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ABSTRACT

Autonomic nervous system (ANS) and cardiovascular regulation are
closely linked. For decades, researches have tried to understand how heart rate
variability (HRV) and baroreflexes can be used as significant markers of the
autonomic nervous control, and sometimes of its impairments. The general aim
of this thesis is to gain further insights into the role of ANS in modulating cardiac

and vascular functions. The project consisted of four studies.

In the first study, we analysed the effects of gravitational acceleration on
cardiovascular autonomic control. This special condition showed interesting
results for cardiorespiratory variables. Our results did not agree with the notion of
sympathetic up-regulation in hypergravity. We speculated that only the
sympathetic branch of the ANS might have been active during elevated
gravitational acceleration exposure. Furthermore, the vascular response

occurred in a condition of massive baroreceptor unloading.

Our second work targeted the effect of lung denervation on HRV in bilateral
lung transplant recipients. As the graft is no longer connected to the ANS, this is
an excellent experimental model for the study of cardiovascular regulation without
modulation of heart activity by parasympathetic and/or sympathetic lung
afferents. The hypothesis was that the modulation of the high frequency
component of HRV by the breathing frequency is mediated by the ANS. This
hypothesis would be supported by the results if the high frequency component of
HRV is suppressed in bilateral lung transplant recipients. Lung denervation
implied strong HRV reduction, all indices being decreased, indicating that neural
modulation from lung afferents contributes largely to HRV. Baroreflex sensitivity

was reduced. The higher low-versus-high frequency ratio implied that the total
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power drop was mostly due to the high frequency component, indicating that
neural modulation from lung afferents largely contributes to the high frequency
component of HRV. The changes in blood pressure variability were smaller than
those in HRV, suggesting that the effects of lung denervation were specific to
HRV modulation. This finding confirms that blood pressure variability and HRV

are under different control mechanisms.

The third article concerns the effects of autonomic blockades on
cardiovascular modulation, at rest and during exercise. We hypothesized that
HRV should decrease with vagal or sympathetic blockades, and disappear during
simultaneous blockade of both ANS branches. The results suggest that the
parasympathetic outflow to the heart is the main determinant of HRV, while the
role of the sympathetic branch is less important. Indeed, sympathetic blockades
failed in changing HRYV indices at rest, indicating that a selective blockade of
cardiac RR-adrenergic receptors has no effects on spontaneous heart rate
oscillations. These effects are specific to HRV, as the effects observed on blood
pressure variability are indirectly related to the action of the administered drugs.
The changes in baroreflex sensitivity were consistent with the changes in arterial
blood pressure variability, suggesting that baroreflexes may modulate the LF

power of arterial blood pressure.

The last article focused on a closed-loop approach to analyse the
dynamics of displacement of the baroreflex operating point upon exercise onset.
The patterns of the dynamics of baroreflex resetting upon exercise onset was
characterised by two distinct phases, independently of the posture. We speculate
that withdrawal of vagal action on the heart, possibly as a consequence of central

command, may explain the change in baroreflex sensitivity upon exercise start,
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whereas the sympathetic branch of the autonomic nervous system may represent
the distal efferent component of the neural loop controlling the baroreflex
resetting process. In conclusion, the change in baroreflex sensitivity and the

resetting process are distinct phenomena, under different control systems.
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RESUME

Le systeme nerveux autonome (SNA) contribue de fagon importante aux
régulations des fonctions cardiovasculaires. Pendant des décennies, les
chercheurs ont essayé de comprendre comment la variabilité de la fréquence
cardiague (VFC) et le gain du baroréflexe cardiaque pouvaient étre utilisés
comme marqueurs significatifs du contréle neurovégétatif cardiaque, et parfois
de son altération. L'objectif général de cette thése est de mieux comprendre le
réle du SNA dans la modulation et les adaptations des fonctions cardiaques et

vasculaires. Le projet comprenait quatre études.

Dans la premiere étude, nous avons analysé les effets de I'accélération
gravitationnelle graduées sur la régulation neurovégétative de la fréquence
cardiaque et de la vasomotricité artériolaire. Dans ces expositions
expérimentales des variables cardiovasculaires et respiratoires ont été modifiées
de facon spécifique. Nos résultats ne sont pas compatibles avec la mise en jeu
d’'une régulation sympathique au niveau cardiaque en situation d’hypergravité
breve. Nous avons supposé que seule la branche sympathique du SNA était
active durant une exposition a une accélération de gravité élevée. La réponse
adaptative de la vasomotricité artérielle vasculaire est observée en condition de

grande décharge des barorécepteurs.

Notre deuxieme travail eu pour objet I'effet de la dénervation pulmonaire
sur la VFC, et a donc été conduit chez des patients ayant subi une greffe
pulmonaire complete. Le greffon n'étant plus relié au SNA, il s'agit d'un excellent
modele expérimental pour I'étude de la régulation cardiovasculaire en I'absence
de modulation de I'activité cardiaque par des afférences nerveuses pulmonaires

parasympathiques et/ou sympathiques. Puisque la VFC dans les hautes
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fréquences est reconnue comme largement déterminée par le profil ventilatoire,
on s’attend a ce que la composante a haute fréquence de la VFC soit absente
chez les sujets transplantés bi-pulmonaires. Les résultats montrent que cette
dénervation pulmonaire implique une forte réduction de la VFC totale et dans les
deux bandes de fréquence étudiées, hautes et basses. Cela indique donc qu’une
large contribution de la modulation nerveuse de la VFC répond aux afférences
pulmonaires. La sensibilité du baroréflexe est réduite. Le rapport plus élevé entre
les basses et les hautes fréquences traduit une réduction de puissance totale
principalement due a la diminution de la composante haute fréquence. Ces
résultats montrent que les afférences pulmonaires contribuent largement a la a
la modulation neurovégétative de la composante a hautes fréquences de la VFC.
La variabilité de la pression artérielle est beaucoup moins modifiée que celle de
la VFC par la transplantation bipulmonaire, ce qui met en évidence que les
afférences pulmonaires contribuent spécifiquement a la modulation de la VFC.
Cette observation est un argument fort pour reconnaitre des voies de régulation
différentes pour les variabilités de fréquence cardiaque d’'une part et de pression

artérielle d’autre part.

Le troisiéme article traite des effets sur la modulation cardiovasculaire de
blocages pharmacologiques du SNA sur les régulations de fréquence cardiaque
et de vasomotricité périphérique, au repos et pendant I'exercice. Nous avons
émis I'hypothése que la VFC devrait diminuer suite a un blocage vagal ou
sympathique, et disparaitre pendant le blocage simultané des deux branches.
Les résultats suggerent que l'afférence parasympathique au cceur est le principal

déterminant de la VFC, le réle de la branche sympathique étant, quant a lui,

moins important. En effet, les blocages sympathiques ne modifierent pas les



indices de HRV au repos, ce qui indique qu'un blocage sélectif des récepteurs R3-
adrénergiques cardiaques n'a aucun effet sur les oscillations spontanées du
rythme cardiaque. Ces effets sont spécifiques a la VFC car les effets observés
sur la variabilité de la pression artérielle sont indirectement liés a l'action des
substances actives administrées. Les changements de la sensibilité du
baroréflexe étaient consistants avec les variations de la variabilité de la pression
artérielle, suggérant que les baroréflexes pourraient moduler la composante LF

du spectre de variabilité de la tension artérielle.

Avec le dernier article, nous nous sommes concentrés sur I'analyse de la
dynamique de déplacement du point d’opération du baroréflexe en début d’effort.
Les schémas de la dynamique du rétablissement du baroréflexe a l'apparition de
I'exercice ont été caractérisés par deux phases distinctes, indépendamment de
la posture. Nous supposons que le retrait de I'action vagale sur le cceur, peut étre
dd a une commande centrale, pourrait expliquer le changement de la sensibilité
du baroréflexe au début de I'exercice, alors que la branche sympathique du SNA
pourrait représenter la composante efférente de la boucle nerveuse de controle
du processus de réinitialisation du baroréflexe. En conclusion, le changement de
la sensibilité du baroréflexe et le processus de réinitialisation sont deux

phénomeénes distincts, sous I'influence de systémes de contréle différents.
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1. Introduction



L’homme s’intéresse depuis plusieurs siecles aux pulsations cardiaques,
exprimées comme telles pour la premiére fois dans les écrits du scientifique grec
Herophilos en 300 av. JC (Billman, 2011). Au cours de I'histoire de la médecine
et de la physiologie, les chercheurs comprirent que la fréquence de ces
pulsations cardiagues variaient dans le temps, et Hales fut le premier, en 1733,
a décrire la variation de lintervalle de chaque battement durant le cycle
respiratoire. La technologie et les découvertes s’accélérérent pour atteindre, de
nos jours, des niveaux de compréhension importants au regard du chemin
parcouru. Il est généralement admis depuis longtemps que méme dans un état
stationnaire, la fréquence des pulsations cardiaques varie spontanément autour
d’'une valeur moyenne. L'étude de la variabilité spontanée de la fréquence
cardiaque (VFC) est un important sujet de recherche dans le domaine de la

physiologie cardiovasculaire depuis 35 ans au moins.

Méme si de nombreuses avancées ont permis de mieux comprendre les
enjeux médicaux de la VFC et de la régulation de la pression artérielle, restent
certaines zones d’'ombre, sujets de nombreux débats scientifiques, autour des
mécanismes de régulation de ces phénomeénes. De méme, selon les conditions
physiologiques et environnementales rencontrées, le réle que joue le systeme
nerveux autonome (SNA) au sein de ces mécanismes reste encore controverse.
Cette thése de doctorat, sans avoir la prétention de répondre a 'ensemble des
questionnements du vaste sujet qu'est la régulation des mécanismes
cardiovasculaires centraux et peériphériques, essaye d’apporter un éclairage
supplémentaire, et ce par I'analyse de ces phénomeénes dans diverses conditions

particulieres.



L’ensemble des recherches de cette thése ont été réalisées au sein du
laboratoire de physiologie intégrative des départements APSI / NEUFO de la
Faculté de Médecine de I'Université de Genéve. Cette unité de recherche est
dirigée par le professeur Guido Ferretti, co-directeur de cette thése. Dépendant
de I'école doctorale « Science, Ingénierie, Santé » de I'Université Jean Monnet,
faisant partie du réseau de I'Université de Lyon, cette thése a été réalisée en
étroite collaboration avec le laboratoire de recherche SNA-Epis dirigé par le Dr.
Jean-Claude Barthélémy, deuxiéme co-directeur de ce doctorat. De plus,
certains travaux présentés dans ce travail sont le fruit de collaborations avec le
Karolinska Institutet de Stockholm et le service de pneumologie des hopitaux

universitaires de Geneve.

Les quatre travaux de recherche formant le corps de cette thése et
introduits dans le prochain paragraphe sont complétés par un rappel des
fondamentaux physiologiques traités ainsi que par une description des
phénoménes physiologiques mesurés et de leurs méthodes d’analyse

respectives.

Bien que les travaux étayant ce travail de thése puissent, au premier
abord, sembler traiter de sujets relativement différents, ils regroupent un
ensemble pertinent de conditions de recherche, permettant une étude de large
spectre des problématiques physiologiques et fondamentales des phénomenes
lies a la VFC et a la variabilité spontanée de la pression artérielle (VPA), ainsi
que de leur régulation par les branches sympathique et vagale du systeme
nerveux autonome. Dans un premier temps, nous avons cherché a expliquer les
modifications de la régulation cardiovasculaire enregistrées dans une condition

bien particuliere, celle de I'hypergravité. Cette derniére, simulée par une



centrifugeuse humaine, modifie les parameétres cardiovasculaires par une
importante accumulation de volume sanguin dans les régions déclives du corps.
Les veines, réservoir sanguin, accumulent d’'importantes quantités de sang,
diminuant le retour veineux, le volume d’éjection systolique et, de ce fait, le débit
cardiaque (Bonjour et al., 2010). Ce contexte physiologique particulier est un
terrain d’étude intéressant et inexploré quant a ses effets sur la VFC, la VPA et
la sensibilité des baroréflexes artériels (BRS). Il est le theme du premier article

de cette these.

Le second article traite d’une tout autre condition, en analysant les
résultats obtenus sur un protocole de recherche réalisé avec I'aimable accord de
transplantés pulmonaires. Cette opération, impliquant une condition de
dénervation pulmonaire, a permis de quantifier I'importance des afférences

nerveuses pulmonaires sur la VFC et le BRS.

Le troisieme article est, quant a lui, une étude des effets d’administrations
de substances pharmacologiques stoppant les influx sympathiques et vagaux de
maniére alternée ou simultanée, et ce au repos et durant I'exercice. Le blocage
d’'une partie ou de la totalité des efférences du SNA menant au coeur permet
d’analyser les effets d’'une branche du systéme neurovégétatif sur le systeme
cardiovasculaire, indépendamment de lautre, et d’en extraire ainsi des
informations importantes sur leur influence sur le spectre de puissance de la

VFC, de la VPA et du BRS.

Les trois premiers articles ont analysé des données au repos ou a
I'exercice lors d’état stationnaire. lls ne nous offrent donc aucun éclairage sur les
meécanismes impliqués lors de phases de transition. Ainsi, la derniere contribution

de ce travail de thése est un article consacré a I'étude spécifique du baroréflexe



lors de la phase de transition entre repos et exercice. L’étude de cette phase de
transition, impliquant des méthodes d’analyse différentes, cherche a mettre en
lumiére les mécanismes complexes de la régulation du baroréflexe et de sa
sensibilité en début d’exercice. Nous nous sommes donc concentrés sur
I'analyse de la dynamique de déplacement du point d’opération du baroréflexe.
Ce travail compléte ainsi notre spectre de recherche autour des phénoménes de
régulation de la fréquence cardiaque et de la pression artérielle par le systeme

nerveux autonome.



Premiere partie



2. Fondamentaux physiologiques
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2.1. Systeme cardiovasculaire

Afin de comprendre les actions du SNA sur le systéme cardiovasculaire, il
est important d’en connaitre la structure. Le systeme cardiovasculaire est
composé de plusieurs éléments : le cceur, officiant comme pompe permettant
d’alimenter le réseau cardiovasculaire, lui-méme composé par les artéres et les
artérioles permettant la distribution du sang du cceur vers les organes, et par les
veines et veinules, formant le réseau ramenant le sang vers le cceur. Entre ces
éléments, le réseau capillaire permet un maximum d’échange entre la circulation
sanguine et les tissus environnants. L'organisation structurelle du systéme
cardiovasculaire est représentée dans la Figure 1. La structure du cceur est
représentée dans la Figure 2.

Le cceur, agissant comme une pompe alimentant les réseaux vasculaires,
est constitué de quatre chambres (deux oreillettes et deux ventricules) séparées
en deux entités fonctionnelles indépendantes sur le plan hémodynamique,
chacune composée d’une oreillette et d’'un ventricule placé en série. De chaque
cOté, oreillette et ventricule communiquent a travers un orifice contenant deux
valves unidirectionnelles, dont l'ouverture ou la fermeture dépendent de la
pression prédominantes a chaque instant dans les deux chambres. La
contraction du ventricule gauche, a travers la valve semi-lunaire aortique,
alimente le réseau systémique, qui transporte le sang artériel, presque
completement oxygéné au niveau de la mer, aux tissus périphériques, ou les
échanges de gaz et de nutriments ont lieu entre capillaires et tissus. Apres son
passage dans le lit capillaire, le sang, moins richement oxygéné, est ramené par
les veines au cceur droit, ou le ventricule droit le pompe dans la circulation
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pulmonaire. Les échanges gazeux pulmonaires ont lieu dans les capillaires
pulmonaires, ou le sang artériel se constitue avant d’étre véhiculé a nouveau au
coeur gauche par les veines pulmonaires.

Un tel systeme fonctionne dans la mesure ou une pression de remplissage
positive existe et évite le collapse des vaisseaux. La pression de remplissage du
systéme cardiovasculaire humain est de l'ordre de 7 mmHg. La pression

permettant au ventricule gauche de pomper le sang dans la circulation

Voie aérienne
Poumons

Alvéole

Capillaires
pulmonaires

Artére Circulation )
pulmonaire pulmonaire Veine
pulmonaire
Veines
systémiques Aorte

Réseau
arteriel
systémique

Figure 1 : lllustration du systéeme cardiovasculaire segmenté en circulation systémique et pulmonaire.
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Figure 2 : Le cceur vu en coupe frontale avec ses différentes artéres et veines permettant la circulation et la distribution
du sang dans I'ensemble du corps. Les vaisseaux bleus représente le passage du sang désoxygéné, les vaisseaux rouge
celui du sang oxygéné.

systémique est toutefois bien plus haute que la pression de remplissage. De
norme, elle atteint au repos 120 mmHg durant la contraction cardiaque (systole),
et 80 mmHg durant la phase de relachement (diastole). Une telle pression est
nécessaire pour surmonter les résistances vasculaires périphériques, localisées
surtout au niveau des artérioles, ou a lieu le contr6le de la distribution du débit
sanguin aux différentes circulations régionales.

