each 
recording, w

e obtained a m
inim

um
 of 25 breaths at rest up to 

150 for the recovery period. The 15 m
ost regular (duration) 

consecutive breaths of the airflow
 signal w

ere chosen and 
form

ed the reference part. A
 least squares m

ethod w
as used 

R
espiratory Inductance Plethysm

ography is suitable for voluntary 
hyperventilation test. 
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over this part of signal to obtain a R
IP volum

e signal (V
R

IP) 
by 

com
bination 

of 
rib 

cage 
(R

C
R

IP) 
and 

abdom
inal 

(A
B

D
R

IP) signals com
pared to the integrated flow

 signal 
(V

PN
T): 

V
R

IP
k = τ R

C
R

IP
k  + α A

B
D

R
IP

k   
 (1) 

w
here τ=2 α w

as im
posed [4]. The derivative of V

R
IP (F

R
IP) 

w
as then calculated by using centered divided differences:  

F
R

IP
k  = (V

R
IP

k+1  - V
R

IP
k-1 ) / 2

Δt 
 (2) 

A
 transfer function w

as calculated over the reference part 
betw

een R
IP derivative and airflow

 signal to take out an 
adjusted filter. Then the adjusted filter calculated on the 
reference part of signals w

as applied on the entire recording. 
The goodness of fit of the filtered R

IP derivative to the 
airflow

 signals (concordance ρ) w
as calculated on the entire 

recording :  

!
 

"
=

1
#

k
F

R
IP

#
k

F
P

N
T

(
)

2

k
=

1

N$
/ 

k
F

P
N

T
#

F
P

N
T

(
)

2

i=
1

N$
(3) 

w
here F

PN
T

k  and F
R

IP
k  are respectively the airflow

 and the 
filtered R

IP derivative signals at each instant and 

!
 

F
P
N
T is 

the m
ean value of F

PN
T

k  over the w
hole recording. For one 

subject the concordance w
as calculated betw

een the standard 
airflow

 signal and R
IP derivative signal filtered w

ith an 
adjusted filter based either on reference signals (R

est1) or on 
H

V
1, R

ec1, R
est2, H

V
2 and R

ec2 signals. For each subject 
11 concordances w

ere then obtained applying an adjusted 
filter calculated on different conditions: concordance of 
“R

est1 filter” applied to R
est1 signal (R

est1/R
est1), to H

V
1 

(H
V

1/R
est1) and all other conditions (total 6 concordances) 

and concordances of adjusted filters calculated on their ow
n 

conditions 
(H

V
1/H

V
1, 

R
ec1/R

ec1, 
…

, 
total 

5 
concordances). 

III. 
R

ESU
LTS 

Fig.1 show
s airflow

 signal (pneum
otachography) and R

IP 
derivative 

signal 
for 

H
V

1 
obtained 

w
ith 

adjusted 
filter 

calculated (a) on R
est1 (concordance = 97.03%

), and (b) on 
H

V
1 (concordance = 97.88%

) for subject #5. 
Fig.2 

and 
Fig.3. 

show
 

concordances 
expressed 

in 
percentage 

for 
each 

subjects 
and 

each 
conditions. 

The 
goodness of fit w

as: 
(1) higher than 90%

 at alm
ost all 

com
parisons (122 on 132), (2) not im

proved by applying a 
filter adjusted on the studied condition except for subject #4 
for w

hich concordance increase from
 29.19%

 to 85.18%
 

w
hen filters are calculated on R

est1, and on H
V

1 (Fig.3. b) 
 

        

(a) 

 
(b) 

 
Fig. 1.  Subject # 5 - A

irflow
 signal m

easured by pneum
otachography 

(black thin line) and R
IP sum

 derivative signal for H
V

1 (grey line) obtained 
applying an adjusted filter calculated (a) on R

est1, and (b) on H
V

1.  
 

 
Fig. 2. C

oncordance- goodness of fit of the R
IP derivative to the standard 

airflow
 signals expressed in percentage for each subject and each condition: 

(a) at rest (R
est1), (b) during voluntary hyperventilation at each subject’s 

spontaneous breathing rate (H
V

1), and (c) during recovery (R
ec1). For 

R
est1 an adjusted filter calculated respectively on R

est1 (grey square, 
/R

est1) w
as applied; for H

V
1 adjusted filters calculated respectively on 

R
est1 (grey square, /R

est1) and on H
V

1 (black square, /H
V

1) w
ere applied; 

for R
ec1 adjusted filters calculated respectively on R

est1 (grey square, 
/R

est1) and on R
ec1 (black square, / R

ec1) w
ere applied. 
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Fig. 3. C

oncordance- goodness of fit of the R
IP sum

 derivative to the 
standard airflow

 signals  expressed in percentage for each subject and each 
condition: (a) at rest (R

est2), (b) during voluntary hyperventilation at 20 
breaths/m

in (H
V

2), and (c) during recovery (R
ec2). For R

est2 adjusted 
filters calculated respectively on R

est1 (grey square, /R
est1) and on R

est2 
(black square, /R

est2) w
ere applied; for H

V
2 adjusted filters calculated 

respectively on R
est1 (grey square, /R

est1) and on H
V

2 (black square, 
/H

V
2) w

ere applied, for R
ec2 adjusted filters calculated respectively on 

R
est1 (grey square, /R

est1) and on R
ec2 (black square, / R

ec2) w
ere 

applied. 
                          

(a) 

 
(b) 

 
Fig. 4. Subject # 4 - A

irflow
 signal m

easured by pneum
otachography (black 

thin line) and R
IP sum

 derivative signal for H
V

2 (grey line) obtained 
applying an adjusted filter calculated (a) on R

est1, and (b) on H
V

2, rib cage 
and abdom

en cross sectional area changes. 

IV
. 

D
ISC

U
SSIO

N 
The superim

posed airflow
 and R

IP derivative signals 
(Fig.1) and concordance values presented (Fig. 2 and 3) 
show

 that the fit of R
IP derivative to the airflow

 signal is 
w

ell and not im
proved by applying a filter adjusted on the 

studies condition, except for subject #4 (Fig.3.b). Fig.4 
show

s airflow
 signal (pneum

otachography) and R
IP sum

 
derivative signal for H

V
2 obtained applying an adjusted 

filter calculated (a) on R
est1 (concordance = 29.19%

), and 
(b) on H

V
1 (concordance = 85.18%

) for subject #4. The  
unusual (plateaued) shape of abdom

inal signal m
ay explain 

the differences obtained by the tw
o m

ethods for this subject. 
These results indicate that R

IP could be used for studying 
breathing during voluntary hyperventilation and recovery 
w

ithout a m
ask, provided that airflow

 signal w
as recorded at 

rest during a short period (about 15 breaths). A
 lim

iting 
condition seem

s to be that rib cage and abdom
en signals 

show
 no disturbance. This w

ork suggests that respiratory 
signals recorded at rest contain a pertinent 

inform
ation 

usable for respiratory signals recorded in other conditions 
(voluntary hyperventilation and recovery). 
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II.4.2 Méthode d’évaluation de la fonction respiratoire 

II.4.2.1 Différence de forme thorax-abdomen et évaluation des variations des 

résistances des voies aériennes 

Au cours de la respiration de repos, les mouvements du thorax et de l’abdomen ne 

sont pas tout à fait synchrones et il a été observé que les “décalages” entre les 

variations de mouvements de ces deux compartiments sont faibles chez les sujets 

sains et plus importants chez des patients atteints d’obstruction bronchique (Sharp et 

al, 1977 ; Ringel et al, 1983). Agostoni et Mognoni (1966) et Konno et Mead (1967) ont 

été les premiers à effectuer des mesures sur chaque compartiment. Depuis, de 

nombreuses méthodes ont été explorées pour mesurer les mouvements du thorax et 

de l’abdomen. Dans un bilan, Seddon (2015) a conclut que la pléthysmographie 

respiratoire à variation d’inductance (PRI) est la méthode la plus utilisée chez les 

adultes et particulièrement chez les enfants, pour l’évaluation de l’asynchronisme 

thoraco-abdominal (Allen et al, 1990, 1991 ; Sivan et al, 1990 ; Davis et al, 1993 ; 

Hammer et al, 1995 et 2009 ; Selbie et al, 1997 ; Reber et al, 2001 ; Mayer et al, 2003 ; 

Upton et al 2012 ; Chien et al, 2013 ). 

Au cours de ma thèse, j’ai pu montrer une corrélation significative entre la différence 

(quantifié par une distance) entre les mouvements du thorax et l’abdomen mesurés 

par PRI et les valeurs de résistances ajoutées au niveau de la bouche chez des 

volontaires sains. L’évaluation de l’asynchronisme thoraco-abdominal pourrait ainsi 

constituer une méthode non-invasive d’évaluation de la sévérité de l’obstruction. 

Ce travail a été poursuivi et approfondi dans le cadre d’une thèse (Université de 

Monastir) que j’ai codirigée en collaboration avec le laboratoire de biophysique de 

la faculté de Médecine de Sousse (Tunisie). Chez 44 patients suivis pour une 

obstruction bronchique modérée au CHU de Sousse (service d’exploration 

fonctionnelle respiratoire), deux explorations fonctionnelles respiratoires avec mesure 

des résistances respiratoires obtenues par pléthysmographie corporelle, ont été 

réalisées avant et après la prise d’un bronchodilatateur. Les signaux du thorax et 

l’abdomen ont été enregistrés dans ces deux conditions par PRI. Des volontaires 

sains appariés en âge, taille et poids avec le groupe obstructif ont suivi un test 

d’exploration fonctionnelle avec mesure des résistances respiratoires obtenues par 

pléthysmographie corporelle et les signaux thoracique et abdominal ont été 

enregistrés au repos par PRI.  
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Les valeurs de résistance respiratoire et de distance entre les signaux du thorax et de 

l’abdomen sont significativement moins élevées chez le groupe de sujets sains que 

chez le groupe de patients obstructifs aussi bien avant qu’après la prise de 

bronchodilatateur. Chez les patients, la résistance et la distance diminuent 

significativement après bronchodilatation (Figure 13).  

 

 
Figure 13 : Moyenne ± erreur standard : de la distance (D) entre les signaux du thorax et l’abdomen 
calculée à partir de tous les cycles respiratoires sélectionnés (minimum 30) et de la résistance des voies 
aériennes (Raw en kPa.l-1.sec) 

De plus, la distance et la résistance sont significativement et positivement corrélées 

chez les patients aussi bien avant qu’après la prise du bronchodilatateur. 

 

Ces résultats suggèrent que la distance calculée à partir des signaux de 

pléthysmographie respiratoire à variation d’inductance peut être utilisée pour une 

évaluation des variations de la bronchoconstriction.  

 
Laouani et al (2016) Thorax and Abdomen Motion Analysis in Patients with Obstructive 
Diseases J Pulm Respir Med 
 
Codirection de thèse de l’Université de Carthage (Tunisie) d’Aïcha Laouani, au Laboratoire 
de Biophysique Métabolique & Toxicologie Professionnelle et Environnementale Appliquée 
(Faculté de Médecine de Sousse, Tunisie): “Nouvelle Technique d’évaluation, des variations 
de la résistance des voies respiratoires lors d’un test de réversibilité bronchique. Elaboration 
d’un modèle simple du système  respiratoire pour interpréter des mesures non invasive de la 
ventilation”, soutenue le 15 décembre 2016 à Sousse. 