Afin de faire fonctionner ce cycle en permanence, en fonction des diverses
situations physiologiques que le corps humain peut rencontrer, le cceur et les
artérioles recoivent des influx nerveux. Ces influx, médiés par le SNA, modulent
la fréquence et la force des contractions cardiaques, ainsi que le calibre des

artérioles.
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2.1.1. Structure contractile cardiaque

Le muscle cardiaque, appelé myocarde, permet la contraction des
ventricules. Il s’agit d’'un muscle strié involontaire, composé de cardiomyocytes.
Ces cellules contractiles spécialisées sont reliées par des disques intercalaires
constitués de deux éléments importants, les desmosomes et les «gap
junctions » qui, grace a leur structure tubulaire protéique, permettent une
circulation facilitée des potentiels d’action électriques indispensables a la
polarisation et a la dépolarisation de I'ensemble du tissu cardiaque. Les
desmosomes sont, eux, des filaments jouant le réle de liens mécaniques entre

chaque entité cellulaire.

2.1.2. Structure conductrice cardiaque

Des cellules particulieres non contractiles diffusent efficacement le
potentiel d’action dans I'ensemble du tissu myocardique. Ce potentiel d’action est
généré par le mouvement d’ions (K*, NA*, CA**) a travers des canaux ioniques
transmembranaires. Ce déplacement d’ions, par définition chargé
electriquement, implique un changement des charges de part et d’autre des
membranes cellulaires, créant ainsi une dépolarisation qui, atteignant un seuil
limite, dépolarise la cellule selon une loi du « tout ou rien » : la dépolarisation est
compléte et toujours a la méme puissance ou ne l'est pas du tout. Cette

dépolarisation de 'ensemble des cellules contractiles du coeur est synchrone.
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Action potential of cardiac muscles
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Figure 3 : Graphique décrivant le potentiel membranaire en fonction du temps ainsi que les déplacements ioniques a
travers cette membrane cellulaire.

Le potentiel d’action s’initie au sein du nceud sinusal, sur la face
postérieure de l'oreillette droite. Les cellules le constituant ont la particularité
d’étre autorythmiques et génerent un potentiel d’action spontané sans stimulation
externe. La régulation inhibitrice permanente du systéme nerveux
parasympathique fixe sa fréquence de dépolarisation a environ 70 battements
par minute chez 'homme. Ce rythme de dépolarisation est influencé par les
neurotransmetteurs dont nous discutons dans le chapitre « Systéme nerveux
autonome ». L’acétylcholine, au travers de [Iactivation de récepteurs
muscariniques spécifiques, réduit la concentration d’adénosine monophosphate
cycligue (AMPc), ce qui allonge la dépolarisation diastolique, diminuant ainsi le
rythme cardiaque. L’adrénaline et la noradrénaline agissent sur des récepteurs

bétal—adrénergiques et provoquent, au contraire, une accumulation d’AMPc
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Figure 4 : Schéma descriptif de I'ensemble des tissus conducteurs du cceur.

ayant pour effet d'augmenter la fréquence des cycles de polarisation et de
dépolarisation du myocarde. Par la suite, le potentiel d’action est transmis aux
ventricules par le noeud atrioventriculaire et par le faisceau de Hiss, ce qui
implique un délai de 40 millisecondes pour remplir efficacement les ventricules

avant la contraction de leurs cellules myocardiques via les fibres de Purkinje.
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2.2. Systeme nerveux autonome

Les différents systémes du corps humain et les organes en faisant partie
sont influencés par le SNA. Ce systeme, aussi appelé systeme nerveux végétatif,
est donc lié a la plupart des organes du corps humain. Sa fonction est de réguler
et de moduler leurs activités. Cette action sur les organes s’effectue

automatiguement et majoritairement de maniere inconsciente.

N. réticulaire du thalamus

N. intralaminaire du thalamus

Hypothalamus

N. Meynert

Aire préoptique

Mésencéphale

Pont

Locus coeruleus

N. tractus solitaire

Figure 5 : Schéma neuro-anatomique localisant, entre autre, les zones de contréle du systéme nerveux autonome.

Le SNA est divisé en deux différents sous-systémes travaillant en
parallele, dans des directions souvent opposées, la plupart du temps sur des
organes cibles similaires. La premiére de ces deux branches, appelée
parasympathique, posséde des nerfs efférents, partant, d’'une part, du tronc
cérébral et, d’autre part, de la partie sacrale de la colonne vertébrale (S2-4).
L’autre branche, appelée systéeme nerveux sympathique, posséde un réseau
neuronal prenant naissance dans les parties thoracique et lombalgique (L2-3) de
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la colonne vertébrale. Un résumé de l'organisation structurelle du SNA est

reporté dans la Figure 6.

PARASYMPATHETIC NERVES SYMPATHETIC NERVES
“Rest and digest” “Fight or flight”
Constrict pupils Dilate pupils

Stimulate saliva Inhibit salivation

Slow heartbeat Increase heartbeat

Cervical | . ‘
Constrict airways | nerves : Relax airways

Stimulate activity
of stomach

Inhibit activity

Thoracic | of stomach

nerves

Inhibit release of Stimulate release

glucose; stimulate of glucose; inhibit
gallbladder gallbladder
Stimulate activity #0008 ; >0 Inhibit activity
of intestines SRS Lumbar J 1 of intestines
¢ nerves | :
Secrete
epinephrine and
norepinephrine
Contract bladder Relax bladder
Promote erection Promote
of genitals ejaculation and

vaginal contraction

Figure 6 : Systéeme nerveux autonome et ses deux branches distinctes : le systéeme nerveux sympathique et le systéeme
nerveux parasympathique. Description des origines nerveuses au sein du systéme nerveux central de chacun des
systemes.

2.2.1. Systéme nerveux parasympathique

Le systeme nerveux parasympathique est responsable de la partie « repos
et digestion » de nos activités. Il se manifeste principalement durant les situations
neutres, et son role principal est de réduire la consommation d’énergie, en gérant
les activités basales telles que la digestion, la miction, la motilité et la défécation.
Il aide par ailleurs a stocker les réserves corporelles. La structure de la branche

parasympathique est constituée de deux neurones. Un long premier neurone pré-
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ganglionnaire part du tronc cérébral, formant les nerfs facial (VII), oculomoteur
(111) glossopharyngien (1X) et vague (X), ainsi que de la partie sacrale de la moelle
épiniére. Le deuxieme neurone, post- ganglionnaire, trés court, est soit trés
proche de I'organe cible, soit carrément intégré a celui-la.

A hauteur du ganglion, le neurone pré-ganglionnaire libére un
neurotransmetteur, I'acétylcholine, véritable messager chimique qui agit sur les
récepteurs nicotiniques du neurone post-ganglionnaire. En réaction, ce dernier
libére a nouveau de l'acétylcholine, qui stimule cette fois les récepteurs
muscariniques de l'organe cible, qui adaptera son activité si nécessaire. Au
repos, dans des conditions normales, lorsque les deux branches du SNA sont
actives, l'activité parasympathique est de regle prédominante (Mendelowitz,

1999), ce qui est principalement da a 'activité du nerf vague.

2.2.2. Systéme nerveux sympathique

C’est le systéme nerveux sympathique qui, lors de situations d’'urgence ou
de danger, prépare le corps aux réponses dites « fight-or-flight ». Ainsi, il est
responsable de tous les mécanismes qui augmentent la consommation d’énergie
et prépare le corps a l'action par 'augmentation de la pression artérielle, la
tachycardie, la vasoconstriction périphérique, etc. Ce systeme fonctionne lui
aussi selon un modeéle a deux neurones. Un premier neurone pré-ganglionnaire
court, situé dans la partie thoraco-lombaire de la moelle épiniére, libére aussi de
I'acétylcholine dans le ganglion para- ou pré-vertébral, qui active les récepteurs
nicotiniques situés sur le second neurone post-ganglionnaire. Ce dernier libére a
son tour de la noradrénaline, qui active les récepteurs adrénergigues des tissus
cibles périphériques qui peuvent étre de deux classes différentes : les récepteurs
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alpha (a) et les récepteurs béta (). Les premiers sont de deux types : a1 et aa.
Les a1 sont situés sur la membrane des cellules musculaires lisses du systeme
vasculaire. Leur excitation a wun effet vasoconstricteur participant a
'augmentation de la pression artérielle. Bien que les récepteurs a2 soient
présents sur les membranes des cellules musculaires lisses du systeme
vasculaire, ils ne jouent qu’un réle mineur dans le contréle des résistances
vasculaires périphériques. Les récepteurs béta sont aussi de deux types : les B1
et les B2. Les B1, que I'on retrouve sur les fibres myocardiques, participent aux
réponses sympathiques chronotropes positives et inotropes positives décrites
dans le chapitre suivant, tandis que les B2 sont localisés dans les fibres
musculaires lisses de certaines artérioles et ont, contrairement aux récepteurs
alpha, un effet vasodilatateur lorsqu’ils sont stimulés.

Les organes qui réagissent a la noradrénaline peuvent présenter 'une ou
I'autre classe sur leur membrane. La liaison de la noradrénaline aux récepteurs
a a un effet excitateur. La liaison aux récepteurs B a un effet variable selon le
type de récepteur cible, comme cité plus haut. Par exemple, la liaison de la
noradrénaline aux récepteurs B1 du muscle cardiaque stimule, par différents
effets, l'activité cardiaque. Les cellules chromaffines de la médullosurrénale et
les neurones post-ganglionnaires des glandes sudoripares s’activent aussi de
maniére particuliére. Les cellules chromaffines sont stimulées par les neurones
pré-ganglionnaires et sécretent de la norépinephrine directement dans le sang.
Pour les glandes sudoripares, a I'exception des paumes de la main et de la
surface plantaire du pied, les neurones pré-ganglionnaires liberent de
'acétylcholine, qui active cette fois, en bout de chaine, des récepteurs

muscariniques.
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2.2.3. Influence du SNA sur le coeur

Le SNA influence le cceur de quatre maniéres différentes :

Le chronotropisme définit I'influence sur la fréquence cardiaque. En effet,
la fréquence d'émission des potentiels d'action par le nceud sinusal peut étre
augmentée via une activation sympathigue des récepteurs 1. On parle alors de
chronotropisme positif. Si la fréquence est diminuée via I'activation vagale des
récepteurs muscariniques, il s’agit alors de chronotropisme négatif.

L'inotropisme définit le potentiel contractile des cellules musculaires
myocardiques. Ces derniéres peuvent, en réponse a un potentiel d’action, se
contracter de maniere plus ou moins importante. Le SNA peut agir sur cette
contractilité de maniére positive via la branche sympathique, ou de maniere
négative, par influence parasympathique. Cependant, [linfluence
parasympathique sur le coeur se fait majoritairement sur le tissu conducteur
cardiague, via les récepteurs muscariniques (M2) présents au niveau des nceuds
sinusal et atrioventriculaire.

Le dromotropisme détermine la capacité de conduction de l'influx nerveux
par les cellules myocardiques du nceud sinusal jusqu'aux cellules ventriculaires
via le réseau nodal. Un stimulus a un effet dromotrope positif lorsqu’il augmente
cette vitesse de conduction du potentiel d'action, via le systéeme nerveux
sympathique. Le stimulus est dit négatif lorsqu’il la diminue par influence
parasympathique.

Le bathmotropisme renvoie a la notion d'excitabilité d'une cellule
cardiaque. On distingue les effets bathmotropes positifs qui, par la branche

sympathique, facilitent la stimulation des cellules myocardiques, et les effets

21



bathmotropes négatifs, qui diminuent I'excitabilité de ces cellules par influence

parasympathique.
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2.3.Pression artérielle

La pression artérielle se définit comme la force appliquée par le sang par unité
de surface des parois vasculaires. Comme on l'a vu dans le paragraphe
précédent, le cycle cardiaque possédant une phase d’'éjection systolique et une
autre de remplissage diastolique, la pression exercée par le flux sanguin sur les
parois des artéres varie de maniére importante. Elle est maximale lors de
I'éjection du sang par la contraction du myocarde. On parle alors de pression
artérielle systolique. Elle devient minimale a la fin de la phase de remplissage du
ceeur. Il s’agit de la pression artérielle diastolique. La pression artérielle moyenne
correspond a la moyenne intégrale des variations de pression instantanée durant
un cycle cardiaque. Cette pression dépend, d’'une part, du débit cardiaque (Qc),
lui-méme dépendant de la fréquence cardiaque (FC) et du volume d’éjection

systolique (VES) selon la formule suivante :

Qc=FC-VES
La pression dépend d’autre part des résistances vasculaires systémiques (RSV)
correspondant a la résistance a I'écoulement du sang dans les vaisseaux

artériels. Le tout s’exprime par la formule :

AP = Qc- RSV =FC-VES - RSV
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2.3.1. Reégulation de la pression artérielle

Les régulations nerveuses de la pression artérielle agissent rapidement,
permettant de moduler a court terme une pression adéquate en changeant le
diamétre des vaisseaux sanguins, ce qui modifiera la RSV, et distribuer le sang
dans les différents organes en fonction des besoins. Durant un exercice
physique, par exemple, les muscles squelettiques augmentent leur activité, donc
leur besoin en oxygene. Pour y répondre, le corps dérive une part du sang vers
les tissus musculaires. Le centre nerveux régissant les mécanismes de
vasodilatation et de vasoconstriction se trouve au sein du bulbe rachidien, proche
du centre cardiaque. C’est le centre vasomoteur. Il envoie continuellement des
influx nerveux aux muscles lisses composant la paroi des vaisseaux artériels via
des afférences nerveuses sympathiques. Par conséquent, les arteres, et
spécifiquement les artérioles, sont toujours sous [linfluence d'un tonus
sympathique que I'on appelle tonus vasomoteur.

Le centre vasomoteur modifie son activité en recevant des influx sensitifs
provenant de différentes structures. Parmi ses influx, ceux qui proviennent de
barorécepteurs sont d'une grande pertinence pour cette these. Les
barorécepteurs sont des récepteurs sensoriels sensibles au changement de la
tension exercée sur les parois artérielles. Ils sont principalement localisés dans
les sinus carotidiens et le sinus de 'aorte. Lors de 'augmentation de la pression
artérielle, ces récepteurs sont étirés et envoient, via les nerfs craniens IX (vague),
et X (glossopharyngien), un influx nerveux au noyau du tractus solitaire, qui
participe a l'intégration des réponses cardiovasculaires. L'influx nerveux libére
dans cette structure du glutamate, un neurotransmetteur qui va relayer

I'information via un réseau polysynaptique vers différents centres médullaires. La
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Figure 7 résume l'ensemble des mécanismes nerveux de régulation de la

pression artérielle.
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Figure 7 : Schéma élaboré des mécanismes de contréle de FC, PA et des différents mécanismes de rétroaction du
baroréflexe, illustrant les différentes actions vagales, a- et 8-sympathiques indépendantes. BP = pression artérielle ;
CO = débit cardiaque ; HR = fréquence.

BN

Parmi les mécanismes de régulation a long terme, une place
particulierement importante appartient au systeme rénine-angiotensine-
aldostérone. Activée par la rénine, libérée par les reins lors d’épisodes de volémie
basse, I'angiotensine |l agit comme vasoconstricteur. L’angiotensine Il stimule
aussi la sécrétion d’hormone antidiurétique et d’aldostérone, qui augmente la
pression artérielle. L’hormone antidiurétique (vasopressine ou ADH) est, elle,
sécrétée par la neurohypophyse et permet une vasoconstriction conséquente
lors de chute importante de la pression artérielle. L’angiotensine Il déclenche
finalement la sensation de soif, amenant a une consommation d’eau augmentant

le volume sanguin, donc la pression artérielle. L’ensemble du systéme rénine-
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angiotensine-aldostérone permet ainsi de garder une homéostasie hydrosodée
constante, primordiale pour maintenir une pression artérielle stable.

Le facteur natriurétique auriculaire, libéré par les oreillettes lors de leur
étirement di a 'augmentation de la pression artérielle, stimule I'excrétion du
sodium et de I'eau, diminuant ainsi le volume sanguin. Il provoque aussi une

vasodilatation généralisée.

2.3.2. Baroréflexe

2.3.2.1. Fonctionnement du baroréflexe

Les médiations sympathiques et parasympathiques du baroréflexe sont,
par la suite, régulées via des cheminements physiologiques différents. La
réponse vagale est envoyée a travers un simple arc réflexe en passant par le
noyau ambigu et le noyau dorsal du nerf vague. La composante cardiaque du
baroréflexe est largement modulée dans ces aires régulatrices. La réponse
sympathique est plus complexe avec d’importants points de contrdle dans le
noyau du tractus solitaire ainsi que dans les parties rostrale (RVLM) et caudale
(CVLM) du bulbe rachidien, ou moelle allongée, ventrolatérale. Le noyau moteur
dorsal, a travers un interneurone inhibiteur, envoie l'information nerveuse au
CVLM et au RVLM. L’activation de fibres sensibles au GABA dans le CVLM
inhibe les neurones sympatho-excitatoires du RVLM, ce qui résulte en une
diminution de la pression artérielle et du tonus sympathique (Guyenet et al. 2010 ;
Madden et Sved, 2003). Ces efférences ont donc deux destinations distinctes.
L’une centrale, en direction du coeur et l'autre périphérique, vers le systeme

vasculaire.
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Le systéme baroréflexe décrit ci-dessus correspond a ce que I'on appelle
le baroréflexe artériel, ou a haute pression, répondant aux rapides variations de
pression de la partie artérielle de la circulation. Cependant, il existe aussi un
baroréflexe & basse pression qui percoit les changements de distension du
systeme veineux, jouant un réle important de capacitance. Ce baroréflexe a
basse pression module donc principalement la volémie, qui influence aussi
directement la pression artérielle (Daugirdas, 2001). Un changement de volume
sanguin important activant aussi secondairement le baroréflexe a haute pression,
suite a la modification de la pression artérielle par 'augmentation du retour

veineux qui influence le débit cardiaque, il n'est pas aisé, en pratique, de

dissocier les deux baroréflexes.
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Figure 8 : Schéma représentant I'ensemble du systeme de régulation du baroréflexe par les voies efférentes
sympathiques et parasympathiques et des neurotransmetteurs impliqués dans la transmission de I'information.
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2.3.2.2. Méthodes d’investigation du baroréflexe chez 'lhomme

Les différentes analyses du baroréflexe reposent sur deux méthodes
d’'investigation distinctes. L’approche «en boucle ouverte » implique soit la
modification de la pression de distension des carotides par des procédures
d'aspiration ou de pression au niveau du cou, soit 'administration de substances
hypotensives, par exemple le nitroprussiate de sodium, et hypertensives, telle
que la phényléphrine, a des doses croissantes. Les réponses de la pression
artérielle et de la fréquence cardiague sont, par la suite, enregistrées et
analysées (Eckberg et Sleight, 1992). L'étude en boucle ouverte des baroréflexes
a conduit a la construction de la courbe classique du baroréflexe artériel, que

Kent et al. (1972) ont traitée avec un modele logistique
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Figure 9 : Modele de la courbe classique du baroréflexe basé sur les travaux de Kent et al. (1972) décrivant les réponses
de la fréquence cardiaque (HR) et de la pression artérielle moyenne (MAP) dérivées de I'application, sur les carotides,
d’une pression extérieure. Le « responding range » (A1) représente le changement maximum de la variable
dépendante. Le « operating range » est la différence entre la pression du sinus carotidien au seuil et la saturation du
réflexe. Le gain maximal est calculé comme étant la valeur du gain au point central. Il est utilisé comme index de la
réponse du baroréflexe au niveau carotidien. La pente de la fonction du baroréflexe carotidien représente le coefficient
du gain (A2) (Raven et al., 2006).
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Ce modele a identifié plusieurs parameétres décrivant la réponse
baroréflexe. Le dit « operating point » est défini comme étant, sur la courbe de
baroréflexe, le point ou la pression artérielle et la fréquence cardiaque sont
prédominantes avant l'introduction d'un stimulus aigu. Les études en boucle
ouverte démontrent que ce point peut varier selon les stimuli envoyés par le
systeme nerveux central et périphérigue (Raven et al., 2002 ; Raven, 2008 ;
Fadel and Raven, 2012 ; Mitchell, 2013). Le gain maximal du baroréflexe
représente quant a lui la valeur du gain au point médian de la pression, autrement
dit le point central de la courbe du baroréflexe (Raven et al., 2006).

Par ailleurs, les méthodes « en boucle fermée » s'appuient sur un suivi
continu, battement par battement, des changements de la pression artérielle et
de la fréquence cardiaque. Elles n'impliquent donc pas de modification de la
pression par stimuli externes. De cette maniére, la boucle de rétroaction restant
fermée, donc dans des conditions physiologiques, l'influence des changements
de fréquence cardiaque sur la pression artérielle peuvent étre mesurés. Ayant
utilisé ce type de méthode dans nos travaux de recherche, nous développerons
de maniere plus précise ces méthodes en boucle ouverte dans un chapitre

ultérieur.
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3. Phénomenes physiologiques

mesureées
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3.1. Variabilité de la fréqguence cardiaque

L’étude de la variabilité spontanée de la fréquence cardiaque, ou de
l'intervalle RR, est devenue un outil important de I'étude de l'activité du SNA, de
méme qu’un standard clinique reconnu. Afin de comprendre cette méthode, il est
important de revenir sur les activités électrigues du cycle cardiaque. Ces
derniéres se mesurent grace a un électrocardiogramme (ECG), qui se divise en
plusieurs segments nommeés communément P, Q, R, S et T, représentés dans la
Figure 10. L'onde P correspond a la dépolarisation des oreillettes, le complexe
QRS a la dépolarisation ventriculaire et 'onde T a la repolarisation du cceur en
fin de cycle. Le pic R, facilement repérable dans des enregistrements effectués

parallelement a l'axe électrique du cceur, est donc utilisé afin de mesurer

QRS
Complex

ST
PR Segment
p Segment T
PR Interval Q
S

Figure 10 : Déflexions p, q, r, s et t sur le tracé de I'ECG.

QT Interval

précisément l'intervalle entre deux pics consécutifs, donc la durée d'un cycle

cardiaque. Il a vite été évident que méme au repos, en condition stable, la durée
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d’'un cycle cardiaque subit des variations spontanées. On discerne rapidement
les différences de variabilité, comme le montre la Figure 11, avec le tracé d’'une
jeune personne en bonne santé (A), durant un exercice physique (B), et celui

d’'une personne agée avec insuffisance cardiaque (C).

-
(41}

o
n

intervalle R-R (sec.)
P

(A) (8) (©)

Figure 11 : Exemple de mesures de I'intervalle RR durant 5 minutes, dans trois cas différents, avec une variabilité élevée
(A) et faible (B et C)

Ces variations spontanées peuvent étre analysées dans les domaines du temps
et de la fréquence. Toutefois, afin d’obtenir une définition des événements
suffisamment fine, il est important que le signal ECG ait une fréquence
d’échantillonnage supérieure a 250Hz (Task Force of the European Society of
Cardiology and the North American Society of Pacing and Electrophysiology,
1996). Il est important de nettoyer le tracé afin d’obtenir un signal propre, sans
battement ectopique ou manquant. Cette étape est réalisée en utilisant des filtres
éliminant les faux battements ainsi que des algorithmes d’interpolation qui
permettent de moyenner un battement devant étre remplacé en prenant en
compte les battements précédents et suivants. Une fois ces manipulations
réalisées, deux méthodes distinctes peuvent étre utilisées. Elles sont décrites

dans les paragraphes suivants.
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3.1.1. Analyse temporelle de la variabilité de fréequence

cardiaque

La plus ancienne, mais aussi la plus commune des méthodes d’évaluation
en milieu clinique, consiste, en déterminant chaque complexe QRS et donc
chaque intervalle RR normal (aussi nhommé « normal to normal » (NN), a
connaitre la FC a un instant t (Task force, 1996 ; Malik, 2004 ; Lahiri et al., 2008).
Cette méthode temporelle ne permet pas de différencier de maniéere spécifique
I'activité des branches sympathique et parasympathique du SNA, et il est
recommandé de I'utiliser sur de longues périodes d’au moins 18 heures (Buijs et
Swaab ; 2013). Différents indices dérivés de la mesure directe de l'intervalle RR
peuvent étre calculés sur la base de ces mesures. Le premier, nommé SDNN,
consiste a calculer la déviation standard de I'ensemble des intervalles RR sur
I'enregistrement. Il donne une information globale de la variabilité. La durée de
I'enregistrement fera donc varier l'indice, et des sessions d’enregistrement de
durées inégales ne doivent, de ce fait, pas étre comparées (Task force, 1996 ;
Crawford et al., 1999 ; Kleiger et al., 2005).

De ce paramétre, deux variantes créées en divisant I'ensemble de
'enregistrement en périodes de cing minutes sont possibles. La premiere, le
SDNN index, mesure la moyenne des déviations standards des intervalles RR
de I'ensemble des périodes de cinqg minutes. Le SDANN index calcule, sur
'ensemble de l'enregistrement, la déviation standard de la moyenne des
intervalles RR pour chaque période de cing minutes. Il renseigne plutét la
variabilité a long terme. D’autres variables peuvent étre dérivées des différences
entre les intervalles RR. Ainsi, NN50 représente le nombre d’intervalles RR

33



successifs variant de plus de 50 ms. SDSD est la déviation standard de la
différence entre les intervalles RR successifs. rMSSD est la moyenne
quadratique (i.e. la racine carrée de la moyenne arithmétique des carrés de ces
nombres) des intervalles RR successifs, et exprime, entre autre, la variabilité a
court terme des hautes fréquences décrites dans le chapitre suivant, et modulées
principalement par la respiration. Le pNN50 est le nombre d’intervalles RR
successifs variant de plus de 50 ms divisé par le nombre total d’intervalles. Il
reflete aussi la variabilité des hautes fréquences, rapportées a la modulation
parasympathique du cceur par le SNA (Task force, 1996 ; Kleiger et al., 2005).
De l'ensemble des paramétres temporels, aucun n’est considéré comme
représentant principalement les modulations sympathiques du cceur.

Un autre type d’analyse temporelle, dit géométrique, consiste a convertir
les séries d’intervalles RR en formes géométriques, telles que I'histogramme, le
HRV triangular index, ou encore la méthode basée sur les graphiques de Lorenz
ou de Poincaré (Kleiger et al., 1987 ; Malik, 2004). Méme si elles permettent une
appréciation visuelle intéressante, ces méthodes restent cependant peu
répandues dans la recherche fondamentale. L'ensemble des paramétres

calculés par analyse temporelle sont résumés dans le Tableau |I.

Tableau |
Variable Unité Description
SDNN Ms  Ecart-type de tous les intervalles RR sur la
période d’enregistrement
SDNN index Ms  Moyenne des écarts-types des intervalles RR de

chaque période successive de 5 minutes durant

I'enregistrement.
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SDANN index Ms  Ecart-type de la moyenne des intervalles RR de
chaque période successive de 5 minutes durant
I'enregistrement.

NN50 - Nombre d’intervalles RR successif normaux
supérieurs a 50 ms sur l'ensemble de
I'enregistrement.

SDSD Ms  Ecart-type de la différence entre les intervalles
RR successifs sur 'ensemble de
I'enregistrement.

rMSSD Ms  Racine carrée de la moyenne des intervalles RR
successifs éleves au carré.

pNN50 % Pourcentage d’intervalles RR  successifs
normaux supérieurs a 50 ms, sur 'ensemble de

I'enregistrement.

3.1.1.1. Interprétation, avantages et limites

Les méthodes temporelles sont fréquemment utilisées dans les études
cliniques. Les données recueillies montrent qu’une réduction de la variabilité de
la fréquence cardiaque est généralement associée a une augmentation des
risques de mortalité liés a différentes cardiopathies telles que linsuffisance
cardiaque (Ponikowski et al., 1997 ; Sandercock and Brodie, 2006 ; Tuininga et
al., 1994), 'infarctus du myocarde (Pipilis et al., 1991 ; Singh et al., 1996 ; Zuaneti
et al., 1996), ou encore le syndrome de mort subite (Kudaiberdieva et al., 2007).

Ces méthodes temporelles ont 'avantage d’étre relativement simples et
apportent, dans un contexte clinique, des informations et des pronostics sur les
patients, qui s’avérent utiles pour le personnel médical. Cependant, ces
méthodes sont sensibles aux biais induits par des signaux non stationnaires et
ne permettent pas de fournir des informations sur les différentes fréquences du

signal de la variabilité de l'intervalle RR. Car comme tout signal, celui de la
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variabilité cardiaque est fait de fréquences dont I'analyse apporte de nombreuses
informations physiologiques. C’est pour cela que les méthodes fréquentielles,

discutées dans le chapitre suivant, se révélent étre de puissants outils d’analyse.

3.1.2. Analyse fréquentielle de Ila variabilit¢ de

fréequence cardiaque

Ce second type d’analyse est une méthode décelant les différentes
oscillations d’un rythme. Elle décompose n’importe quel signal en composants
sinusoidaux et permet de tracer le graphique de la puissance de chacun de ces
composants, comme la fonction de sa fréquence. Elle renseigne donc sur la
distribution des ondes composant le signal en fonction de leur fréquence. Les
premiéres études fréquentielles de la variabilité cardiaque datent de 1980
(Akselrod et al., 1981 ; Pomeranz et al., 1985). Il existe principalement trois

méthodes d’analyse fréquentielle.

3.1.2.1. Transformée rapide de Fourier

La premiére méthode d’analyse repose sur les travaux de Jean-Baptiste
Joseph Fourier, mathématicien francgais du XVII¢ siécle. Le principe de base de
la transformée, qui prit son nom, veut qu’un signal stationnaire puisse étre divisé
en une somme de sinusoides simples. Cette opération mathématique permet
donc de décomposer une fonction selon ses fréquences. Ainsi, une suite de
valeurs dépendant du temps est transformée pour donner une autre suite de

nombres, dépendant, cette fois, de la fréquence.
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Ily a 50 ans, Cooley et Tukey proposeérent la transformée rapide de Fourier
(FFT, de I'anglais « Fast Fourier Transform ») pour I'analyse des oscillations de
la fréquence cardiague. Cette analyse non-paramétrique, transforme un signal
temporel en signal fréquentiel en économisant un nombre important d’'opérations
par rapport aux équations proposeées par Fourier. Sa représentation est de forme
spectrale, et le tracé de la puissance du signal s’exprime en fonction des

fréquences exprimées en Hz (Figure 12).

(o TFIf(1)]
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Figure 12 : A gauche, exemple de décomposition d'une fonction simple f(t) en somme de sinusoides. A droite,
représentation spectrale de sa transformée de Fourier TF[f(t)]

Pour une fonction temporelle f(t), la transformée de Fourier se définit

comme Ssuit :

F(v e fo) = [ r. e

Les ordinateurs étant devenus suffisamment puissants, Akselrod et ses
collaborateurs furent les premiers, en 1981, a mettre en évidence chez le chien
conscient la présence de pics de fréquences caractéristiques et observables sur

le spectre de la variabilité cardiaque (Figure 13).
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Figure 13 : Spectre de Fourier de la variabilité RR. Différents pics de fréquences sont observables sur le spectre. Les
trés basses fréquences (VLF) autour de 0,01 - 0,1 Hz, les basses fréquences (LF) autour de 0,1 - 0.15 Hz et les hautes
fréquences (HF) autour de 0,3 — 0,5 Hz. (Akselrod et al., 1985)

Ces pics de fréquences semblaient refléter par leur amplitude et leur localisation
sur le spectre, des phénomeénes physiologiques résultant de I'activité régulatrice
sympathique et parasympathique du SNA. Depuis lors, de trés nombreuses
études ont été réalisées dans le but de mieux comprendre les différentes
corrélations entre puissance spectrale et influences sympathique et
parasympathique. De nombreux résultats sont contradictoires, et les causes
physiologiques de certains pics, ainsi que les effets de certaines situations ou
substances, sont encore discutés aujourd’hui. Nous reviendrons ultérieurement

et de maniere plus précise sur ces résultats.
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3.1.2.1.1. Avantages et inconvénients

Le principal avantage de la méthode d’analyse par FFT est la simplicité de
son utilisation. L’algorithme utilisé permet des analyses trés rapides sur les
logiciels informatiques actuels.

Son principal inconvénient réside dans I'obligation d’utiliser des données
enregistrées dans des conditions stationnaires. Les enregistrements de longues
durées étant sujets aux variations que le corps humain traverse au cours de la
journée, ils s’avérent peu précis et demandent une vérification de la stationnarité

de leur signal.

3.1.2.2. Modéle autorégressif

Une deuxieme méthode, dite autorégressive, permet d’analyser de
maniére fréquentielle la variabilité cardiaque. Cette analyse paramétrique, mise
en avant par Pagani et al. (1986), a pour principale différence la maniere dont les
données sont considérées. La série temporelle vue par la FFT est faite de
composants déterministes alors que le modéle autorégressif traite les données
comme un mélange de données déterministes et stochastiques (Berntson et al.,
1997). Plutét que de reproduire précisément le spectre de puissance, comme le
fait 'analyse FFT, le modele autorégressif se concentre sur les pics les plus
significatifs afin de s’ajuster de la meilleure maniére a un modéle prédéterminé.
Cela a pour effet d’atténuer le bruit du signal et d’éliminer ce qui peut étre
considéré comme des artéfacts. Ainsi, la FFT est considérée comme une
meéthode descriptive, alors que le modéle autorégressif découle plus d’un
processus statistique. Malgreé les avantages et inconvénients de chaque méthode

(Task Force, 1996), il est admis que les méthodes paramétrique et non
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paramétrique fournissent des résultats similaires, pour autant que le modele
autorégressif déterminé soit bon et que les signaux analysés soient stationnaires

(Parati et al., 1995)

3.1.2.2.1. Avantages et inconvénients

Le lissage énoncé précédemment permet une lecture facilitée des
éléments principaux du spectre. De plus, méme avec un échantillon de valeurs
réduit, le modéle autorégressif permet une bonne analyse de la densité de
puissance spectrale, pour autant que le signal soit stationnaire. Un autre
avantage de cette méthode est la possibilité, en passant par un post-traitement
des données spectrales, de séparer facilement les LF et les HF par des calculs
automatises.