0,1$

0,2$

0,3$

0,4$

D 

0,3$

0,4$

0,5$

0,6$

0,7$

0,8$

0,9$

Raw 
(kPa.l-1.sec)  D Raw 

(kPa.l-1.sec) 
0,1$

0,2$

0,3$

0,4$
D 

HEALTHY$ OBSTRUCTIF$PRE$ OBSTRUCTIF$POST$0,1$

0,2$

0,3$

0,4$
D 

HEALTHY$ OBSTRUCTIF$PRE$ OBSTRUCTIF$POST$

Volontaires sains (    )    
 
Patients obstructifs:  PRE (    )  POST (     ) 
 
Différences significatives (test de Student) : 
* entre volontaires sains et patients obstructifs  
§ entre patients obstructifs avant et après la        

 prise d’un bronchodilatateur 

0,1$

0,2$

0,3$

0,4$
D 

HEALTHY$ OBSTRUCTIF$PRE$ OBSTRUCTIF$POST$
*	

*	
*	

§	 *	§	



 

 

68 

Vƽƺǃƻ
Ƴ���ǚ�ƜǁǁǃƳ�� ǚ�������

Ɲ�ƣǃƺƻ
�ƥ
ƳǁƾƷǀ�Ơ

ƳƲ
ƜƦƦơ

����������ƫ�Ɲƣƥ
Ơ
��ƯƼ�ƽƾƳƼ�ƯƱƱƳǁǁ�ƸƽǃǀƼƯƺ

Journal of Pulmonary & Respiratory Medicine

ISSN
: 2161-105X

Pulm
onary &

 R
espiratory M

edicine
ƟƯƽǃƯƼƷ�Ƴǂ�Ưƺ���Ɲ�ƣǃƺƻ

�ƥ
ƳǁƾƷǀ�Ơ

ƳƲ����������
ƶǂǂƾ���Ʋǆ�ƲƽƷ�ƽǀƵ�����������������ƫ��������

Research Article
Open Access

Thorax and Abdom
en M

otion Analysis in Patients w
ith O

bstructive D
iseases

A
ïcha Laouani 1*, Sonia R

ouatbi 3, Saad Saguem
1 and Pascale C

alabrese
2 

1Laboratory of Biophysics, Faculty of M
edicine of Sousse, Sousse, Tunisia

2Laboratory of Techniques de l’Ingénierie M
édicale et de la C

om
plexité - Inform

atique, M
athém

atiques et Applications, G
renoble (TIM

C
-IM

AG
) – PR

ETA team
-C

N
R

S: 
U

M
R

5525 - U
niversité Joseph Fourier – G

renoble I, France
3Laboratory of Physiology, Faculty of M

edicine of Sousse, Sousse, Tunisia

*C
orresponding author: Aicha Laouani, Laboratory of Biophysics, Faculty of 

M
edicine of Sousse, Sousse, Tunisia, Tel: +216 58850201; Fax: +216 73 228994; 

E-m
ail: laouani_aicha@

yahoo.fr 

R
eceived D

ecem
ber 05, 2015; A

ccepted January 13, 2016; Published January 18, 
2016

C
itation: Laouani A

, R
ouatbi S

, S
aguem

 S
, C

alabrese P (2016) Thorax and 
A

bdom
en M

otion A
nalysis in P

atients w
ith O

bstructive D
iseases. J P

ulm
 R

espir 
M

ed 6: 313. doi:10.4172/2161-105X
.1000313

C
opyright: ©

 2016 Laouani A
, et al. This is an open-access article distributed under 

the term
s of the C

reative C
om

m
ons A

ttribution License, w
hich perm

its unrestricted 
use, distribution, and reproduction in any m

edium
, provided the original author and 

source are credited.

Keywords: 
Respiratory 

inductive 
plethysm

ography; 
Airway 

resistance; Bronchoconstriction; Th
orax m

otions; Abdom
en m

otions 

Introduction
Th

e m
ost com

m
on m

ethod to detect the presence and severity of 
airflow lim

itation associated with obstructive lung disease is spirom
etry, 

considered as the gold standard pulm
onary function testing. H

owever, 
spirom

etry has som
e lim

itations: it is effort dependent and requires 
patient cooperation, it involves taking deep breaths, which can alter 
underlying airway resistance [1].

Although airway resistance (R
aw ) is seldom

 used to identify airway 
obstruction in clinical practice [2], its m

easurem
ent becom

es the only 
possibility of detecting airway obstruction in patients who cannot 
cooperate or perform

 reliable spirom
etry. Several m

ethods, such as 
body plethysm

ography, oesophageal balloon, airflow perturbation 
techniques (including interrupter and oscillatory techniques), m

ay be 
used to m

easure airway resistance [3]. Am
ong these m

ethods, body 
plethysm

ography is m
ost widespread, and is believed to yield significant 

additional inform
ation com

pared to spirom
etry [4].

Respiratory Inductive Plethysm
ography (RIP) is another m

ethod 
that has the advantage over other techniques of being non-invasive. 
RIP allows recording of thorax and abdom

en breathing m
ovem

ents 
using two sensors inserted in elastic bands surrounding thoracic and 
abdom

inal com
partm

ents. Analysis of these signals m
ay be used to 

identify airway obstruction. Th
e patient can thus be assessed during 

quiet breathing without a m
outhpiece, and without the need of 

perform
ing forced inspiratory and expiratory m

axim
um

 m
otions. For 

infants with an acute upper airway obstruction, Sivan et al. [5] observed 
a high association between the degree of stridor and the thoraco-
abdom

inal asynchrony (TAA) quantified by phase angle analysis of 
the Lissajous figure from

 the output of an uncalibrated RIP. Allen et 
al. [6] reported a correlation between thoraco-abdom

inal phase angle 
and lung resistance m

easured with an oesophageal balloon in children. 
In the case of adults, Sackner et al. [7] did not observe any difference 
between healthy subjects and CO

PD
 patients when com

paring TAA 
evaluated with phase angle. H

owever, phase angle evaluation relies on 

A
bstract

O
bjective: W

e evaluated changes in bronchoconstriction by a new
 approach based on respiratory inductive 

plethysm
ography (R

IP
) signal analysis.

M
ethods: Thoracic and abdom

inal m
otions w

ere recorded (5 m
in) by uncalibrated R

IP in 44 adult subjects w
ith 

a diagnosis of m
oderate bronchial obstruction (O

bstructive group) and 50 healthy adult controls (H
ealthy group). In 

the O
bstructive group, tw

o series of m
easurem

ents w
ere perform

ed before (O
bstructive P

R
E

) and after (O
bstructive 

P
O

S
T) a bronchodilation protocol. A

irw
ay resistance (R

aw ) and lung function data (forced vital capacity (FV
C

), forced 
expiratory volum

e in one second (FE
V

1 ) and FE
V

1 /FV
C

) w
ere m

easured w
ith a body plethysm

ograph. A breath-by-
breath analysis w

as perform
ed to calculate distances betw

een norm
alized thorax and abdom

en R
IP signals and a 

m
ean distance (D

) w
as calculated for each recording.

R
esults: D

 and R
aw  w

ere higher in the O
bstructive group than in the H

ealthy group in both P
R

E
 and P

O
S

T 
conditions. B

oth D
 and R

aw
 VLJQL¿FDQWO\�GHFUHDVHG�DIWHU�EURQFKRGLODWLRQ�LQ�WKH�2

EVWUXFWLYH�JURXS��'
�DQG�5

aw
 w

ere also 
SRVLWLYHO\�DQG�VLJQL¿FDQWO\�FRUUHODWHG�LQ�WKH�2

EVWUXFWLYH�JURXS�LQ�ERWK�3
5
(
�DQG�3

2
6
7�FRQGLWLRQV�

C
onclusion: D

, as calculated from
 signals recorded by R

IP, appears to be a useful non-invasive param
eter for 

continuous m
onitoring of changes in bronchoconstriction. 

the assum
ption that thorax and abdom

en signals are sinusoidal, which 
is not always the case. Prisk et al. [8] com

pared different tim
e dom

ain 
m

ethods of evaluating phase angle using sim
ulated data when adding 

resistive loads during inspiration on anesthetized rhesus m
onkeys and 

concluded that cross-correlation and m
axim

um
 linear correlation 

(m
ethods that not depend on waveform

 shapes) are the m
ost accurate 

and robust in m
easuring phase angles. In a recent m

ini-sym
posium

, 
Seddon [9] stated that RIP “rem

ains the m
ost widely-used technique for 

sem
i-quantitative m

onitoring of chest wall m
ovem

ent and asynchrony”.

In a preceding study [10], it was suggested that the addition of 
resistive loads entailed changes in the m

otion of abdom
inal and 

thoracic com
partm

ents. Th
ese changes were evaluated by calculating 

distances between thoracic and abdom
inal norm

alized RIP signals. It 
was found that these distances were correlated to the level of added 
resistive load in healthy subjects. 

Th
e present study was aim

ed to investigate a new approach for the 
evaluation of bronchoconstriction changes based on a breath-by-breath 
analysis of signals obtained by inductance plethysm

ography. For each 
breath, the distance between the thoracic and abdom

inal norm
alized 

RIP signals was calculated and averaged (D
) over at least 30 breaths 

recorded on 1) healthy subjects and 2) patients with airway obstruction 
disease before and after bronchodilator adm

inistration. Com
parison of 

D
 was carried out between healthy subjects and patients. In addition, 
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for patients with airway obstruction disease, D
 was com

pared to 
R

aw  m
easured by body plethysm

ography both before and after 
bronchodilator adm

inistration.

M
aterials and M

ethods 
Subjects

Th
is 

cross-sectional 
analytic 

study 
was 

conducted 
in 

the 
D

epartm
ent of Physiology and Explorations in Farhat H

ached H
ospital 

of Sousse (Tunisia) in accordance with the D
eclaration of H

elsinki. Th
e 

local Ethics Com
m

ittee of the H
ospital approved the study protocol. 

All participants provided written consent and received a copy of their 
assessm

ent results, which were also sent to their physicians.

Th
e study was carried out on 44 (20 wom

en) adult subjects with a 
diagnosis of m

oderate bronchial obstruction, as defined by com
parison 

to reference values established by a local study [11]. Th
is “O

bstructive 
group” was com

pared to a “H
ealthy group” of 50 (29 wom

en) healthy 
adult controls. M

ale and fem
ale subject data were not reported 

separately, as no additional inform
ation was gained by a separate 

study. Anthropom
etric data for the two groups are gathered in Table 

1. Student’s t-tests were carried out to com
pare the m

ean values of 
age, height, weight and body m

ass index (BM
I) in the two groups. N

o 
significant difference was observed for any data.

All subjects were m
ore than 18 years of age. Th

e group with 
known airway obstruction contained subjects with a ratio of forced 
expiratory volum

e at the first second/forced vital capacity below 
the lower norm

al lim
it according to the Am

erican Th
oracic Society 

guidelines [2]. Th
e subjects with obstructive defects were clinically 

stable and did not show any signs of worsening sym
ptom

s or a need for 
increased m

edication or em
ergency care. Th

e obstructive subjects had 
not required hospitalization within the previous 4 weeks. Th

e m
edical 

treatm
ents were recorded. Th

e exclusion criteria were the following: 
age less than 18 years, cigarette sm

oking, alcohol abuse, renal failure, 
heart and coronary disease and current desensitization (therapeutic 
for reduction or elim

ination of an allergic reaction). Subjects having 
received β-agonists, oral or inhaled glucocorticoids, anti-histam

ines, 
anticholinergics, 

calcium
, 

m
agnesium

 
and 

beta-blockers 
during 

the previous 72 hours were also excluded. Th
e healthy controls were 

volunteers non-sm
okers, over 20 years of age without a history of 

atopy and free from
 asthm

a, allergies, pulm
onary tuberculosis or 

recent respiratory tract infection. Th
e controls had norm

al pulm
onary 

function tests and were free from
 any respiratory problem

s. 

Im
perfect perform

ance of respiratory m
aneuvers was applied as an 

exclusion criterion in both study groups.

Body plethysm
ography

Pulm
onary function m

easurem
ents were perform

ed with a body 
285 plethysm

ograph (ZAN
 500 Body II M

esgrerate G
m

bH
, G

erm
any) 

by carefully following international recom
m

endations. Th
e quiet 

breathing m
ethod was used in the present study to record total airway 

resistances. Th
e following data were m

easured or calculated: airway 
resistance (R

aw , in kPa.l -1.sec), forced vital capacity (FVC, l), forced 
expiratory volum

e in one second (FEV
1 , l) and the FEV

1 /FVC ratio.