Le fait de devoir vérifier la validité du modéle déterminé reste le principal
inconvénient de la méthode autorégressive. En effet, les résultats pour la méme
bande de fréquence peuvent grandement varier en fonction du type de modéle
autorégressif choisi (van de Louw, 2010). Cependant, Miranda Dantas et al.
(2012) semblent avoir montré que le choix du modéle n’affectait pas les valeurs

normalisées de LF et HF.

3.1.3. Composants spectraux

L’interprétation des paramétres issus de la variabilité cardiagque étant
complexe, une standardisation des différentes fréquences a été mise en place.
Dans le spectre de variabilité cardiaque, quatre pics ont été identifiés comme

étant caractéristiques. Chacun de ces pics, situé dans une bande de fréquence
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donnée, peut étre quantifié en intégrant I'air sous la courbe spectrale de la dite
bande de fréquence. L'analyse de la densité de puissance spectrale de chacun
de ces indices est exprimée en ms?. Les caractéristiques de ces indices sont
listées dans le tableau Il.

Le premier indice caractérise ce qu’on appelle les ultra-basses fréquences
(ULF, Ultra Low Frequency). Elles ne sont mesurables qu'avec des
enregistrements de trés longues durées, car comprises en dessous de 0,003 Hz,
ce qui représente des variations du R-R d’au minimum six minutes et jusqu’a 24
heures (Task Force, 1996). Ces fréquences pourraient refléter les cycles
circadiens et des rythmes neuro-endocriniens (Barrett et al., 2001), mais leur
signification, a I'heure actuelle, reste encore floue.

Le second indice caractérise les tres basses fréquences (VLF, Very Low
Frequency), qui se mesurent entre 0,003 Hz et 0,04 Hz. Des résultats suggérent
une corrélation avec le systeme rénine angiotensine (Akselrod et al., 1981 ;
Taylor et al., 1998), le systeme humoral de maniére plus générale (Braga et al.,
2002 ; Porter et Rivkees, 2001) et la thermorégulation (Aoki et al., 2001 ;
Blumberg et al., 2001 ; Overton et al., 2001 ; Task Force, 1996). Cependant, les
mécanismes physiologiques corrélés a cet indice sont encore discutés, et, tant
les ULF que les VLF sont plus utilisés en cardiologie comme indicateurs de la
mortalité post-infarctus (Bigger et al., 1996) que lors d’analyses cherchant a
expliquer Tlinfluence de [lactivitt du SNA. C’est pourquoi nous ne les
développerons pas davantage.

Viennent ensuite les basses fréquences (LF, Low Frequency), comprises

entre 0,04 Hz et 0,1 Hz. Leur interprétation physiologique reste encore largement
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discutée. Ces interprétations seront développées plus longuement dans un
chapitre ultérieur.

Enfin, quatrieme et derniere catégorie de fréquences, les hautes
fréquences (HF, High Frequency) comprises entre 0,15 Hz et 0,4 Hz. Cette
catégorie de fréquence a été associée a I'activité parasympathique (Pagani et al.,
1986 ; Task Force, 1996) et a la fréquence respiratoire. Tout comme pour les LF,
nous reviendrons spécifiquement sur la signification de cette bande fréquentielle.

En intégrant 'ensemble des composants spectraux énumeérés ci-dessus,
il est facile de connaitre la valeur totale de la puissance du spectre de variabilité
cardiaque (Pror).

Il est aussi possible d’utiliser les valeurs normalisées des indices de
variabilité cardiaque. En effet, les ULF et VLF ne pouvant étre mesurées que
durant des enregistrements de longues durées et pouvant représenter plus de
50% de la puissance totale du spectre avec la présence de bruits conséquents
(Furlan et al., 1990), il est utile de connaitre la valeur relative de LF et HF (LFnu
et HFnu, respectivement) afin de déterminer leur importance dans le spectre, en
mettant de c6té les fréquences en dessous de 0,03 Hz (Task Force, 1996 ;
Malliani, 1991 ; Pagani, 1986). Ainsi, LFnu et HFnu s’obtiennent par les équations

suivantes et s’expriment en pourcentage :

LF
LFnu = 100 -
"” Pror — (ULF + VLF)
HF
HFnu = 100 -

Pror — (ULF + VLF)
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Tableau Il

Variable

Unité

Bande de
fréquence (Hz)

Description

Prot

ULF

VLF

LF

HF

LFnu

HFnu

LF/HF

Ms?

Ms?

Ms?

Ms?

%

%

0-0,5

< 0,003

0,004 - 0,04

0,05-0,14

0,15-0,4

Puissance totale des intervalles RR
sur la totalité de I'enregistrement.
Puissance des intervalles RR dans
la bande spectrale des ULF.
Puissance des intervalles RR dans
la bande spectrale des VLF.
Puissance des intervalles RR dans
la bande spectrale des LF.
Puissance des intervalles RR dans
la bande spectrale des HF.
Puissance relative des intervalles
RR dans la bande spectrale des LF
sur la puissance totale sans les ULF
et VLF

Puissance relative des intervalles
RR dans la bande spectrale des HF
sur la puissance totale sans les ULF
et VLF.

Rapport entre la puissance dans la
bande spectrale des LF sur celle des
HF.
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Figure 14 : Variabilité de la fréequence cardiaque. Le calcul des intervalles RR consécutifs (a) sur I'ECG résulte en une
courbe sur le tachogramme (b) Cette derniére peut étre analysée dans le domaine fréquentiel (c) et le domaine
temporel (d). L’analyse spectrale (c) et I’histogramme (d) correspondent a des résultats provenant d’un enregistrement
Holter sur 24 heures. L’histogramme montre deux pics : le premier, autour de 1100ms, correspond a la fréquence
cardiaque nocturne moyenne, et le second, a environ 750ms, correspond a la fréquence cardiaque durant la journée.
FFT : transformée de Fourier, HF : haute fréquence ; HR : fréquence cardiaque ; LF : basse fréquence ; Ln : logarithme
naturel ; T : puissance totale. (Aubert et al., 2003).

3.1.3.1. Interprétation des composants spectraux

De nombreux travaux ont tenté d’interpréter 'ensemble des indices de la

variabilité¢ de la fréequence cardiague. Comme mentionné dans le chapitre
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précédent, nous ne nous intéresserons pas aux ULF et VLF, dont I'interprétation

sur des enregistrements a court terme n’est pas possible (Task Force, 1996).

L’interprétation de la composante LF du spectre de puissance de la
variabilité cardiaque reste encore de nos jours un sujet controversé de débats
scientifiques. Longtemps, la composante LF fut présentée comme le miroir de
I'activité sympathique par une partie importante de la communauté scientifique
active dans le domaine (Kamath and Fallen, 1993 ; Malliani et al., 1991 ; Pagani
et al., 1986 ). Cependant, d’autres chercheurs voient dans les LF non seulement
un indicateur des activités sympathiques, mais aussi des activités
parasympathiques, car les blocages pharmacologiques vagaux ou sympathiques
amenent, les deux, a une diminution des LF (Houle et Billman 1999 ; Pomeranz
et al., 1985 ; Persson et al., 1992). D’autres études ont mis en évidence le lien
entre les LF et I'activité nerveuse sympathique du muscle (MSNA) (Nakata et al.,
1998 ; Saul et al., 1990). Cette derniere ne reflete qu’une activité périphérique et
musculaire, mais en agissant sur la pression artérielle via des substances vaso-
actives, on observe les mémes effets sur les efférences cardiaques que sur le
MSNA (Ninomiya et al., 1971), ce qui démontre donc bien le lien entre les LF et

I'activité sympathique.

Concernant la fenétre des HF, son interprétation est plus claire, et
'ensemble de la communauté scientifique s’accorde pour dire qu’elle est un
contributeur majeur de I'activité parasympathique. En effet, plusieurs études
(Akselrod et al., 1981, 1985 ; Pomerantz et al., 1985) montrent le lien entre cet
indice et 'activité de régulation du nerf vague sur le cceur. D’autres chercheurs

se limitent & affirmer que le pic HF refléte les effets du rythme respiratoire sur la
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fréquence cardiaque, d’autant plus que la localisation du pic HF dans le spectre
de la variabilité cardiaque correspond a la fréquence respiratoire (0,25 Hz de
norme au repos). Les HF se situant dans la méme fourchette de fréquence, elles
peuvent donc toujours étre influencées par les variations mécaniques ou les
changements de pression intra-thoracique, modifications anatomiques
engendrées par la respiration. Cependant, lors d’administration d’atropine
(Akselrod et al., 1981) ou durant I'anesthésie (Latson, 1992), ces fréquences
disparaissent sans que la ventilation ne s’arréte. De plus, des expériences
cliniques et fondamentales avec manceuvres sur le SNA par blocage de
récepteurs muscariniques, stimulation électriqgue du vague, ou encore vagotomie
(Akselrod et al., 1981 ; Malliani et al., 1991 ; Pomeranz et al., 1985) démontrent

clairement le lien entre la composante HF et le systeme parasympathique.

Certains chercheurs ont proposé d'’utiliser le rapport entre la composante
LF et HF pour établir ce qu’ils ont défini comme la balance sympatho-vagale. En
effet, sila composante LF est uniquement un marqueur de l'activité sympathique
et la composante HF celui de I'activité vagale, le résultat du rapport de ces deux
valeurs donnerait une information sur I'état du SNA, basé sur le concept voulant
que lorsqu’une de ses branches augmente, I'autre diminue (Pagani et al., 1986 ;
Malliani, 1995). Ce rapport est couramment utilisé mais reste cependant critiqué
par une partie de la communauté scientifique (Berntson et al., 1997; Billman,
2009, 2011 ; Eckberg, 1997; Parati et al., 2006) qui a pour principal argument
que la composante LF ne peut se résumer a un indice de l'unique activité
sympathique, mais est influencée par un mélange de parametres bien plus

complexes.

46



Comme les valeurs absolues des indices de la variabilité de fréquence
cardiaque changent en fonction des conditions et d’'une personne a l'autre, il peut
étre utile de calculer les valeurs relatives des composantes LF et HF afin de
mieux se rendre compte de leur importance au sein du spectre de puissance.
Cela permet d’écarter les ULF et VLF qui représentent une part importante de la
puissance totale, mais ne sont pas interprétables sur de courts
enregistrements (Task force, 1996). Contrairement a la fréquence cardiaque, les
valeurs normalisées peuvent étre influencées par les mouvements respiratoires,
et leur utilisation reste limitée quand elles sont mesurées a I'exercice. Elles
permettent de donner une indication sur linfluence relative des branches
parasympathique et sympathique mais, une fois encore, la relation entre I'activité

de chacune est plus complexe qu’une simple notion de vases communicants.

3.1.4. Transformée d’ondelette

Un désavantage des méthodes fréquentielles réside dans le manque
d’'informations temporelles. En effet, s'il est possible avec ces méthodes de
détecter deux fréquences d’oscillation f et f, il est cependant impossible de savoir
quelle est la fréquence d’oscillation a un instant t, et il est donc impossible de
détecter les changements de fréquence au cours du temps. De ce fait, d’autres
méthodes dites « temps-fréquence » ont été développées pour permettre de
rendre compte de ces changements de fréquences de variabilité de l'intervalle

RR tout au long d’un enregistrement ECG.

La transformée d’ondelette a été introduite par Jean Morlet, chercheur
francais travaillant sur les signaux sismiques dans les années 80 (Morlet et al.,
1982). Tout comme la transformée de Fourier, il s’agit d’'une transformée
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intégrale. La décomposition d’un signal par cette méthode requiert une fonction
W réguliere, nommée fonction mére. Partant de cette derniére, différentes
fonctions sont construites par dilatation ou translation. La transformée d’ondelette

d’un signal f est définie comme :

Wf(a,b)=<f,‘Pa,b>aE]R*bE]R

ou <, > est le produit scalaire L de fet W, ,,i.e., [ f(x) -Wq »(x) - dx.

Contrairement a la transformée de Fourier, cette méthode ne demande
pas a étre réalisée sur un signal stationnaire. Il est donc possible d’analyser des
enregistrements qui, de par leur durée ou leur protocole, impliquent des signaux

de variabilité de fréquence cardiaque inconstants. (Pichot et al., 1999)

3.2.Sensibilité du baroréflexe

Comme nous lavons vu précédemment dans le chapitre des
fondamentaux physiologiques, le baroréflexe est, par définition, un réflexe
physiologique permettant de limiter, a trés court terme, les changements de la

pression artérielle.

En cas de chute de la pression artérielle, le SNA va stimuler ses efférences
sympathiques en direction du cceur et du systéme vasculaire, avec pour résultat
des effets chronotropes et inotropes positifs amenant a une tachycardie et une
augmentation de la contraction du myocarde. De méme, les résistances

artérielles systémiques augmentent, d’ou I'élévation de la pression artérielle.
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Conjointement, la branche parasympathique du SNA inhibe ses efférences
vagales. Le mécanisme inverse sera observé en cas d’augmentation brusque de

la pression artérielle.

La respiration, parmi d’autres facteurs, influence de maniére importante le
baroréflexe. En effet, l'inspiration freine I'activation vagale alors que I'expiration
'augmente, au travers des centres respiratoires situés dans le bulbe rachidien

(Eckberg, 2003).

3.2.1. Importance clinigue de la sensibilité du

baroréflexe

La pression artérielle change donc peu grace au systeme de régulation du
baroréflexe et ce, malgré les nombreuses causes de variation rencontrée par le
corps humain. En effet, les émotions, le positionnement du corps, ou encore
I'exercice sont autant de facteurs qui influencent de maniere importante la
pression artérielle et qui la modifieraient grandement sans la boucle de
rétroaction du baroréflexe. Cette sensibilité est donc trés importante. Les
scientifiques et médecins ont rapidement compris l'importance de cette
sensibilité et ont cherché a mieux la comprendre et a la quantifier. Ainsi, de
nombreuses études (Benarroch, 2008 ; Lanfranchi et Somers, 2002 ; La Rovere
et al., 2008 ; Ormezzano et al., 2008 ; Robinson et al., 2003 ; Skrapari et al.,
2006) déemontreraient que de nombreuses maladies sont corrélées a une baisse
du BRS, et que les pronostics de vie chutent lorsque la sensibilité diminue. Ainsi,
diabete, obésité, maladies coronariennes, age, ou encore hypertension,
impliquent tous une diminution du BRS. Aprés un épisode d’infarctus du

myocarde ou d’insuffisance cardiaque congestive, les patients avec un BRS
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réduit ont de plus fortes probabilités de mortalité cardiague (La Rovere et al.,
2008). Au contraire, I'entrainement physique augmente le BRS de maniére

significative (Hua et al., 2009 ; Joyner et Green, 2009 ; Pagani et al., 1988).

3.2.2. Mesure de la sensibilité du baroréflexe

Mesurer le BRS est donc devenu primordial dans de nombreux domaines
de la médecine. Différentes méthodes existent et sont utilisées selon le contexte
d’investigation. Nous développerons brievement les deux méthodes les plus
performantes selon I'étude de Laude et al. (2004). Ces deux méthodes sont

basées sur une investigation de type « boucle ouverte ».

3.2.2.1. Technique spectrale croisée

La technigue spectrale croisée repose sur la mesure conjointe de la
fréquence cardiaque et de la pression artérielle. En effet, en mesurant
I'amplitude de leurs oscillations a une basse fréquence définie de 0,1 Hz, ou
dans la fréquence ventilatoire, plus élevée, autour de 0,25 Hz, on obtient un
rapport d’amplitude. Ces oscillations surviennent toujours avec un décalage de

phase, la fréquence cardiaque étant précédée de la pression artérielle.

3.2.2.2. Méthode séquentielle

Cette technique se base sur la relation entre la fréquence cardiaque et la
pression artérielle pour quantifier le BRS. En effet, dans des conditions

physiologiques, lorsque la pression artérielle augmente ou diminue sur de trés
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courtes périodes, équivalentes a quelques battements cardiaques, l'intervalle RR
change dans la méme direction (la fréquence cardiaque dans le sens inverse),

par régulation de la boucle de rétroaction du baroréflexe (Bertinieri et al., 1988).

Ces auteurs ont proposé de détecter et de sélectionner chaque épisode
d’au moins trois cycles cardiaques consécutifs ou la pression augmente ou
diminue d’au moins 1 mmHg et l'intervalle RR varie dans la méme direction d’au
moins 6 msec (Figure 15.A). En représentant graphiquement les trois points de
la pression artérielle en fonction de l'intervalle RR, chague séquence permet de
tracer une régression linéaire, dont la moyenne des pentes représente, par

définition, BRS (Figure 15.B).
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Figure 15 : Graphique de la pression artérielle, de la fréquence cardiaque et du rapport du premier en fonction du
deuxieme. On peut observer la diminution de la fréquence cardiaque concomitante a I'augmentation de la pression.

Cette méthode séquentielle a été principalement appliquée a I'étude du

BRS au repos et pendant I'exercice a I'état stationnaire, essentiellement dans un
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contexte d’étude de la fréquence cardiaque et de variabilité de la pression
artérielle (Hartwich et al., 2011 ; lellamo et al., 1994 ; 1997, Kardos et al., 2001 ;
La Rovere et al. 2008 ; Parati et al., 2001 ; Vallais et al., 2009). C’est avec cette
méthode qu’ont été réalisées les analyses du BRS sur I'ensemble des études

présentées dans cette thése de doctorat.
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Seconde Partie
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4. Méthodologie commune
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Les méthodes spécifiques a chacun des travaux de cette thése sont
expliquées précisément dans les articles présentés ultérieurement. Une partie de
cette méthodologie étant commune a I'ensemble des travaux, nous la décrivons

dans ce chapitre.

4.1. Acquisition des données

La fréquence cardiaque et l'intervalle R-R en découlant ont été mesurés

par un systéme d’ECG (Elmed ETM 2000, Heiligenhaus, Allemagne).

La pression artérielle a été enregistrée de maniere continue par un
systeme de mesure placé sur la deuxieme phalange de l'index droit. Ce systéme
(Portapres, TNO, Eindhoven, Pays-Bas), se base sur le principe de la photo-
pléthysmo-graphie (Figure 16). Le systéme enregistre en continu I'évolution du
pulse de pression artérielle durant chaque cycle cardiaque. Les pressions
artérielles systolique et diastolique ont été obtenues comme les plus hautes et
plus basses valeurs identifiées durant chaque battement, a I'aide du programme
« Beatscope » (FMS, Amsterdam, Pays-Bas). Ce procédé mesure la pression

artérielle de maniére non invasive sur une artére périphérique de l'index, et a des

Rone Arteries

LED Detector

Rapid
response
servo pump.

Cuff

Finger

Air

Figure 16 : Schéma descriptif de la méthode de mesure de la pression au doigt par le systéme Portapres.
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caractéristiques mécaniques remarquablement différentes de celles mesurées
sur une artére centrale (Remington et Wood, 1956). Cela impligue une correction
des valeurs absolues de pression artérielle systolique et diastoliqgue (Azabji-
Kenfack et al., 2004) compte tenu des distorsions potentiellement introduites
dans la forme du pulse de pression périphérique. Afin d’éviter des biais de
mesure, le capteur situé au doigt ne se trouvant pas systématiquement a la
méme hauteur que le cceur, le Portapres calcule la différence de hauteur, puis

soustrait ou additionne la différence de pression hydrostatique correspondante.

La respiration, et, plus précisément, la fréquence respiratoire, n‘ont été
mesurées sur les transplantés pulmonaires que dans le cadre du deuxieme
article. En effet, la thématique de cette étude se rapportant surtout au systeme
respiratoire, la régulation et I'influence de ce dernier ont été investiguées de
maniere plus conséquente. La fréquence respiratoire a donc été mesurée par un

appareillage a ultrason (Spiroson, Ecomedics, Suisse) fixé sur un masque

respiratoire.

Afin d’étre convenablement analysé, 'ensemble des signaux a été
digitalisé en paralléle par un systéme d’acquisition multicanaux (MP150, Biopac

Systems, Goleta CA, USA).

4.1.1. Logiciel BRSanalysis

Un programme, développé dans I'environnement MatLab, a permis de
traiter de maniére efficace 'ensemble des données qui composent les trois
articles présentés dans cette these. Intitulé « BRSanalysis », ce programme

informatique a été créé par le Dr Vincent Pichot, spécialiste du traitement de
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signal au sein de 'unité de recherche SNA-EPIS de I'Université Jean Monnet de
Saint-Etienne. Une version permettant uniquement l'analyse de la variabilité
cardiague, donc sans mesure de la pression artérielle et du BRS, a été mise en
acces libre en fin d’année 2016. (Pichot et al., 2016). Cette version, accessible a
tous en téléchargement, varie en quelques points de la version utilisée pour les
travaux présentés dans cette these, mais se base sur les mémes procédures

d’analyse décrites ci-dessous.

BRSanalysis permet de mesurer, dans une fenétre prédéfinie de données,
les différents indices de la variabilité de la fréquence cardiague et de la pression
artérielle, et donc du BRS. Il base son analyse de la variabilité de l'intervalle RR
sur la méthode non paramétrique de la transformée de Fourier décrite dans le
chapitre 3. Il est donc possible de connaitre le spectre de puissance des indices

de la variabilité de l'intervalle RR, et ce pour une fenétre prédéfinie de données.
4.1.1.1. Traitement des données sur BRSanalysis

Le traitement des enregistrements d’intervalles RR comprend trois étapes.
La premiére concerne l'importation des données, tirées, dans notre cas,
d’enregistrements ECG. Ensuite, les pics R sont détectés par un algorithme
largement inspiré des travaux de Chen et al. (2006). Pour ce faire, le signal ECG
est échantillonné a 1000 Hz afin d’assurer une excellente résolution. Un filtre

passe-haut y est appliqué afin de mettre en évidence le complexe QRS.

La deuxiéme étape du traitement du signal ECG concerne la correction et
le formatage des données. Les enregistrements ECG contiennent souvent des
battements ectopiques ou manquants dus aux arythmies cardiaques ou a la

mauvaise qualité du signal. Induisant des erreurs de calcul des indices de
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variabilité cardiaque, ces signaux doivent étre corrigés afin d’éviter de mauvaises
interprétations physiologiques (Saul et al., 1988). La correction de ces
battements inexacts est réalisée par I'algorithme de Kamath et Fallen (1995). Un
filtre comportant des seuils de +32.5% et -24.5% est appliqué (Cheung, 1981).
Ainsi repérés, le nombre de battements manquants est estimé en comparant la
durée du battement qui précéde a la durée totale de celui ayant été caractérisé
comme anormal. Si le nombre de battements a recalculer est de trois ou moins,
une interpolation spline cubique est effectuée. Cette configuration provient
généralement d'un battement ectopique supraventriculaire ou ventriculaire
unigue, ou d'une détection erronée de pic R isolé. Pour quatre erreurs
successives ou plus, les battements manquants sont interpolés en copiant et en
insérant le méme nombre de RR qu’entre le premier et le dernier RR valide. Bien
que ces corrections aboutissent généralement a un signal RR propre, ce type
d'algorithme automatique peut produire des valeurs incohérentes, par exemple,
lorsque le signal ECG original est trop corrompu, avec de longues portions de
faux successifs. Chaque série a donc été examinée visuellement avant
d'effectuer les analyses de la variabilité cardiaque. Il est aussi possible
d’effectuer une correction manuelle, soit en sélectionnant un intervalle RR et en
changeant sa valeur, soit en éditant directement le tracé ECG, en ajoutant ou en

enlevant un intervalle (Figure 17).
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Figure 17 : Fenétre de correction manuelle du tracé ECG tirée du programme de traitement de signal « BRSanalysis ».

Apres ce nettoyage indispensable du signal, la troisieme étape permet de
calculer lindice de variabilité cardiaque souhaité. BRSanalysis permet de
sélectionner une fenétre de données souhaitées sur 'ensemble du tracé ECG.
Ainsi, les périodes de repos et d’exercice des différents protocoles ont pu étre

analysées précisément (Figure 18)
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Figure 18 : Exemple de tracé ECG et de pression artérielle sur le programme BRSanalysis. Les phases de repos et
d'exercice se distinguent clairement avec une diminution des intervalles R-R et de leur variabilité durant I'exercice.
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Deux types d’analyses différentes ont été réalisés. Le premier permet d’analyser
la puissance spectrale de la variabilité cardiaque par FFT et ainsi de recueillir des
informations sur les indices de la variabilité cardiaque que sont Ptor, LF, HF,

LFnu, HFnu et LF/HF (Figure 19).
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Figure 19 : Exemple d'analyse par FFT de la variabilité de l'intervalle R-R et de la pression artérielle par le programme
« BRS analysis »

Le second permet de calculer le BRS de la section du tracé ECG
sélectionné par la méthode séquentielle décrite précédemment. BRSanalysis
permet de visualiser graphiquement les valeurs des pentes de chaque triplettes
et d’enlever, au besoin, la plus grande ou la plus petite qui provient souvent d’'une
mesure erronée de la fréquence cardiaque ou de la pression artérielle (Figure

20). Ce travail de filtrage est indispensable afin d’éliminer les artéfacts et d’obtenir
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une valeur moyenne de BRS permettant des interprétations physiologiques

correctes.
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Figure 20 : Fenétre d'analyse du BRS sur le programme BRSanalysis. Exemple d'élimination de données « absurdes ».
La triplette possédant une pente totalement hors de la distribution gaussienne (image de gauche) est éliminée (image

de droite).

4.2. Analyses statistiques

Les données tirées de la variabilité cardiaque et du BRS ont été analysées

statistiquement en suivant une méthode similaire dans les trois articles. De

nombreuses méthodes d’analyses statistiques existent. Toutes nos expériences

comptabilisent plusieurs variables dépendantes a expliquer, telles que les indices

de variabilité cardiaque, le BRS, etc., ainsi que plusieurs facteurs de variabilité.

Ces variables dépendantes ont, dans chacun des protocoles, été influencees par

différents facteurs de variabilité.

C’est pourquoi, nous avons utilisé comme méthode de calcul statistique,

I'analyse de variance, aussi communément appelée ANOVA. Cette derniere est



un test statistique mesurant la somme des carrés des écarts par rapport a la
moyenne, divisé par le nombre de degrés de liberté. Ces expériences impliquant
parfois deux facteurs de variabilité, une ANOVA a deux facteurs fut utilisée dans

ces cas-la.

Par la suite, les ANOVA ne permettant pas de mesurer la significativité
entre les moyennes de groupes, il est important d’appliquer un test « post-hoc »,
appelé aussi test de comparaisons multiples, afin de connaitre la significativité
des résultats d’'un groupe de I'étude par rapport a un autre. Dans le cas de nos
travaux, le choix s’est porté sur des tests de Tukey, reconnus pour étre dans une
moyenne de conservation raisonnable, et plus élevée que d’autres tests « post

hoc » tel celui de Fisher, par exemple. (Winer et al., 1991).
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5. Travaux de recherche
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5.1. Article |

Effects of gravitational acceleration on
cardiovascular autonomic control in resting
humans
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5.1.1. Introduction

Ce premier travail de recherche fait suite aux travaux du laboratoire de
physiologie intégrative du Professeur Ferretti, a 'Université de Genéve. En effet,
cette unité de recherche, concentrée sur le domaine de la physiologie cardio-
respiratoire, a réalisé il y a quelques années un travail sur les effets de
I'hypergravité sur la consommation d’oxygene (Bonjour et al., 2010). Dans ce
cadre et suite a une collaboration avec le Karolinska Institutet de Stockholm, en
possession d’'une centrifugeuse humaine permettant la réalisation du protocole
de recherche, le laboratoire possédait des données tres intéressantes et encore
inutilisées dans le contexte de cette these.

Il est généralement reconnu que, lors d’une exposition a I'hypergravité, il
y a, d’'une part, augmentation de la fréquence cardiaque, de la pression artérielle
moyenne, de la résistance périphérique totale ou encore de la ventilation et,
d’autre part, diminution du volume d’éjection systolique et de la capacité de
diffusion pulmonaire. (Bjurstedt et al., 1968 ; Bonjour et al., 2010, 2011 ; Burton
et Smith, 2011; Girardis et al., 1999 ; Linnarsson et Rosenhamer, 1967, 1968 ;
Pendergast et al., 2012 ; Rohdin and Linnarsson, 2002). Méme si les effets de la
microgravité furent étudiés par de nombreuses équipes de recherche (Ferretti et
al., 2009 ; Fortrat et al., 2001 ; Hirayanagi et al., 2004 ; Hughson et al., 1995 ;
Traon et al., 1998), peu d’études, en revanche, se sont intéressées aux effets de
I'hypergravité sur la variabilité cardiaque. Quelques travaux ont été réalisés en
hypergravité ; mais ces derniers ne se focaliserent que sur les réactions
neuroendocrines en  mesurant les  concentrations de  cortisol,
d’adrénocorticotrophine  (ACTH), de prolactine, d’épinéphrine et de

norépinéphrine (Schneider et al., 2008 ; Strempel et al., 2008) ou sur les effets
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de blocages béta adrénergiques (Bjurstedt et al.,1974). Afin de pallier a ce

manque d’information, nous avons donc réalisé le travail présenté ci-aprés.
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Abstract

Purpose  Previous studies of cardiovascular responses in
hypergravity suggest increased sympathetic regulation. The
analysis of spontaneous heart rate variability (HRV) param-
eters and spontaneous baroreflex sensitivity (BRS) informs
on the reciprocal balance of parasympathetic and sympa-
thetic regulations at rest. This paper was aimed at determin-
ing the effects of gravitational acceleration (a,) on HRV
and BRS.

Methods Eleven healthy subjects (age 26.6 = 6.1) were
studied in a human centrifuge at four a, levels (1, 1.5, 2 and
2.5 g) during 5-min sessions at rest. We evaluated sponta-
neous variability of R-R interval (RR), and of systolic and
diastolic blood pressure (SAP and DAP, respectively), by
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power spectral analysis, and BRS by the sequence method,
using the BRSanalysis® software.

Results At 2.5 g, compared to 1 g, (1) the total power
(P1op) and the powers of LF and HF components of HRV
were lower, while the LF/HF ratio was higher; (2) normal-
ized units for LF and HF did not changed significantly; (3)
the Prgr, LF and HF powers of SAP were higher: (4) the
Prop and LF power of DAP were higher; and (5) BRS was
decreased.

Conclusions These results do not agree with the notion of
sympathetic up-regulation supported by the increase in HR
and DAP (tonic indices), and of SAP and DAP LF pow-
ers (oscillatory indices). The Pqr reduction leads to spec-
ulate that only the sympathetic branch of the ANS might
have been active during elevated a, exposure. The vascular
response occurred in a condition of massive baroreceptive
unloading.

Keywords Heart rate variability - Arterial blood
pressure - Baroreflexes - Human centrifuge

Abbreviations

a, Gravitational acceleration
ANOVA  Analysis of variance

ANS Autonomic nervous system
BRS Baroreflex sensitivity

DAP Diastolic arterial pressure
FFT Fast fourier transform

G, Vertical acceleration

HR Heart rate

HF High frequency

HFnu Normalized high frequency
HRV Heart rate variability

LF Low frequency

LFnu Normalized low frequency
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LF/HF  Low and high frequency ratio
MAP Mean arterial pressure

MSNA  Muscle sympathetic nerve activity
Prot Total power

Rp Total peripheral resistance

SAP Systolic arterial pressure

VLF Very low frequency

Introduction

A variety of studies have examined tolerance to high
gravitational acceleration (a,), both at rest and during
exercise. Several Cardiopulménary variables were inves-
tigated, such as cardiac output, blood pressure, stroke
volume and pulmonary diffusing capacity or oxygen
consumption (Bjurstedt et al. 1968; Bonjour et al. 2010,
2011; Burton and Smith 2011; Girardis et al. 1999; Lin-
narsson and Rosenhamer 1967, 1968; Pendergast et al.
2012; Rohdin and Linnarsson 2002). These studies
showed that at rest, when a, [vertical acceleration (G))
to be more specific] was increased, heart rate (HR), total
peripheral resistance (R}), mean arterial pressure (MAP)
and ventilation increased linearly with it, whereas stroke
volume and pulmonary diffusing capacity decreased in a
linear fashion.

Tools for indirect non-invasive assessment of the auto-
nomic nervous system (ANS) regulation, including the
analysis of spontaneous heart rate variability (HRV) param-
eters and spontaneous baroreflex sensitivity (BRS), are
thought to inform on the reciprocal balance of parasympa-
thetic and sympathetic regulations at any given time, at rest
(Drouin et al. 1997; Pagani et al. 1986; Rosenstock et al.
1999; Task force of the European Society of Cardiology
and the North American Society of Pacing and Electro-
physiology 1996). These tools were applied in micrograv-
ity (Ferretti et al. 2009; Fortrat et al. 2001; Hirayanagi et al.
2004; Hughson et al. 1995; Traon et al. 1998), along with
the study of peripheral sympathetic nerve activity and cat-
echolamine concentration (Arbeille et al. 2008; Barbe et al.
1999; Christensen et al. 2005; Eckberg and Neurolab Auto-
nomic Nervous System Team 2003; Edgell et al. 2007; Ertl
et al. 2002; Ferretti et al. 2009; Kamiya et al. 2004; Tanaka
et al. 2013). In contrast, the studies carried out in hyper-
gravity are scanty, and only stress hormones and the effects
of beta-adrenergic blockade were analysed (Bjurstedt et al.
1974; Schneider et al. 2008; Strempel et al. 2008). These
studies coherently suggest an increased regulation of the
sympathetic system.

On this basis, we carried out the present study, the aim
of which was to determine the effects of a, on HRV and
baroreflex sensitivity (BRS).