Respiratory inductive plethysm
ography (RIP)

Th
orax (TH

O
) and abdom

en (AB) breathing m
ovem

ents were 
recorded by RIP (Visuresp

R, RBI, France). Th
e TH

O
 and AB signals 

were digitized at a sam
pling rate of 40 H

z. Breaths were delim
ited 

using the algorithm
 developed by Bachy et al. [12] on a flow signal and 

applied to the RIP signal as the derivative of the filtered signal obtained 

from
 linear com

bination of both TH
O

 and ABD
 signals. Breaths 

involving swallowing, sigh, TH
O

 or AB signal drift were discarded 
from

 the analysis. A breath-by-breath analysis was then perform
ed 

to calculate distances between TH
O

 and AB signals. Each TH
O

 and 
AB “cycle” included the sam

e num
ber (m

) of sam
ples (sam

e digitized 
sam

pling rate and duration). For each breath, the TH
O

 and AB signal 
am

plitude was norm
alized to obtain a zero average and a standard 

deviation equal to one. Th
e distance (D

Breath ) between norm
alized 

thorax (nTH
O

) and abdom
inal (nAB) signals was calculated over all 

m
 sam

ples according to the equation: 
�

� 2

1

1
m

Breath
j

j
j

D
nTH

O
nAB

m
 

 
�

¦
. Figure 1 shows 

sensors of RIP incorporated in a wearable jacket (Visuresp
R) at the 

thoracic and abdom
inal com

partm
ent level (A), thus recorded TH

O
 

and ABD
 signals and delim

itated breaths on the RIP signal (B) and 
calculation of D

breath  (C).

For each recording, the m
ean distance (D

) was calculated over all 
selected (m

inim
um

 30) breaths.

Experim
ental protocol

All 
subjects 

(H
ealthy 

and 
O

bstructive) 
underwent 

body 
plethysm

ography m
easurem

ent followed by a five m
inute RIP recording 

at spontaneous breathing. Each patient then inhaled at 30 sec intervals 
four successive doses of 100 m

g of short-acting β
2 -agonist (Salbutam

ol) 
after a gentle and incom

plete expiration and held the breath for 
5-10 sec. Each patient again underwent body plethysm

ography 
m

easurem
ent after 15 m

inutes, followed by a five m
inute RIP recording 

at spontaneous breathing. Th
is described bronchodilation procedure is 

a standard protocol used in pulm
onary function testing [2]. Th

us, two 
conditions are to be taken into consideration in the O

bstructive group: 
PRE (before bronchodilation) and PO

ST (after bronchodilation).

D
ata analysis

All data have been expressed as the m
ean ± SEM

 (Standard Error 
of the M

ean). Student’s t-test was used to com
pare the m

ean data 
between H

ealthy and O
bstructive groups. Student’s paired t-test was 

used to com
pare data within the O

bstructive group before and after 
bronchodilation.

In the O
bstructive group, Pearson correlation coeffi

cient was used 
to evaluate the linear relationship between D

 and R
aw , as well as between 

D
 and spirom

etric data and between R
aw  and spirom

etric data in PRE 
and PO

ST conditions. A binom
ial test was used to check the num

ber of 
cases where bronchodilation entailed a decrease in D

 and R
aw .

Significance was set at the 0.05 level.

Results
Figure 2 shows m

ean ± SEM
 values of D, R

aw  and spirom
etric data 

(FEV
1 , FVC, FEV

1 /FVC) for both H
ealthy and O

bstructive groups in 
PRE and PO

ST conditions. It can be seen that D
 and R

aw  values are 
lower in the H

ealthy group than in the O
bstructive group in both PRE 

and PO
ST conditions, whereas FEV

1 , FVC, and FEV
1 /FVC are higher in 

the H
ealthy group than in the O

bstructive group in both PRE and PO
ST 

conditions. Com
paring (Student’s t-test) H

ealthy and O
bstructive PRE 

on one hand, and H
ealthy and O

bstructive PO
ST on the other hand 

showed significant variations in all data (p<0.05), except FVC, which 
exhibited no significant difference between H

ealthy and O
bstructive 

PO
ST. 

As expected in the O
bstructive group, bronchodilation entailed a 

decrease in D
 and R

aw , while spirom
etric data increased. Com

parison 
(Student’s paired t-test) between O

bstructive PRE and O
bstructive 

PO
ST showed significant difference in all data (p<0.05).



 

 

69 

Ʃƽƺǃƻ
Ƴ���ǚ�ƜǁǁǃƳ���ǚ�������

Ɲ�ƣǃƺƻ
�ƥ
ƳǁƾƷǀ�Ơ

ƳƲ
ƜƦƦơ

����������ƫ�Ɲƣƥ
Ơ
��ƯƼ�ƽƾƳƼ�ƯƱƱƳǁǁ�ƸƽǃǀƼƯƺ

C
itation: L

a
o
u
a
n
i A

, R
o
u
a
tb

i S
, S

a
g
u
e
m

 S
, C

a
la

b
re

se
 P

 (2
0
1
6
) T

h
o
ra

x a
n
d
 A

b
d
o
m

e
n
 M

o
tio

n
 A

n
a
lysis in

 P
a
tie

n
ts w

ith
 O

b
stru

ctive
 D

ise
a
se

s. J P
u
lm

 R
e
sp

ir M
e
d
 6

: 3
1
3
. 

d
o
i:1

0
.4

1
7
2
/2

1
6
1
-1

0
5
X

.1
0
0
0
3
1
3

Page 3 of 5

Using a Binom
ial test, it was found that it was a significant num

ber 
of subjects showing a decrease in D

 (28 subjects over 44, p=0.024) and 
R

aw  (32 subjects over 44, p=0.001) values after bronchodilation. It m
ust 

be underlined at this point that these subjects did not system
atically 

exhibit a sim
ultaneous decrease in both D

 and R
aw values.

W
e did however calculate correlation coeffi

cients between D
 and 

R
aw , as well as between D

 and spirom
etric data and between R

aw  and 
spirom

etric data, in PRE (Table 2) and PO
ST (Table 3) conditions 

within the O
bstructive group. A positive correlation exists between D

 
and R

aw  both in PRE and PO
ST conditions, but the correlations between 

D
 and spirom

etric data were negative and significant for all variables, 
except for FVC in O

bstructive PRE condition. R
aw  was significantly and 

negatively correlated with all spirom
etric data in both conditions.

D
iscussion 

Th
e m

ain result of this study is that the distance D
 calculated 

between thorax and abdom
en norm

alized signals, as recorded by 
respiratory 

inductive 
plethysm

ography 
m

ay 
provide 

inform
ation 

on bronchoconstriction. Indeed, 1) D
 was significantly higher in 

the O
bstructive group in both PRE and PO

ST conditions than in 
the H

ealthy group and 2) in the O
bstructive group, D

 and R
aw  were 
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correlated in both conditions.

H
ealthy and O

bstructive groups showed no significant difference 
in anthropom

etric data (age, height, weight and BM
I). Th

e spirom
etric 

data, R
aw  and D

 were significantly different between H
ealthy and 

O
bstructive groups in PRE condition, and there still was a significant 

difference between H
ealthy and O

bstructive groups in PO
ST condition, 

except for FVC. 
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Although spirom
etry is considered as the gold standard to detect 

airflow lim
itation in obstructive diseases, recent articles revisited 

the contribution of other data, such as airway resistance m
easured 

by various m
ethods [1] and thorax and abdom

en m
otions m

easured 
by respiratory inductive plethysm

ography [9]. Interest for separate 
thoracic and abdom

inal m
otions during breathing was introduced 

in the 1960s. Indeed, Agostoni and M
ognoni initiated the m

easure 
of chest wall deform

ation [13], and Konno and M
ead evaluated the 

separate volum
e of the two com

partm
ents [14]. Since then, a large 

variety of m
ethods have been em

ployed for m
easuring thorax and 

abdom
en m

otions, as reviewed by Seddon [9]. Since the 1990s, RIP 
has been the m

ost com
m

on m
ethod in both adults and children, 

particularly for evaluating thoraco-abdom
inal asynchrony [5,6,15-23].  

Th
oracic and abdom

inal m
otions have been analysed to quantitatively 

evaluate thoraco-abdom
inal asynchrony (TAA) defined by Prisk et al. 

[8] as “the non-coincident m
otion of rib cage and abdom

en during 
breathing“. Several m

ethods have been used to quantify TAA with 
or without calibrating RIP. O

n one hand, the values calculated using 
uncalibrated RIP can be either phase angle (Lissajous figures: X-Y plots 
of thorax versus abdom

en) [5,16-18,23], or percent tim
e paradoxical to 

tidal volum
e (during inspiration, expiration or total breath) [24] and 

phase relation during total breath (percentage of total breath duration 
where thorax and abdom

en are asynchronously m
oving) [20,22]. 

O
n the other hand, the values calculated with calibrated RIP can be 

either asynchrony index [25], laboured breathing index (m
axim

al 
com

partm
ental am

plitude-sum
 of m

axim
al excursion of thorax and 

abdom
en- as proportion of tidal volum

e) [7] or rib cage contribution 
to tidal volum

e (m
axim

um
 excursion of thorax as a percentage of tidal 

volum
e) [26].

In our study, distances between the thoracic and abdom
inal 

norm
alized 

signals 
serve 

to 
evaluate 

differences 
in 

these 
two 

com
partm

ents m
otion. Th

is was calculated breath-by-breath on five 
m

inutes recordings. Th
us, the m

ean value (D
) m

ay be considered 
as calculated over a “steady-state” and we assum

ed that it provides a 
satisfactory evaluation of m

otion differences between thoracic and 
abdom

inal com
partm

ents induced by bronchoconstriction. H
owever, 

concerning R
aw  data they result from

 a single m
easurem

ent. Th
is m

ay 
account for the observed discrepancies between D

 and R
aw , such as the 

fact that following a bronchodilation, m
ore people showed a decrease 

in R
aw  rather than a decrease in D. Indeed, sim

ilar to R
aw , D

 was higher 
in the O

bstructive group as com
pared to the H

ealthy group, both before 
and after bronchodilation. Th

e fact that in the O
bstructive group (both 

conditions), D
 and R

aw  were significantly correlated and that they also 
correlated with spirom

etric data indicates that D
 as well as R

aw  m
ay 

assess bronchoconstriction. 

Th
ese results suggest that beside classical m

ethods [1,2] used to 
evaluate bronchoconstriction, inductive plethysm

ography provides 
relevant inform

ation on bronchoconstriction with several notable 
advantages. Indeed, RIP is a non-invasive m

ethod to record thoracic 
and abdom

inal m
otion without m

outhpiece. Furtherm
ore, the analysis 

is perform
ed over signals acquired during quiet breathing. Th

us, since 
no subject cooperation or specific handling is required, m

easurem
ents 

can be easily repeated. In addition, RIP m
ay be calibrated to provide 

volum
e and flow data [27-29]. In the device (Visuresp®) used in 

this study, sensors have been incorporated in a wearable jacket and 
m

aintained in a fixed position (Figure 1A) allowing data com
parison on 

continuous recordings. Prior calibration in various postures [30] m
ay 

then be applied in longitudinal m
easurem

ents of respiratory function 
by RIP [22]. RIP m

onitoring can thus be envisaged to assess changes in 
bronchoconstriction induced by therapeutics, environm

ental variations 
or various conditions such as sleep.

Conclusion 
Th

e breath-by-breath distance between thorax and abdom
en 

norm
alized signals recorded by respiratory inductive plethysm

ography 
and averaged over a 5 m

inute period m
ay represent a new m

ethod of 
RIP use for bronchoconstriction changes evaluation.
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II.4.2.2 Les oscillations cardiogéniques et estimation de la mécanique de la paroi 

thoracique 

Les battements cardiaques produisent des déformations mécaniques les poumons 

qui engendrent des petites fluctuations sur la pression et le débit des voies aériennes. 

Il est possible d’observer ces fluctuations, nommées oscillations cardiogéniques, sur 

le signal respiratoire notamment au cours d’apnée. Les oscillations cardiogéniques 

sont aussi observables sur les signaux du thorax et de l’abdomen mesurés par PRI. 

Nous avons tenté d’utiliser l’amplitude de ces oscillations enregistrées sur les signaux 

PRI et sur la pression mesurée à la bouche pour identifier une donnée en lien avec 

les propriétés mécaniques de la paroi thoracique. Des enregistrements ont été 

effectué chez des sujets sains en position couchée sous ventilation mécanique à 

différents niveaux de pression de fin d’expiration et dans deux conditions : bras le 

long du corps et bras levés. Nous avons mesuré les variations de volume PRI (DVco) 

simultanément avec les variations de pression (DPco) au cours d’une oscillation 

cardiogénique. Le rapport Cco= DVco/ DPco est la compliance cardiogénique et 

peut-être considéré comme un indicateur de la compliance thoracique. Ce rapport 

est indépendant du niveau de pression de fin d’expiration. En revanche, ce rapport 

diminue lorsque les bras sont levés. 