) Springer
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Methods
Subjects

Eleven young healthy subjects participated in the study.
They were 26.6 £+ 6.1 years old, their body mass was
76.5 £ 8.2 kg and they were 180 = 5.1 cm tall. The aims,
design, protocol and method of the study were thoroughly
described to the volunteers who agreed by signing an
informed consent form. They had no history of cardiopul-
monary disease and were not taking medications at the time
of the experiments. They had to abstain from coffee and
from nicotine-containing products during 24 h before the
experiment. The study was approved by the Regional Ethi-
cal Board, Stockholm, and it was conducted in accordance
with the 1964 Declaration of Helsinki on experiments on
human subjects.

Set-up

Experiments took place in the human centrifuge at the
Karolinska Institute, Stockholm, Sweden. The subjects were
located in the centrifuge gondola, sitting on a seat, which
could be adjusted to be perpendicular to the resultant of
the normal g vector and the centrifugal g vector. They were
secured on the seat by a five-point safety belt, and their feet
were fixed on an electrically braked cycle ergometer that
was located in front of the seat. The rotational radius of the
centrifuge was 7.2 m at the middle of the support surface.
Slip rings at the centre of rotation allowed for audiovisual
monitoring, power supply and transmission of physiological
signals between the gondola and a control room.

Measurements

An electrocardiogram (ECG) was recorded and monitored
throughout the experiments in order to look for abnormali-
ties and to determine HR. Continuous recordings of arterial
pulse pressure were obtained at a fingertip of the right arm
by means of a non-invasive cuff pressure recorder (Por-
tapres, TNO, Eindhoven, The Netherlands). The sensed
fingertip was kept at the heart level. Systolic and diastolic
blood pressure (SAP and DAP, respectively) values were
obtained from each pulse pressure profile, using the Beat-
scope® software package (FMS, Amsterdam, The Neth-
erlands). Beat-by-beat mean arterial pressure (MAP) was
computed as the integral mean of each pressure profile,
using the same software package.

It is noteworthy that the blood pressure profiles in this
study were obtained from non-invasive recordings from a
peripheral finger artery. The pulse wave characteristics of
a peripheral artery are, in fact, remarkably different from
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Fig. 1 Schematic illustration
of subject’s positioning in the
spinning centrifuge. The subject
seated in the centrifuge gondola
is exposed to acceleration equal
to l/cosw, « being the angle
formed by the vertical axis and
the gondola axis

those of a central artery (Remington and Wood 1956),
and different absolute SAP and DAP values are obtained
(Azabji-Kenfack et al. 2004). Possible vasoconstriction
(see “Results”) may blunt the pressure response as a, is
increased, although the growth of MAP with a, was clearly
demonstrated not only with the present method (Bonjour
et al. 2011) but also with an invasive method (Linnarsson
and Rosenhamer 1968).

Protocol

Experiments were conducted at four a, levels, correspond-
ing to 1, 1.5, 2 and 2.5 g. Control experiments at | g were
also carried out in the gondola, using the same experimen-
tal set-up as for the hypergravity experiments. After having
reached the appropriate spinning speed. 5 min at rest were
allowed, during which all investigated parameters were con-
tinuously recorded. Then the protocol continued with an
exercise session, which was carried out for other purposes
(Bonjour et al. 2010). At the end of the exercise, the gon-
dola was decelerated and parked. The reported values were
obtained as the mean of all the beat-by-beat values deter-
mined during the last 2-3 min of the rest of each session
with the centrifuge spinning. Overall, each subject under-
went 16 experimental sessions as four different gravitational
accelerations and four different workloads were used, which
provided four repetitions of resting recordings at each inves-
tigated a, for the sake of this study. A schematic drawing of
the centrifuge arrangement during spinning, with indication
of the gravitational vector, is shown in Fig. 1.

Data treatment

Examples at 1 and 2.5 g of the recordings and relevant
analysis carried out in this study are presented in Fig. 2

/2

Ptor — VLF

Gondola

2Gz

1Gz

—

for HRV and Fig. 3 for arterial pressure variability. After
construction of the time series of R-wave to R-wave
interval (RR), SAP and DAP from the continuous
recordings of ECG and pulse pressure profiles, Fast Fou-
rier transform (FFT) was used to evaluate spontaneous
variability of RR, SAP and DAP (Pagani et al. 1986).
The total power (Ppqgr) of RR, SAP and DAP variabili-
ties, corresponding to variance, was initially obtained.
Subsequently, the powers of the low (0.03-0.14 Hz)- and
the high (0.15-0.5 Hz)-frequency spectral components
(low frequency, LF, and high frequency, HF, respec-
tively) were computed and expressed in absolute units
(ms?), and their ratio (LF/HF ratio) was calculated. The
very low frequency (VLF) component was neglected, as
they are known to reflect the long-term regulatory mech-
anisms which are not relevant in our study. Moreover,
our data were obtained during 5-min sessions, a con-
dition in which the analysis of the very low frequency
component provides dubious results (Task force of the
European Society of Cardiology and the North American
Society of Pacing and Electrophysiology 1996). Normal-
ized LF and HF (LFnu and HFnu, respectively) were
also computed as

LF x 100
(D

and expressed in normalized units (nu) (Malliani et al.
1991; Pagani and Malliani 2000). The LF and HF central
frequencies were also computed as the frequencies corre-
sponding to the peak power value within the LF and HF
bands of the HRV spectra.

The spontaneous baroreflex sensitivity (BRS, expressed
in ms per mmHg) was estimated from SAP and RR by
means of the sequence method (Bertinieri et al. 1988).
In practice, we selected intermittent short sequences of

@ Springer



1420

Eur ] Appl Physiol (2015) 115:1417-1427

1g

15

05 H

T

i il

05 —1 4 : {
12 -
115 b= A -
LN\ A A
11 = .8 / e ) / A / -1
1.05 - H"\ )‘fﬁ\ﬁd‘ \ \bﬁ\u—vﬂ“’“\»,f \/‘( A'“‘*ayf'"f \b—-d/‘\'\ A N
. vy PN b L ' Ty A g/.(
1 "‘:[,‘a ! -
x10
2
~
?C.I‘ 15 LF HF
i
E
5 1
2
o 0.5
[+4
0 | Lﬁm&-ﬂ.ﬁ_‘
0 0.1 0.2 0.3 04
Frequency (Hz)
25g
1.5 T T T T I
1
0.5
0 | | [ A
0.9 i Il { f n
0.85 /"b\-
08 2’\‘/\ %"‘;}l -
075 \’ - -
0.7 = -

RR Power (ms?/Hz)

HF

0 01 0.2 03 04
Frequency (Hz)
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Table 1 Mean values measured at steady state and at each level of gravity acceleration (a,)

Measured variables 1G 1.5G 2G 2.5G

HR (bpm) 70.20 £9.10 79.52 £ 6.19% 00.22 & 13.64* 102.58 &£ 15.25%
SAP (mmHg) 132.19 £ 12.46 127.98 &£ 25.75 127.87 £ 16.41 132.59 &+ 14.39
DAP (mmHg) 68.73 £ 7.01 75.03 £ 11.51 76.59 £ 10.87 82.04 £ 12.55%
MAP (mmHg) 89.88 £ 8.12 92.67 + 15.62 93.69 4+ 12.05 08.88 + 12.05*

Data are given as means and standard deviations of all measured variables at steady state at each level of g,
HR heart rate, SAP systolic arterial pressure, DAP diastolic arterial pressure, MAP mean arterial pressure
* Significantly different from 1G

Table 2 Means and standard deviations of all calculated variables at steady state at each level of gravitational acceleration (ag)

Measured variables 1G 1.5G 2G 2.5G

RR (ms) 870.34 & 114.29 762.88 £ 59.03* 680.04 £ 89.74* 508.75 £ 89.49*
Jue RR (Hz) 0.096 £0.015 0.099 £ 0.014 0.094 £ 0.023 0.088£ 0.015
Jur RR (Hz) 0.294 &+ 0.049 0.325 £ 0.057 0.302 £ 0.069 0.335£0.090
BRS (ms mmHgfl) 11.57 £ 2.85 995 £06.19 7.46 £ 6.48* 4.88 £2.15%

Data are given as means and standard deviations of all calculated variables at steady state at each level of a,

RR R-R interval, f; r RR (Hz) central frequency of the LF component of heart rate variability, fzz RR (Hz) central frequency of the LF component
of heart rate variability, BRS Spontaneous baroreflex sensitivity

* Significantly different from 1G

at least three heart beats during which SAP increased or  Results
decreased resulting in a change in RR interval going to
the same direction, resulting from a cardiovascular reflex. = The mean values measured at steady state at each level of
The software calculated the linear regression slope for each  a, are shown in Table 1. HR at 2.5 g was 47.1 & 20.7 %
sequence, and only those sequences in which the value of #*  higher than that at 1 g. Consistently, RR at 2.5 g was
was more than 0.85 were accepted and the slope retained.  30.76 £ 9.46 % lower than that at 1 g. No arrhythmic
Then, BRS was calculated as the mean of the slopes of all ~ beats were observed, and in all cases a normal sinus beat
sequences of each subject. was maintained. Differences were significant between
Spectral analysis and spontaneous baroreflex sensitivity  each a, level. SAP did not change with a,, whereas DAP
were both analysed by means of BRSanalysis, a purposely  increased, being at 2.5 g significantly higher than that at
laboratory-made programme written with Matlab® soft- 1 g (4+19.5 £ 14.6 %). Consistently, MAP at 2.5 g was also
ware (Version 7.9.1 R2009b) and produced by the Auto-  significantly higher than that at 1 g (410.2 = 10.81 %).

nomic Nervous System Team at the University Jean-Mon- The mean values calculated at steady state at each level
net, Saint-Etienne, France (Assoumou et al. 2012; Costes of a, are shown in Table 2. The central frequency of the
et al. 2004; Dauphinot et al. 2013). HF component of RR, that is known to well represent the

breathing frequency, did not change significantly with a,.
Statistical analysis The same was the case for the central frequency of the LF

component of RR. At 2.5 g, the BRS decrease attained
Data are reported as mean =+ standard deviation for each  57.4 £ 17.7 %. This progressive BRS decrease led to sig-
experimental session. The effects of a, on the investigated  nificant changes at 2 and 2.5 g as compared to | g. The
parameters were analysed by 2-way ANOVA for repeated  BRS at 2.5 g was also significantly lower than that at 1.5 g.
measurements. Then, Tukey Post-hoc test has been applied Means and standard deviations of all data calculated by
to identify corresponding samples. a, was fitted as paramet-  means of HRV spectral analysis are shown in Table 3. Prgy
ric variable. All data were analysed with Statview 5©. (SAS ~ decreased progressively with increasing a, from 1 g to
Institute Inc., Cary, NC, USA) The results were considered 2.5 g. The Py value at 2.5 g was significantly lower than
significant if p < 0.05 the corresponding values at 1 and 1.5 g. Although the LF
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Table 3 Means and standard deviations of all parameters calculated by means of heart rate variability, systolic arterial pressure and diastolic

arterial pressure

1G 1.5G 2G 2.5G
HRV
Prop (ms?Hz ™) 1984.1 £ 390.6 17450 £ 411.2 1421.9 £432.4 657.0 £ 157.8+
LF (ms*Hz™") 7029 £ 1474 744.7T £ 190.7 640.8 £213.9 336.8 + 105.4*
HF (ms*Hz™") 3144 +574 289.0 £ 115.7 186.9 £+ 68.9 66.7 + 15.4%*
LF/HF 2.60 4+ 0.38 3.84+0.55 441 +0.91 497 £ 1.34%
LFnu (%) 64.95 +3.42 73.35+2.82 7236 £4.18 69.17 £ 5.11
HFnu (%) 3491 +£3.42 2621 +£275 2487 £3.42 24.34 £3.47
SAP
Pror (ms”Hz ™) 2477 £ 3.94 33.77+3.71 4423 £ 4.87* 46.63 £5.81*
LF (ms?Hz™!) 9.04 £+ 1.61 11.38+2.17 19.37 £+ 3.96%* 24.18 + 5.02+
HF (ms?Hz™) 2.80 4+ 0.47 5.04+1.18 7.83 + 1.28% 8.24 + 1.73%
LF/HF 499+ 1.29 3.04 £ 040 328 £0.75 4.51 £1.00
DAP
Pror (ms?Hz ™) 8.17 £ 1.28 11.76 £ 2.01 15.73 £2.59 20.53 4 3.23+
LF (ms’Hz™") 341 £ 0406 5.01+£1.05 8.15 £ 1.69 11.9 £2.33+#
HF (ms’Hz ™) 1.25 £ 0.76 1.85+£0.86 2.69+£0.76 3.02 £0.64
LF/HF 945+ 1.39 6.22 + 0.95% 5.17 + 1.06%* 767T+£12

Dalta are given as means and standard deviations of all parameters calculated at steady state at each level of a,

HRV heart rate variability, SAP systolic arterial pressure, DAP diastolic arterial pressure, Py, total power, LF low frequency, HF high frequency,

LF/HF low and high frequency ratio
* Significantly different from I g
# Significantly different from 1.5 g

power at 1 g did not change with increasing a, up to 2 g,
the value at 2.5 g resulted remarkably reduced. This change
was significantly different with respect to the value at 1.5 g.
HF power decreased progressively and significantly with
increasing a,, from 1 to 2.5 g. This last value was signifi-
cantly lower than the corresponding values at 1 and 1.5 g.
The LF/HF ratio thus increased significantly between 1 and
2.5 g, growing by 105.8 £ 156.1 %. LFnu and HFnu did
not change significantly with a,.

Means and standard deviations of all data calculated by
means of SAP spectral analysis are shown in Table 3. Py
increased progressively and significantly from | to 2.5 g.
The value at 2.5 g represented a 127.8 & 132.9 % increase
with respect to the corresponding value at 1 g and was sig-
nificantly higher than the corresponding value at 1 g. The
same was the case for the value at 2 g. LF power increased
progressively with increasing a,. to reach the maximum
at 2.5 g. At this a, level, LF power was 232.5 & 257.3 %
higher than that at 1 g and significantly different from that
observed at 1 and 1.5 g. Also the value at 2 g was signifi-
cantly higher than the corresponding value at 1G. HF power
increased progressively with increasing a,. Value at 2.5 g
was 248.9 £ 230.5 % higher than that at 1 g. Values at 2
and 2.5 g were significantly higher than the corresponding

76

value at 1 g. The LF/HF ratio, as well as LFnu and HFnu,
did not change significantly with increasing a,.

Means and standard deviations of all data calculated by
means of DAP spectral analysis are shown in Table 3. Prop
increased progressively and significantly with increasing
a, until 2.5 g. This last value was 190.6 + 146.6 % higher
than and significantly different from the corresponding
value at 1 g. It was also significantly higher than the value
at 1.5 g. The value at 2 g was significantly higher than that
at 1 g. LF power increased progressively with increas-
ing a, and significantly at 2 and 2.5 g. This represented a
275 £ 224.8 % increase. HF power did not change signifi-
cantly between 1 g and 2.5 g. LF/HF ratio decreased pro-
gressively and significantly until 2 g. The rebound observed
at 2.5 g was such as to have no significant differences
with respect to any other a, level. LFnu and HFnu did not
change significantly with a;

Discussion
The absolute steady-state values of the measured vari-

ables conformed with previous observations (Bjurstedt
et al. 1968; Bonjour et al. 2011; Burton and Smith 2011;
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Pendergast et al. 2012; Rosenhamer 1967): as a, was
increased, HR and DAP grew and SAP did not change,
which implied an increase in MAP. On the same sub-
jects, in a previous study (Bonjour et al. 2011), a decrease
in cardiac output and stroke volume as a function of a,
was found. The increase in DAP can be attributed to an
increase in R, also reported by Bonjour et al. (2011), as
a consequence of arteriolar vasoconstriction, possibly due
to sympathetic stimulation of alpha-adrenergic receptors
(Inagaki et al. 2011). We propose that the drop of venous
return, as suggested by low stroke volume and cardiac out-
put, induced a switch toward sympathetic up-regulation of
the cardiovascular system at rest, leading to higher R, and
MAP (vascular regulation) and to higher HR (cardiac regu-
lation). It was therefore logical to expect that HRV indexes
in condition of high a, change in the direction of sympa-
thetic up-regulation.

We thus analysed for the first time the spontaneous vari-
ability of RR, SAP and DAP in hypergravity condition by
means of power spectral analysis. The choice of FFT relied
on two considerations: on one side, the implicit assump-
tions underlying the application of autoregressive methods
are unwarranted at elevated a, levels; on the other side, our
study was carried out in steady-state conditions (Bonjour
et al. 2011) and FFT is considered accurate when it is used
during steady states (Task force of the European Society
of Cardiology and the North American Society of Pacing
and Electrophysiology 1996). We also comment a poste-
riori that the present results have shown a reduction of the
total power with increasing a,, a condition in which FFT
was demonstrated to be a most reliable technique (Weippert
et al. 2010). We nevertheless acknowledge that application
of autoregressive analysis would have in principle allowed
a more consistent and smoother spectral estimation, a spec-
tral resolution independent of the number of samples and
the possibility of avoiding windowing procedures (Pagani
et al. 1986). Moreover, autoregressive models would have
allowed decomposition of the autocorrelation function in
single components, thus directly providing the individual
centre frequency, which in this case had to be recalculated
off-line.