 

L’analyse des oscillations cardiogéniques pourrait fournir une méthode non invasive 

d’évaluation des variations de la compliance thoracique chez des sujets sous 

ventilation mécanique. 

 
Bijaoui et al (2004) Can Cardiogenic oscillations provide an estimate of chest wall 
mechanics? Adv Exp Med and Biol 
 

II.4.3 Méthode d’évaluation de la fonction cardiaque 

II.4.3.1 Analyse de l’arythmie sinusale d’origine respiratoire 

De nombreuses méthodes d’analyse, dans le domaine fréquentiel et temporel, ont 

été développées pour estimer l’arythmie sinusale d’origine respiratoire (ASR). J’ai 

participé à l’élaboration d’une méthode statistique originale de l’analyse de l’ASR 

basée sur une étude cycle par cycle ventilatoire. La méthode proposée permet 

d’avoir : 
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1) une représentation de l’ASR soit cycle par cycle ventilatoire, soit sur un ensemble 

de cycles ventilatoires, 

2) un test statistique pour détecter la présence de l’ASR sur une courte durée (par 

exemple cinq cycles ventilatoires), 

3) l’amplitude et la phase de l’ASR dans chaque cycle ventilatoire en ajustant une 

sinusoïde sur la fréquence cardiaque cycle par cycle dans un cycle ventilatoire. 

 

Cette méthode présente l’avantage de permettre une détection spécifique de 

l’ASR et sa quantification. 

 
New statistical method for detection and quantification of respiratory sinus arrhythmia Dinh et 
al. (1999) IEEE-Inst Electrical Electronics Engineers  
 

Nous avons utilisé cette méthode dans plusieurs travaux développés dans le 

paragraphe II.3.2 ayant fait l’objet de trois publications :  

Calabrese et al. (2000) Cardiorespiratory interactions during resistive load breathing. Am J 
Physiol-Regulatory Integrative and Comparative Physiology 
 
Ben Lamine et al. (2004) Individual differences in respiratory sinus arrhythmia. Am J Physiol-
Heart and Circulatory Physiology 
 
Scott et al (2004) Enhanced cardiac vagal efferent activity does not explain training-induced 
bradycardia. Auton Neurosc : Basic and Clinical 
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Abstract—
A
statistical

m
ethod

w
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the
advantages

of
1)
enabling

graphicalrepresentation
ofw

ithin-respiratory
cycle

heartrate
variations,

2)
detecting

the
presence

of
respiratory

sinus
arrhythm

ia
(R
SA
)
in
a

m
oving

w
indow

,and
3)
providing

breath-by-breath
R
SA

am
plitude

and
phase

obtained
from

the
fitting

ofa
sinusoid

to
the

instantaneous
relative

heart
rate

is
presented.
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I.
IN
TRO

D
U
CTIO

N

Centrally
m
odulated

cardiac
vagal

and
sym

pathetic
efferent

ac-
tivities

associated
w
ith

respiration
are

a
m
ajor

com
ponent

of
heart

rate
variability,referred

to
as
“respiratory

sinus
arrhythm

ia”
(RSA

).
Severalm

ethods
existto

qualitatively
and

quantitatively
assess

RSA
[1],[2]since

itis
a
recognized

m
arkerofcardiac

autonom
ic
function

integrity.Standard
pow

er
spectraldensity

analysis
of
the

tachogram
has

been
extensively

used
to
provide

an
index

of
sym

patho-vagal
balance

expressed
as
the

ratio
of
low

frequency
(LF)

and
high

frequency
(H
F)
pow

er
com

ponents
[3].

A
lthough

extension
of
the

H
F
bandw

ith
to
include

the
observed

breathing
frequency

w
illensure

its
positioning

w
ithin

the
considered

H
F
band,this

w
ill
not

isolate
the

respiratory-related
com

ponent.
M
athem

atical
m
ethods

have
also

addressed
this

issue
by
propos-

ing
a
respiratory-based

approach
for

the
assessm

ent
of
heart

rate
variability

including
breath-by-breath

analysis
of
RSA

[1],
[4]–[6].

Investigation
ofRSA

in
clinicalsettings

how
everm

ay
w
arrantrapid

assessm
ent

or
tim
e
course

of
RSA

changes,such
as
resulting

from
drug

adm
inistration,changes

in
breathing

patterns
or
interventional

procedures.
This

m
ay
be
achieved

for
exam

ple,
using

the
W
igner

distribution
or
w
aveletanalysis

[2].H
ow
ever,few

m
ethods

provide
realtim

e
inform

ation
of
heart

rate
or
respiratory

sinus
arrhythm

ia
variability

[5].
W
e
propose

a
new

statistical
m
ethod

to
provide

quasi-realtim
e

inform
ation

on
RSA

based
on
a
breath-by-breath

fractional
cardiac
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cycle
count.The

proposed
procedure

provides
1)
a
graphicalrepre-

sentation
ofRSA

,eitherbreath-by-breath
orglobally

fora
population

of
breaths

(box
plots),2)

a
test

for
detecting

the
presence

of
RSA

on
a
short

tim
e
w
indow

(i.e.:
five

breaths),and
3)
an
index

of
the

intensity
and

phase
of
RSA

associated
w
ith
each

breath.
W
e
applied

this
technique

to
data

obtained
from

16
healthy

volunteers
(m
ean

age
23

5
yrs)

and
com

pared
results

w
ith
those

obtained
using

standard
spectral

analysis
of
heart

rate
variability.

Im
posed

breathing
being

com
m
only

used
in
spectralanalysisofheart

rate
variability

to
ensure

localization
of
the

respiratory
frequency

w
ithin

the
standard

H
F
bandw

ith
and

to
m
inim

ize
spectral

pow
er

dispersion,w
e
exam

ined
RSA

both
during

spontaneous
and

im
posed

breathing
conditions.Because

the
extentof

RSA
is
dependentupon

respiratory
frequency

[2],w
e
selected

to
im
pose

a
breathing

rate
equal

to
the

spontaneous
breathing

frequency.

II.
D
ATA

A
CQ
U
ISITIO

N
A
N
D
A
N
A
LY
SIS

Tw
o
5-m

in
recordings

of
airflow

(Fleisch
H
ead

no.
1
m
ounted

on
a
face

m
ask)

and
ECG

w
ere

obtained
in
each

subject.The
first

recording
w
as
obtained

after
a
2-m

in
acclim

atization
period

w
ith

subjects
breathing

quietly
at
their

spontaneous
breathing

rate.
The

second
recording

w
as
obtained

w
hile

subjects
w
ere

asked
to
follow

a
breathing

rate
given

by
an

auditory
cue,

at
the

breathing
rate

corresponding
to
each

subject’s
spontaneous

rhythm
.

A
cquisition

ofdata
w
as
perform

ed
on
a
M
acintosh

m
icrocom

puter
equipped

w
ith

an
analog-digital

interface
card.

Sam
pling

rate
w
as

256
H
z.
H
eart

rate,
m
ean

R-R
interval

and
the

standard
deviation

of
the

R-R
intervals

w
ere

com
puted

from
the

beat-to-beatintervals.
H
eartrate

values
orR-R

intervals
w
ere

linearly
interpolated

at0.25-s
intervals

to
obtain

equidistanttim
e
sam

ples.Pow
er
spectralanalysis

w
asperform

ed
using

a
record

length
ofatleast1024

sam
ple

points.A
fastFouriertransform

procedure
w
asapplied

to
obtain

spectralpow
er

com
ponents:LF

(0.04–0.15
H
z),H

F
(0.15–0.40

H
z)and

a
restricted

respiratory
frequency

pow
er
com

ponentidentified
as
the

respiratory
centered

frequency
(RCF)

w
as
also

calculated
using

the
frequency

range
corresponding

to
10%

of
the

respiratory
rate

averaged
over

the
entire

recording.D
efinition

ofan
RCF

band
using

lim
itsof

0.02
H
z
[7]

or
assessm

entof
spectralpow

er
atthe

respiratory
frequency

[8]
have

previously
been

used
to
isolate

the
influence

of
RSA

.W
e

selected
to
delim

itthe
respiratory

band
in
keeping

w
ith
the

generally
accepted

m
argin

of
biological

variability.

III.
N
EW

S
TATISTICA

L
M
ETH

O
D

A.
FractionalC

ycle
C
ounts

and
Instantaneous

H
eartRate

The
basis

of
our

m
ethod

is
the

fractional
count

of
cycles.

Let
denote

the
sequence

of
heartbeat

instants.
W
e
consider

each
interval

as
a
cardiac

cycle.For
an
analysis

w
indow

delim
ited

by
,w
e
countthe

num
berofcycles

w
ithin

the
w
indow

:
the

cycle
is
counted

as
one

if
,
as

if
,

as
if

and
as

if
[see

Fig.1].
In

this
figure

the
total

cardiac
count

in
the

w
indow

is
8.4364,

but
if

heartbeats
w
ere

counted,
one

w
ould

get
eight.

The
advantage

of
a
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Fig.1.
Fractional

cardiac
cycle

counts.
and

indicate
the

be-
ginning,

m
iddle,

and
end

of
the

breath;
indicate

the
tim
ing

of
heartbeats,

are
the

tim
ing

in
fraction

ofbreath
duration.(a)m

ean
heartrate

over
the

w
indow

,(b)
m
ean

heartrate
over

half
w
indow

s,and
(c)

instantaneous
heart

rate.

cardiac
cycle

count
over

a
heartbeat

count
becom

es
apparent

if
w
e

consider
the

tw
o
half-w

indow
s

and
.
The

num
ber

of
beats

for
each

is
four,w

hereas
the

cycle
counts

yield
4.2977

and
4.1387,

respectively.
H
aving

defined
the

cycle
count

w
ithin

a
w
indow

,
w
e
define

the
m
ean

heart
rate

as
the

ratio
of
this

count
to
the

total
w
indow

length.
The

m
ean

heart
rate

in
the

half
w
indow

s
and

are
sim

ilarly
defined.

In
Fig.1

these
rates

are
traced

as
a

dashed
horizontalline

[Fig.1(a)]and
a
step-like

line
[Fig.1(b)].By

shrinking
the

analysisw
indow

to
a
point,w

e
obtain

the
instantaneous

heart
rate.It

is
represented

by
the

solid,step-like
line

in
Fig.1(c).

This
representation

show
s
clearly

thatthe
heartbeats

fastestaround
the

m
iddle

and
slow

estaround
the

end
of
the

w
indow

.
There

is
a
sim

ple
interpretation

ofthe
instantaneous

heartrate
line

[Fig.1(c)]:the
area

underthisline
and

above
the

zero
ordinate

-axis
delim

ited
by
tw
o
consecutive

heartbeats
equal

one.The
area

under
this

line
and

delim
ited

by
any

w
indow

boundaries
sim

ilarly
is
equal

to
the

cycle
count

w
ithin

this
w
indow

.
W
e
could

in
fact

use
this

equality
to
define

the
cycle

count.