The most common condition implying up-regulation of
the sympathetic system is exercise. Already, the classical
study of Robinson et al. (1966) demonstrated a progres-
sively greater sympathetic activity as the power at which
exercise was carried out increased. Moreover, a reduction
of Pror of HRV typically occurs when only one branch of
the ANS is active, as is the case during exercise. As soon as
exercise starts, there is an immediate HR increase, which
was attributed to sudden withdrawal of vagal regulation
(Arai et al. 1989; Fagraeus and Linnarsson 1976; Lador
et al. 2006; Perini et al. 1990). At 30 % of the maximal
power, most of the decrease in Prop known to occur during
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exercise has already taken place (Perini et al. 1990). The
reduction of Ppgp that we found in hypergravity is thus
in agreement with what is currently observed in exercise
(Perini et al. 1990; Perini and Veicsteinas 2003). During
exercise, there is also an increase of the power of the LF
component of SAP variability (Perini and Veicsteinas 2003;
Cottin et al. 2008), a finding that characterises also the pre-
sent results and is coherent with the concept of an increased
peripheral sympathetic activity. There is however a remark-
able difference between exercise and hypergravity, namely
that in the former case the up-regulation of the sympathetic
system occurs at low RP, while in the latter it occurs at
elevated R, This entails differences in the peripheral (vas-
cular) component of oscillatory regulation mechanisms.
In fact, an exercising human undergoes a major increase
in muscle blood flow with respect to rest, with consequent
dramatic fall of Rp (Ferretti et al. 1995; Radegran and Sal-
tin 1998), whereas hypergravity at rest is characterised by
strong peripheral vasoconstriction (Bonjour et al. 2011;
Linnarsson and Rosenhamer 1968).

Respiratory rate is also a major difference between
hypergravity and exercise. Previous work done with the
same set-up and subjects showed that there were no signifi-
cant changes of resting ventilation with increased a, (Bon-
jour et al. 2011). Coherently, neither the power of the HF
component of HRV nor its central frequency varied with
increasing a,. This is obviously not the case with exercise.
Respiratory rate is well known to modulate HF compo-
nent of HRV (Perini and Veicsteinas 2003), the power of
which increases at exercise intensities above the so-called
ventilatory threshold (Cottin et al. 2008). Other condi-
tions characterised by reduced P of HRV are exposure
to acute hypoxia (Brown et al. 2013; Buchheit et al. 2004)
and chronic heart failure (Lombardi and Mortara 1998;
Rydlewska et al. 2011). Also, these conditions, however,
entail physiological differences with respect to hypergrav-
ity, as far as cardiac output is concerned.

In this study, the reduction of the HF component of
HRYV, at least at 2 and 2.5 g, was associated with a smaller
decrease in LF. As a consequence, (1) Prqgy. decreased sig-
nificantly; and (2) the LF/HF ratio increased significantly.
However, an increase of the LF/HF ratio should imply sig-
nificant increases in LFnu and decreases in HFnu. This was
not the case, although a tendency toward a decrease is evi-
dent for HFnu. These results reveal dissociation between
oscillatory (HRV parameters) and tonic (steady-state physi-
ological variables) indices of cardiovascular regulation, as
long as the latter, but not the former, are varied at elevated
a, levels (Bonjour et al. 2011). A similar dissociation was
observed also after prolonged bed rest (Ferretti et al. 2009)
and was related to the different meaning of these indices.
The occurrence of changes in LFnu and HFnu is a crucial
issue for the evaluation of the sympatho-vagal balance
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concept (Pagani and Malliani 2000). These results rather
suggest that the sympatho-vagal balance is not a key issue
under elevated a, conditions, considering also that in the
present study the control condition was sitting instead of
supine, in which case LFnu is already elevated.

In order to clarify the origin of the LF decrease for HRV,
we analysed the spontaneous variability of SAP and DAP.
Contrary to the LF component of HRV, the LF powers of
both SAP and DAP increased progressively and signifi-
cantly with increasing a,, whereas the corresponding HF
powers also significantly increased. This revealed the dis-
sociation between the peripheral (arterial pressure con-
trol) and the cardiac (HRV) oscillatory components under
the present circumstances. The increase in LF is coherent
with the hypothesis that LF may have some links with the
peripheral sympathetic activity (Pagani et al. 1997). Periph-
eral sympathetic activity can be investigated by analysing
the muscle sympathetic nerve activity (MSNA). MSNA is
increased in exercise (Victor et al. 1995) and head-down
bed rest (Tanaka et al. 2013), all conditions that are gener-
ally associated with an increase in SAP LF power. Unfortu-
nately, measuring MSNA was an impossible task in a spin-
ning gondola due to space limitation and the exerted forces.
The only data we are aware of, supporting these notions,
were obtained during centrifugation at 3g and showed that
both adrenaline and noradrenaline were increased (Schnei-
der et al. 2008).

Mean BRS at | g was similar to the values reported
with the same method in previous studies (Kardos et al.
2001). As long as a, was increased, BRS decreased pro-
gressively and significantly. When MAP is artificially
increased, e.g. by means of a bolus of phenylephrine (La
Rovere et al. 2008), the ensuing MAP correction by arte-
rial baroreflexes is mediated by increased cardiac para-
sympathetic outflow to the sinoatrial node. In a condition
where the vagal branch of the ANS is inhibited, one would
expect an impairment of such a MAP correction, as evi-
denced by a decrease in BRS. The hydrostatic force that
is generated, e.g. by doubling a,, unloads carotid barore-
ceptors remarkably—the exact amount depends in fact
also on the position of the indifferent hydrostatic point in
hypergravity, which is unknown in the present subjects—
so that the subjects may move toward the functional limits
of arterial baroreflexes, a fact which per se would imply
an acute reduction of BRS. In fact, age, among many fac-
tors, is known to be a major determinant of BRS impair-
ment (Kardos et al. 2001; Laitinen et al. 1998; Piccirillo
et al. 2001). Lower BRS values than the present ones were
found on older subjects than the present subjects (Parati
et al. 1988; Tank et al. 2000). Similar effects on BRS were
found also during head-up-tilt after 6 h of water immer-
sion (Florian et al. 2013) or at the end of prolonged head-
down bed rest (Ferretti et al. 2009; Sigaudo et al. 1998).

All these conditions entail an increased sympathetic regu-
lation (Kamiya et al. 1999; O’Leary et al. 2003). The low
BRS values represent an intriguing aspect of this study,
as long as they are associated with higher LF values and
elevated DAP values. In more general terms, the reduction
of BRS in association with an increased vascular regula-
tion response reveals the complexity of the autonomic reg-
ulation in conditions of acute a, elevation, which would
require joint perusal of several indices simultaneously.

Conclusion

The decrease in the power of the LF component of HRV,
as well as in Ppqp, was associated, on one side, with a lack
of significant changes in LFnu and HFnu and, on the other
side, with significant changes in the LF/HF ratio. These
results do not agree with the notion of sympathetic up-reg-
ulation, suggested by the increase in HR and DAP (tonic
indices) and the increase in both SAP and DAP LF pow-
ers (oscillatory indices). Yet the Ppgp reduction leads us
to speculate that only the sympathetic branch of the ANS
might have been active during elevated a, exposure. The
finding that the vascular response, as revealed by the higher
LF power of arterial pressure variability, occurred in a con-
dition of massive baroreceptive unloading may indicate
new tracks for the study of vascular regulation and, possi-
bly, vascular to central interactions.
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5.1.3. Conclusion

Les résultats de ce travail de recherche nous amenerent a tirer plusieurs
conclusions. Premiérement, 'augmentation de la puissance de la composante
LF de la variabilité de la pression artérielle systolique et diastolique nous incite a
penser que ces LF sont liées a I'activité périphérique sympathique. En effet, les
résultats obtenus vont dans le méme sens que ceux observés lors
d’enregistrements a I'exercice, condition connue d’'une augmentation de cette
activité sympathique (Robinson et al., 1966).

Deuxiemement, la réduction de la puissance de la composante LF de la
variabilité de fréquence cardiague montre que la régulation de la variabilité
cardiaque est dissociée du contréle de la pression artérielle et de I'activité
sympathique périphérique.

Troisiemement, la réduction observée du BRS en condition d’hypergravité
va dans le méme sens que les deux premiéeres conclusions. Cependant, ce point
représente un aspect intriguant de nos résultats, ces derniers montrant
clairement une augmentation de la régulation vasculaire. Nous aurions donc pu
imaginer une augmentation plutét qu’'une diminution du BRS. Dans ce contexte,
la chute du BRS révéle la complexité des mécanismes de régulation
cardiovasculaire en condition d’hypergravité et, plus largement, de maniere
générale.

Un autre point de discussion intéressant concerne les résultats de
puissance de la variabilité cardiaque. En effet, la baisse de la composante HF de
la variabilité de fréquence cardiaque s’accompagne aussi d’'une baisse de LF
ayant pour conséquence une baisse logique de la puissance totale et une

augmentation du ratio LF/HF. Cette augmentation du ratio LF/HF devrait étre

81



logiguement s’accompagner d’'une augmentation de LFnu et d’'une diminution de
HFnu. Cependant, aucune de ces valeurs normalisées n’a significativement
changé sous hypergravité. Ces valeurs étant des points cruciaux de I'évaluation
de la balance sympatho-vagale (Pagani and Malliani, 2000), elles remettent en
question, sous hypergravité du moins, cette théorie développée par Pagani et

ses collaborateurs (Pagani et al., 1986).
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5.2. Article Il
Heart rate variability and baroreflex sensitivity in

bilateral lung transplant recipients
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5.2.1. Introduction

La transplantation pulmonaire bilatérale est une opération impliqguant une
dénervation des afférences pulmonaires. Sachant que la puissance des HF de la
variabilité cardiaque est influencée par la fréquence respiratoire et est synchrone
avec elle, analyser la variabilité cardiaque de ces patients pourrait permettre de
répondre a certaines questions importantes.

Les études sur le sujet sont peu nombreuses et mélangent souvent
différentes conditions, comme l'analyse de la VFC chez des transplantés
pulmonaires partiels et complets, des transplantés uniqguement pulmonaires, et
d’autres, a la fois pulmonaires et cardiaques. Certaines autres études portent sur
un nombre de sujets tres faible. Il était donc intéressant de clairement observer
les effets d’'une transplantation compléte des poumons sur une douzaine de
patients adultes issus du centre de transplantation pulmonaire des Hopitaux
Universitaires de Genéve.

Le but de cette étude était d’analyser les effets de la dénervation chez des
transplantés pulmonaires, en les comparant a des sujets sains. L’hypothése
formulée dans cet article soutenait une disparition de la composante HF du
spectre de la variabilité de fréquence cardiague suite au sectionnement des

afférences pulmonaires durant la transplantation.
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At a glance Commentary

Heart-lung interactions, a well-known component of spontaneous heart rate variability, may
have either mechanical or neural origin. In the latter case, since lung transplant recipients have
denervated lungs, transplantation may seriously impact the autonomic modulation of heart
activity. In this study, lung transplant recipients showed extremely low heart rate variability
indexes as compared with healthy age-matched controls. These results, suggesting that the
effects of the lungs on heart rate variability are neurally mediated, indicate that, in the follow-up
of patients after transplantation, particular attention must be given to the prevention and
treatment of potentially altered cardiac responses to various stresses.
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Abstract

Rational

The effects of lung afferents denervation on cardiovascular regulation can
be assessed on bilateral lung transplantation patients. The high frequency
component of heart rate variability is known to be synchronous with breathing

frequency.
Objective

Then, if heart beat is neurally modulated by breathing frequency, in
bilateral lung transplantation patients we may expect disappearance of high

frequency of heart rate variability.
Methods

On 11 patients, and 11 matching healthy controls, we measured R-R
interval (electrocardiography), blood pressure (Portapres®) and breathing
frequency (ultrasonic device) in supine rest, during 10-min free breathing, 10-min
cadenced breathing (0.25Hz), and 5-min handgrip. We analysed heart rate
variability and spontaneous variability of arterial blood pressure, by power

spectral analysis, and baroreflex sensitivity, by the sequence method.
Measurements and Main Results

Concerning heart rate variability, with respect to controls, transplant
recipients had lower total power, low and high frequencies power. The low
frequency/high frequency ratio was higher. Concerning systolic, diastolic and
mean arterial pressure variability, transplant recipients had lower total power (only
for cadenced breathing), low frequency and low frequency/high frequency ratio

during free and cadenced breathing. Baroreflex sensitivity was decreased.
Conclusions

Denervated lungs implied strong heart rate variability reduction. The higher
low frequency/high frequency ratio suggested that the total power drop was
mostly due to high frequency. These results support the hypothesis that neural
modulation from lung afferents contributes to the high frequency of heart rate

variability.
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Introduction

Bilateral lung transplantation (BLT) implies denervation of lung afferent
cardiovascular sensitive nerves, so that the graft is no longer connected to the
autonomic nervous system (ANS)(1). Thus, BLT is an excellent experimental
model for the study of cardiovascular regulation without modulation of heart
activity by parasympathetic and/or sympathetic lung afferents. Breathing
frequency (BF) is synchronous with and modulates the high frequency peak (HF)
of spontaneous heart rate variability (HRV)(2—4). If the ANS is the main modulator
of HRV, then the HF of HRV would have to disappear after BLT.

The studies of autonomic modulation of HRV in BLT recipients (BLTR) are
scanty(1,5). Some were on children(6,7) and pointed to a demonstration of
possible lung reinnervation after transplantation. Single lung transplant recipients
were compared with either BLTR(8) or lung and heart-lung transplant
recipients(9). No clear conclusion emerged on this subject from those works.

The aim of this study was to analyse the effects of lung denervation on
HRV in BLTR as compared with healthy controls. The hypothesis was that the
modulation of the HF component of HRV by the breathing frequency is mediated
by the ANS. This hypothesis would be supported by the results if HF of HRV is
suppressed in BLTR.

Methods

Subjects

Eleven BLTR (6 women, 5 men) participated in the experiments. They
were all clinically stable, without evidence of chronic or acute rejection or any
other disease affecting the ANS. Patients with diabetes, either induced by
pancreatic manifestations of cystic fibrosis or by immunosuppressant treatment,
were excluded from the study. The patients’ age ranged from 26 to 68 years

(mean value 49.0+14.5 years). They were 168+10 cm tall, and weighed
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62.6+12.0 kg. Their transplant surgery took place between 6 months and 12 years
(mean 3.9£3.5 years) before their inclusion in the study. All their anti-rejection

medications are reported in Table 1.

Eleven healthy non-smoking subjects were recruited as controls, so that
each BLTR was coupled with a matching control for gender, age (£2years), height
(z5cm) and weight (x5kg). Their age ranged from 25 to 69 years (47.8+14.1).
They were 168+10 cm tall and weighed 63.6+8.9 kg. They had no history of
cardiopulmonary disease and were not taking medications at the time of the

experiments.

All subjects abstained from coffee-containing products during the 12 hours
before the experiment. They were preliminarily informed of aims, design, protocol,
procedures and risks associated with the experiments. Informed consent was
obtained from each volunteer, who was aware of the right of withdrawing from the
study at any time without jeopardy. The study was conducted in accordance with
the Declaration of Helsinki. The protocol was approved by the institutional ethical

committee.

Measurements

The R-R interval (RR) was continuously measured by electrocardiography
(Elmed ETM 2000, Heiligenhaus, Germany). Continuous recordings of arterial
pulse pressure were obtained at the middle phalanx of the left hand’s second
finger, using a non-invasive cuff pressure recorder (Portapres, FMS, Amsterdam,
The Netherlands). Systolic and diastolic blood pressure (SAP and DAP,
respectively) were computed from each pulse pressure profile, using the
Beatscope® software package (FMS, Amsterdam, The Netherlands). Beat-by-
beat mean arterial pressure (MAP) was computed as the integral mean of each
pressure profile, using the same software package. The BF was measured by an
ultrasound device (Spiroson, Ecomedics, Suisse) plugged on a respiratory mask.

All the signals were digitalized in parallel by a 16-channel A/D converter
(MP150, Biopac Systems, Goleta CA, USA) and stored on a computer. The

acquisition rate was 400 Hz.
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Protocol

After instrumentation, the subject took the supine posture. After 5 minutes
of quiet rest, the protocol consisted of 10 min of free breathing, followed by 10
min with cadenced breathing (0.25 Hz), then by further 5 min of handgrip
contractions, following 30 to 50 contractions per minute without controlled BF, in
order to stimulate and increase sympathetic activity. All investigated variables

were continuously recorded during the entire protocol.