B.
Relative

H
eartRate

and
RSA

In
studying

RSA
,one

m
usttake

into
accountthe

possibility
of
a

gradualdriftin
heartrate

through
the

course
ofthe

experim
ent.The

use
of
the

relative
heartrate

defined
as
the

ratio
of
the

actualheart
rate

to
the

m
ean

rate
over

a
given

w
indow

,im
plicitly

standardizes
the

data,
suppressing

low
-frequency

variations
and

thus
can

be
an

alternative
to
detrending

procedures.In
orderto

study
RSA

w
e
chose

one
breath-span

as
a
w
indow

.
Relative

heart
rate

data
from

each
breath

can
also

be
pooled

forbetw
een-recording

com
parisons.To

this
end

itispreferable
to
norm

alize
breath

duration
to
one,by

expressing
tim
e
w
ithin

each
breath

as
a
fraction

of
totalbreath

duration.
A
sim

ple
w
ay
to
geta

picture
ofw

ithin-respiratory
cycle

variability
is
to
subdivide

the
breath

into
subw

indow
s
ofequallength

and
look

at
the

relative
m
ean

heart
rate

in
each

subw
indow

.The
num

ber
of

subdivision
should

provide
a
tradeoff

betw
een

better
resolution

and
less

statisticalvariability.If
a
large

num
ber

of
breaths

are
available,

one
could

consider
a
fine

subdivison
and

average
the

relative
heart

rates
associated

w
ith

each
subw

indow
s.A

usefulstatisticaltoolfor

Fig.2.
Box

plot
of
m
ean

relative
heartrate

for
each

tw
elfth

breath
draw

n
from

a
sam

ple
ofrealdata

from
Fig.3.The

m
edian,first,and

third
quartilesas

w
ellas

the
m
inim

um
,m
axim

um
,and

outlying
values

calculated
overthe

totality
of
respiratory

cycles
are

represented
ateach

breath
subdivision.The

resulting
plotshow

s
the

evolution
ofrelative

heartrate
during

the
respiratory

cycle.

displaying
a
population

graphically
is
the

box
plot

[9].
This

plots
the

m
edian,the

firstand
third

quartiles,the
m
inim

um
and

m
axim

um
and

som
e
ofthe

outlierpoints,ifany,ofthe
population.A

n
exam

ple
of
box

plots
is
show

n
in
Fig.2.O

n
the

other
hand,if

one
is
only

interested
in
detecting

the
presence

of
RSA

,one
m
ay
subdivide

the
w
indow

into
tw
o
halves

and
com

pare
the

relative
m
ean

heartrate
in

each
half.In

Section
III-C,a

testfor
arrhythm

ia
based

on
this

idea
w
ill
be
detailed.

C
.
Testing

for
Arrhythm

ia:The
W
ilcoxon

Signed
Rank

Test
The

idea
of
the

testis
to
look

for
a
system

atic
pattern

in
relative

heart
rate

variations
w
ithin

a
breath.

To
be
specific,

let
,

,be
the

relative
instantaneous

heartrate
in
a
norm

alized
breath

(thus
denotes

the
tim
e
as
a
fraction

of
the

breath
duration).This

is
a
piecew

ise
constant

function
w
ith

jum
ps
at
heartbeat

tim
es.W

e
consider

a
contrast,

defined
as
a
function

w
ith

zero
integral.Then

w
e
define

the
statistic

.By
construction

if
is
constant.If

the
pattern

of
heart

rate
variation

is
random

from
one

breath
to
the

next,
then

one
w
ould

expect
to
be
negative

orpositive
w
ith
equalprobability.If

w
ere

positive
m
ore

often
than

negative,then
thisw

ould
be
an
indication

of
som

e
sim

ilarity
on
the

average
betw

een
the

pattern
ofcardiac

rhythm
and

that
of
the

contrast.
To
testfor

RSA
w
e
could

use
the

Studenttestfor
the

hypothesis
that

the
expected

value
of

is
zero

against
the

alternative
that

it
is
positive.

H
ow
ever,

this
test

requires
the

data
to
have

a
norm

al
distribution

or
that

the
sam

ple
size

be
fairly

large
so
that

one
can

invoke
the

Central
Lim

it
Theorem

.
Since,

neither
assum

ption
can

necessarily
be
m
et,a

nonparam
etric

testis
preferable.N

o
particular

assum
ption

is
required

except
that

the
statistics

corresponding
to
different

breaths
are

independent.
It
is
quite

plausible
that

the
heartbeatperiodsin

one
breath

are
independentfrom

those
in
another.

Even
ifthere

m
ay
be
som

e
dependence

because
som

e
cardiac

cycles
stretch

over
tw
o
consecutive

breaths,
one

can
expect

that
it
is

fairly
slight.In

this
nonparam

etric
setup

w
e
testthe

nullhypothesis
against

the
alternative

that
,the

sym
bol

denoting
the

probability.O
ne
popular

test
is
the

W
ilcoxon

signed
rank.

Let
be
obtained

from
breaths

and
be
the

rank
of

am
ong

the
.
The

W
ilcoxon

signed
rank

testrejects
the

nullhypothesis
ifthe

rank
sum
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Fig.3.
Processing

ofa
sam

ple
ofdata

taken
over30

s.G
raphicalrepresen-

tation
of(a)m

ean
heartrate

perbreath,(b)m
ean

heartrate
perhalf-breath,(c)

relative
m
ean

heartrate
per

half-breath
(d)

relative
instantaneous

heartrate,
(e)

respiratory
frequency,and

(f)
volum

e
expressed

in
arbitrary

units.

over
the

setof
indexes

for
w
hich

is
negative

doesnotexceed
som

e
criticalthreshold,determ

ined
to
m
eeta

desired
statistical

significance
level.This

level
can

be
com

puted
through

a
com

binatorialargum
ent,atleastforsm

allvalues
of

.M
ore

details
on
thistestcan

be
found

forexam
ple

in
Lehm

ann
and

D
’A
brera

[10],
w
hich

also
provides

tables
ofsignificance

levels.N
ote

thatsince
the

threshold
isnecessarily

an
integer,notallthese

levelscan
be
selected.

Since
w
e
are

interested
in
quasi-realtim

e
detection

ofarrhythm
ia,w

e
considersm

allvalues
of

and
w
e
choose

since
this

leads
to

a
significance

levelclose
to
the

custom
ary

5%
forthe

threshold
one.

The
exactlevelis

6.25%
,w
hich

can
be
com

puted
straightforw

ardly.
1)

Test
Based

on
H
alf-Respiratory

C
ycle

M
ean

H
eart

Rate
C
om

-
parisons

(Test
A):

This
test

uses
the

sim
ple

contrast
w
hich

equals
one

in
the

firsthalfofthe
w
indow

and
1
in
the

otherhalf.The
test

statistic
is
sim

ply
the

difference
betw

een
the

relative
m
ean

heart
rate

in
the

firstand
the

second
halfofthe

breath.Thus,the
testw

ould
detectRSA

if
itresults

in
thatthe

heartbeats
faster

in
the

firstthan
in
the

second
halfofthe

breath.Fig.3
show

s
processing

ofa
sam

ple
of
data

taken
over

a
30-s

recording.A
n
application

of
test

A
on
a

30-s
sam

ple
of
the

data
presented

in
Fig.3

is
show

n
in
Fig.4(a).

2)
TestU

sing
the

H
eartRate

and
Respiratory

Volum
e
Signals

(Test
B):

The
appeal

of
test

A
is
its
sim

plicity
and

that
the

only
extra

inform
ation

it
needs

is
the

breath
duration.

But
it
is
based

on
the

im
plicit

assum
ption

thatRSA
causes

an
increase

in
the

m
ean

heart
rate

in
the

first
half

and
a
decrease

in
the

second
half

of
the

breath.
H
ow
ever,

in
our

experience,
it
appears

in
som

e
instances

that
the

inspiration
duration/total

breath
duration

is
such

that
the

m
axim

um
heart

rate
occurs

around
the

m
iddle

of
the

breath
so

that
the

m
ean

heart
rate

in
the

tw
o
halves

are
roughly

the
sam

e.
Test

B
avoids

this
difficulty

by
exploiting

the
extra

inform
ation

provided
by

the
respiratory

volum
e.
It
is
based

on
the

contrast
w
here

is
the

volum
e
signal

at
norm

alized
tim
e
expressed

as
a
fraction

of
totalbreath

duration.In
our

experim
ents,

since
w
e
consider

the
volum

e
only

at
heartbeat

tim
e

,
w
e
take

the
volum

e
betw

een
these

beats
as
the

one
at

the
preceding

beat.
Thus

our
lags

som
ew
hat

behind
the

real
volum

e
signalbutsince

the
heartrate

also
lags

behind
the

latter,this
can

even
be
an
advantage.The

“average”
then

becom
es

and
can

be
com

puted
as

w
here

Fig.4.
Tw
o
test-statistics

of
RSA

plotted
against

tim
e.
(a)

D
ifferences

in
m
ean

heart
rates

in
tw
o
half-breaths,

(b)
the

corresponding
W
ilcoxon

signed-test
statistic

(the
sum

of
ranks

of
negative

differences
over

five
consecutive

breaths),(c)
Fisher-

transform
ed
correlation

betw
een

heartrate
and

volum
e
signal

com
puted

for
each

breath,
and

(d)
the

corresponding
W
ilcoxon

signed
teststatistic

(based
on
five

consecutive
breaths).In

(b)
and

(d)
the

low
er
and

upper
dotted

lines
indicate

the
significance

probabilities
of

the
teststatistic,3.125%

and
6.25%

,respectively.

and
denote

the
heartbeattim

es
w
ithin

the
breath,

and
are

the
fractions

ofthe
firstand

lastcardiac
cycle

w
ithin

itand
is
the

fractionalcardiac
cycle

count.
U
nder

the
null

hypothesis
of
no

RSA
,
the

resulting
statistics

associated
w
ith

successive
breaths

are
still

independent,
hence

the
W
ilcoxon

test
rem

ains
valid.

N
ote

that
these

statistics
can

be
regarded

as
the

correlations
betw

een
the

instantaneous
heartrate

and
the

volum
e
signal,

up
to
a
constant

factor,
com

puted
at
different

breaths.
They

m
ay
be
used

to
assess

the
dependence

betw
een

the
tw
o
signals.Foraccurate

assessm
entone

should
apply

the
Fisher’s

transform
ation

[11]
to
the

correlation
coefficientto

obtain
a
statistic

w
ith
a
distribution

closer
to
the

G
aussian’s

and
a
standard

deviation
depending

little
on
the

true
correlation.Thisalso

m
inim

izesthe
effect

of
the

sm
all

sam
ple

size
used

(a
few

heartbeats
only

per
breath).

Fig.4(b)
show

s
the

application
of
this

test
to
the

data
presented

in
Fig.3.

D
.
Am

plitude
and

Phase
ofRSA

Based
on

Sinusoid
Fitting

to
the

Relative
H
eartRate

To
obtain

a
quantitative

description
of
the

heart
rate

variations
w
ithin

each
breath,

w
e
attem

pted
to
fit
a
sinusoid

(shifted
by

a
constant

am
ount)

to
the

relative
instantaneous

heart
rate

w
ithin

the
respiratory

cycle.A
shifted

sinusoid
is
represented

by
,w
here

and
are

coefficients
and

the
variable
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Fig.5.
Sinusoidal-fitting

to
the

relative
heartrate.(a)

Relative
m
ean

heart
rate

overthe
w
indow

,(b)relative
instantaneousheartrate,and

(c)the
sinusoid

fitted
to
the

deviation
of
the

relative
instantaneous

heartrate
from

the
m
ean

heart
rate.

denotesthe
norm

alized
tim
e
w
ithin

the
breath.The

above
coefficients

w
illbe

adjusted
such

asto
provide

the
bestpossible

fitofthe
sinusoid

to
the

observed
relative

instantaneous
heart

rate
curve

.Butsince
the

latteris
a
piecew

ise
constantcurve

w
ith
jum

ps
atthe

heartbeattim
es,w

e
firstreplace

the
sinusoid

by
an
equivalent

piecew
ise
constantcurve

w
ith
the

sam
e
jum

p
tim
es

such
that

the
areas

under
this

curve
delim

ited
by
the

zero
ordinate

-axis
and

tw
o
consecutive

heartbeats
are

equal
to
those

under
the

sinusoid
[see

Fig.5].Then
the

param
eters

and
are

estim
ated

by
m
inim

izing
.D
etailson

thism
inim

ization
(w
hich

does
notrequire

integration)
are

om
itted

(butcan
be
obtained

from
the

authorby
request)to

save
space.The

param
eter

is
found

to
be

alw
ays

equalto
one

w
hich

is
to
be
expected,since

is
a
relative

rate.Itis
ofinterestto

rew
rite

the
fitted

curve
as

w
here

,w
hich

can
then

be
used

as
an
index

of
the

intensity
of
RSA

,and
,w
hich

indicates
the

pointatw
hich

the
m
axim

um
heartrate

value
is
reached

w
ithin

each
breath.They

can
be
averaged

over
different

populations
of
breaths

and
standard

statisticaltests
can

be
perform

ed
to
testfor

differences
betw

een
these

populations.
To

assess
the

goodness
of
our

fit,
w
e
com

pare
the

relative
in-

stantaneous
heart

rate
,
not

w
ith

the
fitted

curve
but

w
ith

the
equivalent

piecew
ise

constant
curve,

,
described

as
above.

W
e

can
then

set
dow

n
a
decom

position
of
the

sum
of
squares

[sum
of
squares

total
(SST),

sum
of
squares

regular
effets

(SSE),
and

sum
of
squares

of
errors

(SSE)]
sim

ilar
to
those

in
analysis

of
variance:

SST
,SSR

,and
SSE

.The
firstsum

ofsquares
equals

the
sum

of
the

latter.A
llcan

be
com

puted
as
sum

s
and

notintegrals.
The

sinusoidal
curve

possesses
three

degrees
of
freedom

,
corre-

sponding
to
the

three
coefficients

,
,and

.H
ence,the

“effective”
degree

of
freedom

for
SSE

m
ay
be
taken

as
the

(fractional)
cardiac

cycles
countin

the
breath

m
inus

three.The
square

rootof
the

ratio
of
SSE

to
this

num
ber

can
thus

be
taken

as
an
estim

ation
of
the

standard
deviation

of
the

error.This
can

be
useful

in
assessing

the
true

m
agnitude

ofRSA
.H
ow
ever,w

e
w
ould

refrain
from

perform
ing

an
testbased

on
the

above
SSR

and
SSE

since
the

G
aussian

m
odel

conditionsofthe
analysisofvariance

are
notfulfilled

and
the

“sam
ple

size”
is
often

too
sm
all.The

tim
e
evolution

of
am
plitude

and
phase

of
RSA

com
puted

from
the

data
of
Fig.3

is
show

n
in
Fig.6.

A
n

estim
ate

to
the

error
based

on
the

SSE
is
also

presented.

Fig.6.
RSA

breath-by-breath
quantification

through
sinusoidal

fitting
(as

explained
in
Fig.5).

(a)
A
m
plitude

of
the

sinusoid
fitted

to
the

deviation
ofthe

relative
instantaneous

heartrate
from

the
m
ean

heartrate
expressed

in
fraction

of
the

m
ean

heartrate,(b)
an
estim

ate
of
standard

deviation
of
the

fitting
error,in

fraction
ofthe

m
ean

heartrate,and
(c)phase

ofthe
sam

e
fitted

sinusoid,in
fraction

of
breath

duration.

IV
.
R
ESU

LTS
A
N
D
D
ISCU

SSIO
N

A.
Testing

for
Respiratory

Sinus
Arrhythm

ia
Results

indicate
that

a
RSA

is
significantly

detected
in
approxi-

m
ately

40%
ofrecording

duration
using

testA
.In

testB
based

on
both

tim
e
events

and
volum

e
signal,notonly

the
breathing

eventbutalso
the

associated
lung

volum
e
levelistaken

into
accountateach

cardiac
event.

Results
indicate

RSA
to
be
detected

in
approxim

ately
83%

of
recording

duration
by
test

B
thus

indicating
a
higher

sensitivity
com

pared
to
testA

.This
is
in
agreem

entw
ith
the

accepted
view

that
lung

volum
e
is
an
im
portantdeterm

inantof
RSA

[12]
butdoes

not
express

a
causalrelationship

betw
een

lung
volum

e
and

cardiac
cycle

duration.
In
practice,w

hen
only

breathing
rate

is
available,testA

based
on

tim
e
events

only
can

be
used.A

sim
ilar

test
has

been
proposed

by
Pom

frettetal.[5]using
a
circularstatisticalanalysis

applied
to
ECG

and
ventilation

follow
ed
by
Rayleigh’s

testfor
random

ness.

B.
Q
uantifying

Respiratory
Sinus

Arrhythm
ia

Variations
in
the

m
agnitude

of
RSA

have
been

show
n
to
reflect

m
odulations

in
parasym

pathetic
tone

to
the

sinus
node

[2]
and

have
been

w
idely

used
asan

indicatorofim
paired

autonom
ic
regulation

of
the

heartrate
[13].The

new
ly
proposed

m
ethod

enablesquantification
only

of
the

respiratory-related
heart

rate
variability

or
RSA

since
it
is
based

on
a
respiratory

cycle
w
indow

.
Exam

ination
of
cardiac

cycle
length

variability
over

a
respiratory

cycle
w
indow

entails
determ

ination
of
“fractional

cycle”
count

over
each

given
w
indow

.
The

analysis
of
R-R

interval
length

requires
indexing

of
the

R-R
intervals

from
their

sequence
num

ber
disregarding

the
inform

ation
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pertinentto
tim
ing

of
occurrence

in
the

series.Severalstudies
have

used
controlled

breathing
in
order

to
obtain

reproducible
patterns

of
RSA

[2],
[3].

A
n
alternative

is
to
norm

alize
breath

duration
as

achieved
for

exam
ple

by
Pom

frett
etal.[5]

using
R-w

aves
plotted

relative
to
their

tim
e
of
occurrence

on
a
norm

alized
unitventilatory

w
aveform

or
by
data-sw

eep
triggered

on
inspiration

as
reported

by
Eckberg

[2].In
the

presentstudy
breath

duration
w
asnorm

alized
and

the
tim
e
of
occurrence

of
cardiac

events
w
ithin

each
breath

w
ere

m
easured

as
a
fraction

oftotalbreath
duration.Thus,the

respiratory
cycle

becom
es
the

prim
e
event

w
ithin

w
hich

cardiac
events

are
expressed

in
term

s
of
fractions

of
breath

duration.
In
the

box
plotrepresentation,a

fine
subdivision

of
the

breath
is

m
ade

[12
subdivisions

in
Fig.4]

and
relative

heartrates
pooled

for
a
large

num
berofbreaths

are
represented

in
these

subw
indow

s.This
representation

show
s
an
overallpicture

ofRSA
fora

given
recording

providing
inform

ation
on
heartrate

variationsin
each

w
indow

,tim
ing

of
the

highestheartrate
w
ithin

the
breath

and
the

am
plitude

of
the

heart
rate

change.
In
our

analysis,
relative

heart
rate

during
a
breath

w
as
found

to
be
reasonably

w
ell
fitted

by
a
sinusoidal

curve,
as
can

be
seen

in
Fig.6(b)

from
the

estim
ate

of
the

fitting
error

w
hich

w
as
generally

found
to
be
less

than
10%

.The
sinusoid

am
plitude

per
breath

w
as

thus
used

as
an

index
of
RSA

intensity
for

this
breath

and
the

phase
as
the

tim
e
of
occurrence

of
the

highest
cardiac

rate
in
that

breath.
RSA

am
plitude

(expressed
as
fraction

of
m
ean

heart
rate)

ranged
betw

een
0.0086

and
0.196

and
m
ean

RSA
am
plitude

w
as
not

found
to
be
significantly

differentbetw
een

spontaneous
or
im
posed

breathing
conditions

(0.086
0.053

versus
0.094

0.048).M
ean

indexes
of
RSA

phase
(expressed

as
fraction

of
respiratory

cycle
duration)

w
ere

sim
ilar

under
both

conditions,
values

being
0.437

0.076
for

the
spontaneous

and
0.437

0.093
for

the
im
posed

breathing
condition.These

observations
indicate

these
indexes

to
be

insensitive
to
the

scatter
in
breathing

frequency
as
they

are
issued

from
a
breath-by-breath

based
analysis.

Results
indicate

a
positive

linear
correlation

betw
een

the
RSA

am
plitude

and
breath

duration,in
both

spontaneous
and

im
posed

breathing
conditions

w
hich

is
in
keeping

w
ith

the
generally

adm
itted

relationship
betw

een
breathing

frequency
and

the
am
ount

of
RSA

[2].

C
.
Spontaneous

Versus
Im
posed

Breathing
M
ean

heart
rate

as
w
ell

as
the

standard
deviation

of
the

m
ean

heartrate
w
ere

unchanged
by
the

im
posed

breathing.In
the

present
spectral

analysis,
a
RCF

band
w
as
introduced

to
better

define
the

respiratory
related

heart
rate

variability.
The

spectral
pow

er
of
the

RCF
com

ponent
w
as
found

to
be
greater

under
the

im
posed

than
the

spontaneous
breathing

condition
(0.0033

versus
0.0019

s
)w
hich

is
in
agreem

ent
w
ith

the
low

er
dispersion

during
paced

breathing.
This

how
everw

as
notobserved

forthe
m
ean

H
F
pow

ercom
ponent.

(0.0026
versus

0.0019
s
,
respectively).

From
a
m
ethodological

standpointthe
presentresultsindicate

thatthe
selection

ofa
bandw

ith
centered

around
10%

of
the

respiratory
frequency

truly
allow

s
to

capture
the

heart
rate

variability
associated

w
ith

respiration
and

is
thus

a
better

m
arker

of
RSA

than
the

H
F
band.

RSA
characteristics

assessed
by

the
statistical

m
ethod

w
ere

not
affected

by
the

im
posed

breathing
condition

asreflected
by
the

sim
ilar

proportion
ofRSA

detection
(TestB:83.71%

28%
versus

79.72%
37.5%

),
RSA

am
plitudes

(0.086%
0.053%

versus
0.094%

0.048%
),and

phases(0.43%
0.08%

versus0.43%
0.09%

).These
observations

m
ay
be
taken

to
suggest

that
RSA

is
influenced

m
ore

by
the

breathing
frequency

per
se
than

the
voluntary

m
odulation

of
respiratory

drive.

V
.
C
O
N
CLU

SIO
N

In
thispaper,w

e
have

presented
a
com

prehensive
statisticalm

ethod
for

the
assessm

ent
of
heart

rate
variability

of
a
respiratory

origin.
Results

from
the

presentstudy
indicate

this
m
ethod

to
be
a
valuable

tool
allow

ing
for

quasi-realtim
e
m
onitoring

of
RSA

w
hich

does
not

require
the

pattern
of
breathing

to
be

controlled.
D
espite

the
low

num
ber

of
degrees

of
freedom

,sine
curve

is
found

to
fit
w
ell

to
the

heart
rate

variation
w
ithin

a
breath.

From
a
physiological

standpoint
this

m
ethod

presents
the

advantage
of
allow

ing
for

a
selective

detection
and

quantification
of
the

respiratory
com

ponent
of
heart

rate
variability.
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II.4.3.2 Evaluation des variations du volume cardiaque à partir de mesure par 

pléthysmographie respiratoire à variation d’inductance  

Les signaux PRI de variations de section thoracique et abdominal au cours de la 

respiration, exhibent souvent de petits “accidents” (Figure 14) qui sont dus aux 

variations du volume provoqués par les battements cardiaques. 

 

 
Figure 14 : Volume mesuré par PRI (VPRI) et électrocardiographe (ECG). Sur le signal volume les flèches 
indiquent les “accidents” dus aux variations du volume provoqués par les battements cardiaques en 
correspondance avec l’ECG. 

 

Nous avons cherché à extraire cette information cardiaque en utilisant des 

méthodes temps-échelle de traitement du signal. Nous avons comparé les variations 

de volume dues aux battements cardiaques extraites du signal PRI avec les 

variations de volume d’éjection systolique mesurées par un cardiographe 

d’impédance sur 15 volontaires sains. Les enregistrements ont été effectués en 

position assise et couchée, au repos et au cours d’une manœuvre respiratoire 

(maintenir une pression en soufflant dans un manomètre à eau) qui a pour effet de 

diminuer le volume d’éjection systolique. Bien que la méthode PRI sous estime 

légèrement les variations de volume cardiaque, les résultats montrent que la 

méthode PRI détecte les variations de volume cardiaque engendrées par la 

manœuvre, et qu’il existe une corrélation significative et positive entre les volumes 

cardiaques évalués par la méthode PRI et mesurés par le cardiographe 

d’impédance. 
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Ces résultats suggèrent que la pléthysmographie respiratoire à variation 

d’inductance peut être utilisée pour détecter des variations de volume cardiaque 

chez les volontaires sains. 

 
Fontecave-Jallon et al (2013) A Wearable Technology Revisited for Cardio-Respiratory 
Functional Exploration: Stroke Volume Estimation From Respiratory Inductive 
Plethysmography. Inter J EHealth and Med Com  

Fontecave-Jallon et al (2013). Detecting variations of blood volume shift due to heart beat 
from respiratory inductive plethysmography measurements in man. Physiol Measu 
 
Montage du dossier de demande de financement d’aide à l’innovation par Grenoble Alpes 
Valorisation Innovation Technologies (GRAVIT) en pré maturation et en maturation “Dispositif 
d’Exploration Cardiorespiratoire chez le Rongeur (DECRO)” -2011-2012 (acceptation en 2012) 
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II.5   APPROCHE THEORIQUE 
 

Des modèles ont été utilisés dans l’objectif d’interpréter les données expérimentales 

mais aussi de formuler des hypothèses sur le fonctionnement 1/ de la mécanique 

ventilatoire et 2/ du générateur du rythme respiratoire. 

 

II.5.1 Modèle simple de mécanique ventilatoire  

Afin d’étudier les interactions entre les forces produites par les mouvements de la 

paroi thoracique lors de la ventilation, nous avons proposé un modèle basé sur le 

système de levier de Hillman and Finucane (1987) et introduit des propriétés 

dynamiques du système respiratoire. Les éléments passifs (thorax et abdomen) sont 

considérés comme étant des compartiments élastiques reliés à l’air libre par un tube 

résistif représentant les voies aériennes. La force développée par les muscles 

respiratoires (Fmus) agit sur les deux compartiments thoracique (RC) et abdominal 

(A). Ces deux compartiments sont représentés par deux ressorts caractérisés par 

leurs élasticités respectives EA et ERC. La résistance du système respiratoire est 

représenté par un amortisseur caractérisé par sa résistance visqueuse R .Chacun des 

trois éléments est fixé à une barre rigide non horizontale sur laquelle la force Fmus 

agit sur les éléments EA, ERC et R (Figure 15).  

 

 

Figure 15 : Représentation du modèle simple de mécanique ventilatoire. RC : compartiment thoracique 
(ressort) d’élasticité ERC ; A : compartiment abdominal (ressort) d’élasticité EA; R : résistance du système 
respiratoire (amortisseur) de résistance visqueuse R. Fmus : force développée par les muscles 
respiratoires sur une barre sur laquelle les trois éléments sont fixés. 
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Les paramètres du modèle ont été identifiés en utilisant les données enregistrées sur 

11 volontaires sains dans cinq conditions : au repos et au cours de l’addition de 

quatre différents niveaux de résistance. Une analyse cycle par cycle montre que, 

pour un nombre important de cycles, le débit simulé par notre modèle s’ajuste avec 

celui mesuré par pneumotachographie avec un coefficient de détermination ≥0,70 

et ce, quel que soit le sujet ou la condition. 

 

La comparaison des signaux débits ventilatoires, obtenus expérimentalement et par 

simulation, montre une bonne concordance. Ce modèle peut être utile pour 

interpréter les variations des caractéristiques des compartiments thoracique et 

abdominal au cours de la ventilation.  

 
Calabrese et al (2010) A simple dynamic model of respiratory pump. Acta Biotheor. 
 
Organisation du XXIXième séminaire de la Société Francophone de Biologie Théorique et 
coéditrice invitée pour la publication des actes de ce séminaire : 
Calabrese P, Fontecave-Jallon J (Guest editors) (2010) Proceedings of the XXIXth Conference 
of the French-speaking Society for Theoretical Biology (St-Flour, France, 14-17 June, 2009) 
Acta Biotheor. 
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II.5.2 Modèles non linéaires du générateur de rythme respiratoire  

II.5.2.1 Modèle déterministe chaotique  

En se basant sur l’hypothèse qu’en contrôlant la présence du chaos en modifiant un 

paramètre du système qui apporte des indications sur la nature chaotique du 

système, nous avons essayé de modifier, de manière expérimentale et en faisant des 

simulations, la dimension chaotique du système ventilatoire en modifiant les charges 

résistives chez des volontaires sains. Nous avons construit un modèle mathématique 

qui simule les interactions entre deux systèmes. Le premier, actif, est un générateur 

du rythme respiratoire représenté par un système déterministe chaotique. Le 

deuxième, passif, est le système respiratoire mécanique, représenté par un seul 

compartiment alvéolaire homogène d’élastance (E) relié aux voies aériennes rigides 

de résistance (R). Les données expérimentales utilisées ont été celles acquises lors 

d’addition de résistances au repos chez des volontaires sains. On observe avec les 

simulations la même tendance qu’avec les résultats expérimentaux. 

 

Ces résultats supportent l’hypothèse de la nature chaotique du générateur de 

rythme respiratoire.  

 
Thibault et al (2004) Effects of resistive loading on breathing variability - Non linear analysis 
and modelling approaches. Adv Exp Med and Biol  
 

II.5.2.2  Oscillateur de Van Der Pol  

Pour simuler les effets de la déglutition sur le rythme ventilatoire, nous avons utilisé un 

modèle du générateur de rythme respiratoire basé sur l‘oscillateur de Van Der Pol 

modifié (Pham Dinh et al, 1983). Chez 4 sujets sains, les signaux respiratoires ont été 

enregistrés de façon non invasive pendant des périodes comportant des déglutitions. 

Les déglutitions observées peuvent être regroupées en trois catégories : celles qui 

débutent et finissent pendant une phase inspiratoire (rares), celles qui débutent et 

finissent pendant une phase expiratoire et enfin celles qui débutent en inspiration et 

finissent en expiration. 

Le phénomène de la déglutition a été modélisé à partir des données physiologiques. 

Une déglutition se traduit, sur le plan mécanique, par une occlusion des voies 
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aériennes supérieures au niveau du larynx. Donc, pendant toute la déglutition, le 

volume pulmonaire reste constant, égal au niveau atteint en début de déglutition. 

Le fonctionnement du générateur de rythme respiratoire, de son côté, semble 

interrompu, arrêté momentanément pour reprendre, après la déglutition, dans un 

état semblable à celui observé au début de la déglutition. De plus, l’amplitude du 

cycle suivant une déglutition, semble être plus élevée que celle des cycles 

précédents.  

Au niveau du modèle de l’oscillateur respiratoire central, les hypothèses suivantes 

ont été faites : 

• au début de la déglutition, le point (x,y) représentant l’état de l’oscillateur 

dans le plan de phase est arrêté à l’endroit où il se trouve,  

• ce point ne reste pas à cette position pendant toute la déglutition : il s’écarte 

de la position initiale (x,y) sur une trajectoire qui : 

§ assure que le comportement de l’oscillateur après redémarrage (le 

point représentatif est la nouvelle condition initiale à la fin de la 

déglutition) sera « similaire » à ce qu’il aurait été sans déglutition, 

simplement décalé dans le temps. Le point doit donc rester sur un 

isochron. L’isochron d’un point du cycle limite est l’ensemble des points 

du plan dont la trajectoire asymptotique est confondue avec celle du 

point du cycle limite (Pham Dinh et al, 1983). 

§ augmente l’amplitude du cycle suivant, le point s’éloigne donc, sur 

l’isochron, vers l’extérieur du cycle limite. 

De plus, afin de définir le mouvement du point représentatif de l’état de l’oscillateur 

respiratoire pendant la déglutition, nous faisons l’hypothèse que la valeur absolue de 

la vitesse du point reste constante pendant la déglutition : le point se déplace donc 

sur l’isochron à une vitesse égale (en module) à celle sur le cycle limite au moment 

du début de la déglutition. 

Les trois types de déglutition ont été simulés avec notre modèle, le résultat d’une 

simulation pour une déglutition en expiration est présenté sur la Figure 16. 
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Figure 16 : Représentation des processus de simulation pour un type de déglutition en expiration (E). La 
figure de gauche représente la simulation de la déglutition au niveau du générateur de rythme 
respiratoire : le plus petit point (rouge, D) est le début de la déglutition, qui va se déplacer sur l’isochron 
du point d’arrêt (courbe en pointillée bleue) ; le plus gros point (violet, FD) représente la fin de la 
déglutition, à partir de ce point il y a un retour vers le cycle limite. La figure de droite représente les 
signaux de volume courant obtenus en sortie : pour le cycle avant la déglution, pendant la déglutition 
(représentée par le point rouge, D) et les deux cycles suivants. 

Les résultats des simulations de déglutition avec le modèle concordent avec ceux 

obtenus lors de déglutitions expérimentales, quelle que soit  la phase du cycle 

respiratoire où survient cette déglutition. 

 

Le modèle proposé a été validé qualitativement. Durant l’arrêt respiratoire induit par 

une déglutition, le générateur de rythme respiratoire se comporte comme un 

accumulateur de l’énergie qu’il ne peut dissiper pendant la durée de cet arrêt et 

qu’il restitue progressivement dès la reprise de son activité. 

 
Ce travail a fait l’objet du coencadrement de deux masters 2 Ingénieries pour la Santé et le 
Médicament (Al Chama Feras et Mezioud Naïma) et de deux communications :  
 
Al Chama et al. (2005) Effets de la déglutition sur le rythme respiratoire. Société Francophone 
de Biologie Théorique, Saint Flour 

Baconnier et al (2006) How to simulate the effect of swallowing on the respiratory rhythm 
generator? Eur Respir J (European Respiratory Society Annual Congress Munich). 
 

II.5.3 Modèle d’interaction cœur -respiration 

Le modèle mathématique proposé intègre un modèle neuro-musculaire ventilatoire 

et un modèle cardiovasculaire. Le modèle neuro-musculaire ventilatoire est un 

modèle permettant de simuler la commande et l’activité des muscles respiratoires 
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ainsi que la mécanique du système thoraco-pulmonaire. Le modèle cardio-

vasculaire minimaliste de Smith est constitué des deux ventricules et de 

compartiments supplémentaires pour les circulations systémique et pulmonaire. Ces 

deux modèles sont mis en interaction par l’intermédiaire de la pression pleurale 

(calculée par le modèle neuro-musculaire ventilatoire) et du volume de sang intra-

thoracique (évalué par le modèle cardio-vasculaire). Les équations du modèle 

complet ont été programmées sous Berkeley-Madonna afin de simuler son 

comportement. Les simulations par le modèle sont en accord avec les données 

expérimentales ainsi que les données de la littérature. 

 

Les résultats de ce travail suggèrent que le modèle proposé peut être utile dans 

l’interprétation des interactions cardio-pulmonaires. 

 
Fontecave Jallon et al (2000) A model of mechanical interactions between heart and lungs. 
Philos Transact A Math Phys Eng Sci 
 

II.5.4 Complexité 

J’ai été responsable scientifique du projet “Interactions cardio-respiratoires: 

complexités nécessaires ou vestigiales ? Modèles et expériences” financé pendant 2 

ans par le Programme Interdisciplinaire Complexité du Vivant & Action STIC-Santé 

(2004-2006).  

L’objectif de l’étude était d’aborder la Complexité du vivant par la recherche des 

mécanismes des interactions cardio-respiratoires. 

Un ralentissement cardiaque au cours d’une déglutition, quelle que soit la phase 

respiratoire, peut suggérer la persistance d’un mécanisme de ralentissement 

cardiaque en relation uniquement avec l’arrêt respiratoire comme chez les 

mammifères plongeurs. Sinon, il convient d’envisager une action spécifique de la 

déglutition sur les centres respiratoires. Pour apporter des éléments de réponse, nous 

avons comparé les variations de fréquence cardiaque chez l’homme sain au cours 

de différentes situations d’apnée : la déglutition, l’apnée volontaire dans l’air, 

l’apnée pendant l’immersion du visage dans l’eau (pour simuler la plongée). La 

Figure 17 est un exemple de signaux enregistrés au cours d’une déglutition. Le signal 

de fréquence cardiaque est calculé à partir du signal électrocardiographique. 
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Figure 17 : Signaux enregistrés au cours d’une déglutition. Signaux thoracique (THORAX) et abdominal 
(ABDOMEN) mesurés par pléthysmographie respiratoire à variation d’inductance (PRI), ECG : 
électrocardiogramme (bleu foncé), fréquence cardiaque (bleu claire), DEBIT_REC : Débit reconstitué à 
partir des signaux thoracique et abdominal. 

La moyenne, l’écart type et le coefficient de variation sont calculés sur la durée 

totale de l’événement (pendant) et sur une durée identique avant l’événement 

(avant) et sont représentés sur la Figure 18. 

 

 

Figure 18 : Représentation de la valeur moyenne de la fréquence cardiaque, de l’écart type et du 
coefficient de variation avant et pendant chaque événement pour les 4 sujets.  
DEGLUTITION: ingestion d’un grand verre d’eau (environ 200 ml) ; APNEE : apnée volontaire dans l’air   
PLONGEE : apnée “dans l’eau“: le sujet plonge le visage dans de l’eau à température ambiante 
APNEE SOUFFLEE : apnée après une grande inspiration suivi d’un dégonflement progressif dans l’air  
PLONGEE SOUFFLEE : apnée après une grande inspiration suivi d’un dégonflement progressif dans l’eau 
à température ambiante. 
Les durées des apnées sont imposées par la durée de la déglutition. Les durées sous l’axe des abscisses 
indiquent la durée sur laquelle les moyennes de la fréquence cardiaque sont calculées. 
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On observe chez tous les sujets une augmentation de la fréquence cardiaque 

pendant la déglutition, alors qu’elle diminue ou varie très peu pour tous les autres 

événements et chez tous les sujets (sauf apnée soufflée chez le sujet 4). 

 

Le résultat attendu était un ralentissement du rythme cardiaque au cours de la 

déglutition suggérant la persistance d’un mécanisme de ralentissement cardiaque 

en relation uniquement avec l’arrêt respiratoire comme chez les mammifères 

plongeurs. Nos résultats montrent une augmentation de la fréquence cardiaque au 

cours de la déglutition ce qui suppose une action spécifique de la déglutition sur les 

centres respiratoires.  

 
Ce travail a fait l’objet d’un rapport scientifique dans le cadre du projet “Interactions cardio-
respiratoires: complexités nécessaires ou vestigiales ? Modèles et expériences” du 
Programme Interdisciplinaire Complexité du Vivant & Action STIC-Santé-2004-2005. 
 

 

Les résultats du travail réalisé dans le cadre du projet “ Interactions cardio-

respiratoires : complexités nécessaires ou vestigiales ? Modèles et expériences.” 

présentés dans II.5.2.2, pour la partie modèle et dans  II.5.4, pour la partie 

expérimentale, constitueront une base de travail du projet ANR e-Swallhome sur la 

déglutition, présenté dans les perspectives. 
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II.6   TRAVAUX EN COURS ET PERSPECTIVES  
 

II.6.1 Déglutition et respiration 

Dans le paragraphe ci-dessus nous avons observé l’accélération de la fréquence 

cardiaque pendant la déglutition ce qui est contraire aux variations cardiaques 

obtenues au cours d’apnées. Ces résultats ont montré qu’il existait une coordination 

spécifique entre la déglutition et la respiration. Nous avons cherché à mieux 

comprendre les mécanismes à la base de cette coordination, d’autant plus qu’il 

existe des applications dans le cadre de dysfonctionnement de la déglutition 

consécutif à un Accident Vasculaire Cérébral (AVC). Ce travail a débuté dans le 

cadre du projet “Déglutition et Respiration : Modélisation et e-Santé à domicile” (e-

SwallHome) financé par l’ANR Technologies pour la Santé et l’Autonomie (2014-2017). 

Ce projet multicentrique associe plusieurs laboratoires dont trois du site Grenoblois : 

TIMC-IMAG UMR 5525 CNRS-IPG-UJF, GIPSA-lab, UMR 5216 CNRS-IPG-UJF et AGIM, 

CNRS/UJF, FRE 3405 ainsi que Laboratoire Parole et Langage, CNRS UMR 7309 

(Université Aix-Marseille), et plusieurs CHU français : de Montpellier, d’Aix Marseille, de 

Caen et deux sociétés Intrasense®, Montpellier et Bioclinome®, Grenoble. 

Dans le cadre de ce projet ANR e-SwallHome, mon travail a consisté dans un 

premier temps à mettre au point un protocole permettant l’enregistrement 

d’événements de déglutition et de parole sur 15 volontaires sains. J’ai rédigé un 

document (délivrable D3.1a) qui décrit ce protocole en justifiant les choix de 

capteurs et le déroulement des séquences d’enregistrements par rapport à nos 

objectifs.  

En complément des signaux ventiltoires mesurés par PRI, un électroglottographe est 

utilisé pour mettre en évidence la déglutition (Perlman and Grayhack, 1991 ; 

Logemann, 1994 ; Pédouroux et al, 2001) et un microphone permet l’enregistrement 

du signal acoustique pour la phonation. Les capteurs de PRI, d’électroglottographie 

et le microphone sont présentés sur un sujet sur les photos de la Figure 19.  
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Figure 19 : Pléthysmographe respiratoire à variation d’inductance (ventilation), électroglottographe 
(variations d’impédance au niveau de la glotte) et microphone (signal acoustique) placés sur un sujet. 

Les enregistrements sur volontaires sains ont été réalisés, et nous analysons 

actuellement le signal ventilatoire PRI pour la caractérisation des différentes phases 

de déglutition et de phonation. Un exemple d’enregistrement des différents signaux 

au cours d’évènements de déglutition et de parole est présenté sur la Figure 20. 

 

 
Figure 20 : Enregistrement sur un sujet sain des signaux électroglottographique (EGG), acoustique 
(micro) et de ventilation (thorax, abdomen et volume obtenus par pléthysmographie respiratoire à 
variation d’inductance) au cours d’évènements de déglutition et de parole. 

Electroglo)ographe	
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Volume	

Pléthysmographie	Respiratoire	
par	Inductance	(PRI)	
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Une partie de ce travail a fait l’objet de l’encadrement d’un master 1 Ingénieries 

pour la Santé et le Médicament en 2014 (pour la mise au point du protocole) et d’un 

projet ingénieur TIS5 en 2015 (pour l’enregistrement des volontaires sains et le 

développement d’un outil de traitement des données).  

 

Une dernière phase du projet a pour objectif la mise au point d’un index 

d’évaluation de la déglutition. Ceci sera réalisé dans l’unité de “Neurologie 

vasculaire - Soins intensifs AVC” au CHU Grenoble Alpes à partir des déglutitions 

enregistrées chez les patients ayant eu un AVC à deux reprises : à 15 jours et à 6 mois 

de l’AVC. Ce travail a débuté en novembre 2016 avec l’inclusion d’un premier 

patient et sera poursuivis en 2017.  

Par ailleurs, la méthode de simulation de la déglutition présentée §II.5.2.2 sera 

appliquée à ces enregistrements afin de comparer les résultats des sujets sains et 

pathologiques et de rechercher si le comportement du générateur de rythme 

respiratoire modélisé est modifié après un AVC.  

 

II.6.2 Interactions phonation-ventilation 

Cette thématique initiée par Nathalie Henrich-Bernardoni (GIPSA-lab) m’a intéressée 

parce que le contrôle de la ventilation joue un rôle déterminant dans la production 

des sons (parole et chant).  

En effet, une coordination des mouvements ventilatoires, phonatoires et 

articulatoires est nécessaire pour la production de la voix humaine. De nombreuses 

techniques vocales dans la parole et dans le chant s’appuient sur cette 

coordination pour augmenter l’intensité vocale produite ou pour changer la qualité 

de la voix. La production de voix humaine est modélisée par la théorie source-filtre, 

qui a fait ses preuves dans le traitement de la parole normale mais qui montre ses 

limites quand on s’intéresse à la qualité vocale, aux aspects de forçage vocal, de 

dysphonie et au développement de troubles de la voix d’origine fonctionnelle. Dans 

cette approche théorique, les aspects phonatoires sont découplés des aspects 

articulatoires en première approximation. Les aspects respiratoires ne sont pris en 

compte que de façon très indirecte, le conduit vocal étant considéré 

acoustiquement fermé à la glotte pendant la phonation.  



 

 

95 

S’inscrivant dans une démarche pluridisciplinaire de physiologie, physique et 

phonétique, ce projet ambitionne de revisiter ce cadre théorique, en y incluant les 

effets liés aux interactions entre les trois niveaux respiratoire, phonatoire, et 

articulatoire. L’objectif de cette collaboration est d’aborder les mouvements 

ventilatoires, phonatoires et articulatoires au cours de différentes techniques de 

chant où l’aspect ventilatoire est essentiel à la réalisation de la technique, comme 

pour le Human Beatbox ou le chant diphonique. La description, l’exploration 

conduisant à une meilleure compréhension de cette coordination pourrait 

permettre de proposer des solutions de rééducation de la voix. 

Dans ce cadre, nous avons eu l’opportunité d’enregistrer les mouvements 

respiratoires, phonatoires et articulatoires chez six chanteurs originaires de Mongolie 

au cours de différentes techniques de chant diphonique. Nous avons aussi enregistré 

un chanteur de Human Beatbox. 

La première observation est que les interactions ventilation-chant sont visibles et 

parfois reproductibles sur le signal ventilatoire. Notre hypothèse est que, à l’instar de 

l’interaction ventilation –chant, l’interaction ventilation-parole pourrait être visible et 

reproductible sur un signal ventilatoire. Ceci pourrait être utilisé pour l’apprentissage 

de la parole et la réhabilitation de la phonation. 

 

II.6.3 Le syndrôme d’hyperventilation  

En continuité de la thèse de Tudor Besleaga soutenue en 2011, une collaboration 

sera mise en place prochainement. Nous sommes actuellement en recherche d’un 

financement de thèse qui se ferait en cotutelle entre nos deux universités  

En effet, nous souhaitons poursuivre notre collaboration avec Tudor Besleaga qui a 

été titularisé en 2014 au département de Physiologie Humaine et Biophysique de 

l'Université de Médecine et Pharmacie "Nicolae Testemitanu" à Chisinau (Moldavie). 

Ce département a une collaboration très étroite avec l’Institut de Neurologie et 

Neurochirurgie de Moldavie. Notre objectif serait d’explorer les dysfonctionnements 

de la fonction ventilatoire et de l’interaction cardio-respiratoire dans certaines 

pathologies neurologiques. 
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II.6.4 Asynchronisme thorax – abdomen : application  

Une démarche de collaboration est initiée avec la Tunisie en continuité de la thèse 

d’Aïcha Laouani dont j’ai codirigé la thèse. Elle occupe actuellement un poste au 

laboratoire de biophysique de la faculté de Médecine de Sousse (Tunisie).  

L’objectif de la collaboration serait l’étude de l’asynchronisme thorax –abdomen 

chez les enfants souffrant de pathologie obstructive chronique. Des enregistrements 

répétés ou en continue pourraient être réalisés afin d’évaluer les variations de 

l’obstruction au cours de la journée en fonction 1) de divers événements (prise de 

nourriture, sommeil, déplacements etc) et 2) de la thérapeutique. 

Nous sommes actuellement en cours de recherche de financement. 

 

II.6.5 Diagnostic médical à partir d’une analyse des gaz 

respiratoires  

Je suis impliquée dans le projet intitulé “ Fast and sensitive breath analysis for medical 

diagnostics” financé par l’ANR du programme grands défis sociétaux, vie santé et 

bien être PRCE : Projets de recherche collaborative-entreprises (2016-2018). Il 

implique le Laboratoire de Physique Interdisciplinaire (LIPhy) de Grenoble, le centre 

d’investigation clinique-innovation technologique (CIC-IT) de Grenoble et notre 

équipe (PRETA, laboratoire TIMC-IMAG, porteur R Briot médecin urgentiste de 

l’équipe) ainsi que la société AP2E (SAS) à Aix en Provence. Ce projet translationnel 

comprend trois phases : 1) validation et certification de l’appareil de mesure rapide 

et précise de gaz, développé par le LIPhy (porteur du projet) pour la mesure de CO 

sur les poumons avant transplantation, 2) validation du CO comme indicateur de la 

qualité du greffon (poumon humain) et 3) identification et validation d’autres 

traceurs pouvant faire état de la qualité du greffon.  

Ma participation dans ce projet de recherche se place au niveau de l’aide au 

développement d’un outil d’analyse et de traitement des données recueillies. 
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