Data treatment

The time series of RR, from the continuous recordings of ECG, and that of
SAP and DAP, from pulse pressure profiles, were constructed. On these time
series, power spectral analysis was performed to evaluate spontaneous
variability of RR, SAP and DAP(10). The total power (Ptot) of RR, SAP and DAP
variabilities, corresponding to the signal variance in the 0.0 — 0.5 Hz frequency
range, was initially obtained. Subsequently, the powers and frequencies of the
low (LF, 0.04-0.15 Hz) and the high (HF, 0.15-0.4 Hz) frequency spectral
components were computed and expressed in absolute units. The LF/HF ratio
was also calculated. The very low frequency (VLF) component was neglected,
since it can be measured only during very long recordings and it is a source of

noise in the present experimental circumstances (11).

Therefore, in order to infer on the relative weight of LF and HF in the
spectra, they were normalized with respect to their sum made equal to 100%
(LFnu et HFnu, respectively) after exclusion of the frequencies lower than 0,03

Hz (2,10,12). LFnu and HFnu were computed as:

LFx100 HFx100 (1)
Ptot—VLF Ptot—VLF

and expressed in normalized units (nu) (2).

At rest and exercise steady states, we also computed Baroreflex sensitivity
(BRS, expressed in ms mmHg') by means of the sequence method (Bertinieri et
al. 1988). Briefly, sequences of three or more consecutive beats in which SAP
and RR changed in the same direction, either increasing or decreasing, were
identified. A phase shift of one beat was introduced between the SAP and the RR
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values of each sequence, as in previous studies (13). Within each individual
sequence, the RR versus SAP relationship was analysed by linear regression, to
compute the slope and the corresponding coefficient of determination (r2). Only
slopes showing r2 values higher than 0.85 were retained (14,15). For each
subject, the mean slope of the RR versus SAP relationships was then computed

and taken as a measure of individual BRS, at rest and at exercise, respectively.

Spectral analysis and BRS were analysed by means of a purposely
laboratory-made program written with Matlab® software (Version 7.9.1
R2009b)(16-19).

Statistics

Data are reported as mean = standard deviation (SD) for each
experimental session. The effects of transplantation on the investigated
parameters were analysed by 2-way ANOVA (20). When applicable, a Tukey
post-hoc test was used to locate significant differences. The Statistica 12©
software package (StatSoft, Inc., Tulsa, OK, USA) was used. Differences were

considered significant when p<0.05.

Results

The mean values of measured and calculated cardiovascular variables in
all investigated conditions are shown in Figure 1. The heart rate was higher, and
thus RR lower, in BLTR than in controls, in all conditions. Cadenced breathing
and handgrip did not affect RR. SAP, DAP and MAP were the same in patients
and controls. With handgrip, SAP and DAP increased in control group and MAP
increased in both groups. BRS was lower in BLTR than in controls, in every
condition. BF was higher in BLTR than in controls during free breathing (see
Figure 2).

The results of power spectral analysis for HRV are shown in Table 2, top

panel, for all subjects. Pror was lower in BLTR than in controls, because both the
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LF and the HF powers were lower. LFnu was higher and HFnu was lower in BLTR
than in controls, in all investigated conditions. The LF/HF ratio was higher in
BLTR than in controls in all conditions.

The absolute LF and HF powers of BLTR were characterised by large SD,
because two patients were outliers: in fact their LF and HF powers were so much
higher than those of all other patients, that they resulted more than two SD above
the mean group value (Figure 3). These patients were thus extracted from the
group and analysed separately in comparison with their respective control

counterparts.

The bottom panel of Table 2 reports the results of power spectral analysis
for HRV, for the remaining patients group (n=9). All differences with respect to
the control group were significant, as they were for n=11, except for the LF power
during handgrip. For n = 9, in BLTR compared to controls, Ptor was 93.3+7.1%
lower during free breathing, 89.7+13.1% lower during cadenced breathing and
88.3%8.9 lower during handgrip. The LF power was 82.7+24.9% lower during free
breathing and 94.3+7.2% lower during cadenced breathing. The HF power was
95.1+5.6% lower during free breathing, 97.6+4.2% lower during cadenced
breathing and 95.3£3.2 lower during handgrip. Conversely, LFnu was higher, and
thus HFnu lower in BLTR than in controls, in all conditions. The LF/HF ratio was

higher in the three investigated conditions.

The results of power spectral analysis for SAP, DAP and MAP are shown
in Table 3. Concerning SAP, Ptor was lower in BLTR than in controls, in
cadenced breathing (-51.0+£36.4%). The LF power was lower in BLTR than in
controls, during free breathing (-41.8+42.2%) and cadenced breathing (-
72.6+£21.6%), but not during handgrip. HF power in patients was the same than
in controls. The LF/HF ratio was lower in BLTR than in control, both in free and
in cadenced breathing.

Concerning DAP, Ptor and LF power were lower in patients than in
controls in cadenced breathing (respectively, -42.2+41.9% and -22.9+84.7%) and
also in free breathing for LF power (-37.2+72.6%). HF power was not different
between BLTR and controls in any conditions. The LF/HF ratio was lower in BLTR
than in controls in free breathing (-50.2+46.2%) and cadenced breathing (-
9.6£3.3%). Concerning MAP, Ptor and LF power were lower in patients than in
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controls in cadenced breathing (respectively, -23.2+49.8% and -11.3£114.4%)
and also in free breathing for LF power (-20.1+85.2%). The LF/HF ratio was lower
in BLTR than in controls (-76.2£77.2% in free breathing, -76.9+66.4% in
cadenced breathing and -50.7£62.0% in handgrip).

The results of power spectral analysis for HRV of the two outliers and their
respective control counterparts are shown in Table 4. All data were closer to
controls’ results than for the rest of the patients. Results were still lower for the

two outliers than for their respective control counterparts.

Discussion

In this study, we tested the hypothesis that the modulation of the HF
component of HRV by BF is mediated by afferent fibres from the lungs that are
interrupted after BLT. To this aim, we investigated the effects of BLT on HRV.
The tested hypothesis would be fully supported by the results if the HF
component of HRV was suppressed after BLT. The data show that Ptor and the
LF and HF powers were strongly reduced in BLTR, a finding in substantial
agreement with the tested hypothesis. We can, therefore, state that most of the
spontaneous HR oscillations at rest are affected by neural afferents coming from
the lungs. Nevertheless, some degree of spontaneous HRV remained in BLTR,
suggesting that some of the overall HRV is related to other mechanisms than a
modulation of cardiovascular centres by lung afferents. Moreover, if we look at
normalised data, LFnu resulted higher, and HFnu lower in BLTR than in controls,
suggesting that the remaining variability in BLTR might have been under
predominant sympathetic modulation.

We note, however, that in two BLTR spontaneous HRV was only partially
reduced. Their LF and HF powers were more than two standard deviations above
the mean group value. If the tested hypothesis was correct, this would mean that
the neural efflux through lung afferents was present in these patients, implying
the possibility of at least partial re-innervation after complete lung denervation.
This was not a direct effect of time after intervention, since the two patients who

had, by far, the oldest surgery had very low HRV values, compared to other
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patients with more recent intervention. Anti-rejection medication cannot explain
the different behaviour of the two outliers, as they had the same treatment as the
other patients. In particular, they were both under tacrolimus, which if any would
have prevented the resurgence of HRV due to its neurotoxic effects. In fact the
outliers were the two youngest patients, who were operated when they were 22
and 28 years old, respectively 3.5 and 2.7 years before our study. Since nerve
plasticity is more efficient in younger than in later life (21-23), we speculate that
three years may have been enough, in these two patients, to recover afferent
neural fibres between lungs and cardio-respiratory centres. It would be interesting
to repeat the experiments on these patients in 2-4 years: if the hypothesis of a
gradual re-innervation of transplanted lungs holds, we would expect a

progressive increase in the power of the HF peak.

The HF peak of HRV was centred around a 0.30 Hz frequency in BLTR,
while it was located around 0.20 Hz in controls, coherently with the finding that
spontaneous BF was higher in BLTR than in controls. During cadenced breathing,
the HF peak of HRV in controls was higher than during free breathing. These
observations confirm that the HF peak is modulated by the breathing cycle
mechanism, as pointed out by several authors(2—4). By contrast, in BLTR, the
power of the HF peak was extremely low, whether during free breathing or during
cadenced breathing, more than a 100 times lower than in controls. This is

compatible with the notion that lung denervation suppressed most of the HF peak.

Also the LF power was smaller in BLTR than in controls, but not as much
as the HF power. During handgrip, no difference between BLTR and controls was
found, whereas in free and cadenced breathing, the LF power was some 10 times
smaller in BLTR than in controls. This suggests that the LF peak was less affected

than the HF peak by the breathing patterns.

Although the hypothesis that a neural modulation from lung afferents
determines most of the HF component of HRV is essentially supported by the
present results, there remains a component of spontaneous HRV that must be
related to different mechanisms. We speculate that oscillations in heart filling, and
thus in central venous pressure, following changes in lung volumes may stimulate
atrial low-pressure cardiac baroreceptor. This might correct the oscillations in

central venous pressure synchronous with changes in lung volume by means of
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compensatory heart rate oscillations, whence a surviving LF and HF component
in BLTR.

Concerning spontaneous variability of SAP and DAP, differences between
BLTR and controls were smaller than for HRV. The HF power did not differ
between BLTR and controls in any condition. No differences between patients
and controls were observed during handgrip for any of the investigated
parameters. This means that blood pressure variability was poorly affected, much
less than HRV, by lung denervation. The LF power of SAP is linked to peripheral
sympathetic modulation(24). Notwithstanding, The LF/HF ratio was higher, and
consistently LFnu was higher and HFnu lower in BLTR than in controls,
suggesting predominant sympathetic modulation of HR in patients. Thus, the
lower LF power of SAP in BLTR would confirm the dissociation between
modulation mechanisms involved in arterial pressure variability, representing the
peripheral oscillatory component, and HRV, representing the cardiac oscillatory
component. We speculate that the lung afferents to the cardiovascular centres
affect specifically the central (heart) component of cardiovascular modulation by
the ANS. Yet we acknowledge that meaning and links between LF and fluctuation
in the modulation of the ANS are highly disputed in literature(25-30), so that
some authors(26,30-32) proposed that the LF power is a poor indicator of

sympathetic heart modulation.

The analysis of HRV is a potentially useful tool in different clinical
settings(33). Cardiac autonomic dysfunction changes HRV and is a risk factor of
cardiovascular diseases(25,34). An evaluation of cardiac autonomic dysfunction
by HRV helps predicting cardiac issues. Low HRV is, for example, associated
with higher risk of heart failure(35,36), sudden cardiac death(37) and mortality
after myocardial infarction(38—40). In the case of BLTR, atherosclerotic diseases
are potentially accelerated by immunosuppressive therapy(41,42). Then,

coronary artery diseases are not uncommon in BLTR(43,44).

The remarkable differences between BLTR and controls imply that HRV
analysis may represent a sensitive tool for assessing autonomic improvements
in BLTR follow-up. For example, exercise training, improving exercise capacity
also in BLTR (45), carries along an increased vagal modulation of the heart (46),

which may be reflected by a decrease in the LF/HF ratio. Moreover, progressive
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heart reinnervation after surgery may translate into an increased Pror, LF and HF
of HRV, making the BLTR spectra closer to those of healthy subjects. Under this
respect, a stimulating perspective is opened by the two young patients who
showed Prot values more than two standard deviations higher than the group
mean. These patients were the two youngest investigated BLTR, and also the
youngest at the time of surgery. A follow-up study on young BLTR from operation
would inform on whether indexes of HRV progress toward normalisation as time

after operation goes on.

Concerning BRS, we observed a drastic reduction in BLTR with respect to
controls in every condition. Autonomic alterations with reduced vagal or increased
sympathetic nerve activity are always accompanied by decreased BRS(47-49).
This is especially true during exercise(4). The reduced BRS is therefore
consistent with the observed increase in LFnu in BLTR. As physical training
increases BRS(50), it would be relevant for BLTR to systematically enter a
training program and useful for clinical teams to exactly know how they respond
to it.

A limitation of this study concerns the fact that this is a transversal study,
wherein we compared BLTR to healthy subjects, instead of a longitudinal study,
with the same patients being studied before and after BLT. Thus, we
acknowledge that the attribution to lung denervation of the observed effects of
HRV and BRS was indirect, not direct: performance of a longitudinal study would
be needed to further reinforce the present interpretation. Another point is the
transplant medication that can cause side effects on both the central and
peripheral nervous system. For example, tacrolimus, used on nine of our eleven
patients, is well known to have neuropathies associated with it. Thus, we cannot
totally exclude that the lack of HRV may be due to a neurotoxic effect of
tacrolimus. Nevertheless, the fact that the two outliers were also under tacrolimus

speaks against this second hypothesis.
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Conclusion

From a physiological viewpoint, lung denervation carried along an
important reduction of HRV, indicating that neural modulation from lung afferents
contributes largely to HRV. The higher LF/HF ratio implies that the Pror drop was
mostly due to the HF component. In contrast, the effects of lung denervation on
blood pressure variability were much smaller than on HRV. This suggests that
the effects of lung denervation were specific to HRV modulation and confirms that

blood pressure variability and HRV are under different control mechanisms.

Clinically speaking, it is very important for physicians to be aware that
BLTR have a decreased cardiac autonomic regulation with a global and
remarkable reduction of all parameters related to HRV spectral analysis. Those
patients need an appropriate training program to be strengthened and it would be
very useful to quantify exactly how they respond to it. Further research could
evaluate HRV indices as sensitive tool for assessing autonomic improvements in
BLTR follow-up.
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Figure legends

Figure 1

The mean cardiac values and standard deviations measured and calculated at steady
state in supine position in all investigated conditions (n=11). HR: heart rate. RR: R-R
interval. SAP: systolic arterial pressure. DAP: diastolic arterial pressure. MAP: mean
arterial pressure. BRS: Baroreflex sensitivity. FB: Free Breathing. CB: Cadenced
Breathing. HG: Handgrip. *: significantly different from Controls. #: significantly different

from FB for the same group.

Figure 2

The mean breathing values and standard deviations measured at steady state in supine
position in supine position in all investigated conditions (h=11). FB: Free Breathing. CB:
Cadenced Breathing. HG: Handgrip. *: significantly different from Controls. #:

significantly different from FB for the same group.

Figure 3

LF and HF power values for HRV during free breathing for every patient, from the most
recent to the oldest surgery (6 months to 12 years). X axis is shorten for a better

reading.
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Table 1

Anti-rejection medication in every bilateral lung transplant recipient

Patients

Medication

© 0N O U WNPRE

B
= o

Everolimus
Tacrolimus
Tacrolimus
Tacrolimus
Tacrolimus
Tacrolimus
Tacrolimus
Everolimus
Tacrolimus
Tacrolimus
Tacrolimus

Mycophénolate mofétil

Prednisolone
Prednisolone
Prednisolone
Prednisolone
Prednisolone
Prednisolone
Azathioprine
Prednisolone
Prednisolone
Prednisolone
Prednisolone

106




Table 2

Mean and standard deviations of all parameters calculated by

variability, in supine position in the three investigated conditions.

heart rate

mean of
HRV (n=11) FB CB HG
P 128.3 + 144.3* 126.6 + 118.3* 243.6 + 229.8*
Ptot [ms2Hz-1]
C 1799.1 + 1303.3 927.5+ 4485 1735.9 + 947
P 86.1 + 163.8* 37.3+48.14* 133.2 £205*
LF [ms2Hz-1]
C 480 + 377.6 221.5+197.1 381 +237.8
P 30.5 + 53.6* 11 +11.21* 57.8 £81.1*
HF [ms2Hz-1]
C 346 + 230 663.9 + 646.7 522.5 + 508.2
LF/HF P 321+ 2.1 25+2.1*% 3.6 £3.5%
C 15+13 09+0.8 1+09
P 69.8 + 9.4* 61.3 +16.5% 62.1+21.7%
LFnu [ %]
C 48.4+20.1 38.9+19.6 40+£19.8
HF [ 0/] P 29 +16.2* 35.5 +19.45*% 26.07 +10.8*
nu (1]
C 45+ 16.4 555+ 16.4 51.9+19.3
HRV (n=9) FB CB HG
P 66.4 + 52.2* 68.6 + 61.6* 168.5 + 147.8*
Ptot [ms2Hz-1]
C 1804.6 + 932.8 932.8 + 500.1 1597.9 +819.1
P 15.6 £ 13.9* 18.8 £ 21.63* 187.2£312.3
LF [ms2Hz-1]
C 375.8 £ 295.7 224.4+212.6 356 +211.8
P 7.4+4.9* 5.3 £3.16* 11.2+7.8*
HF [ms2Hz-1]
C 334.7 + 236 741.6 £694.2 457.6 + 499
LF/HF P 3.3+£2.3* 27+23 3.1+24*
(e} 1.1+07 1£0.1 1.1+0.9
P 63.5 £ 20.7* 58.2 £ 23.3* 65.1 +£23.1*
LFnu [ %]
C 46.7 £ 20 39.2+21.8 41.6+21.8
29.4 +18* 33.2+19.4% 24.4+11.3%
HFnu [ %] P
(e} 455+ 148 541+179 50.8 +£21.3

Top panel: eleven patients and controls. Bottom panel: nine patients and controls. HRV:

heart rate variability. Pror: total power. LF: low frequency power. HF: high frequency

power. LF/HF: low-to-high frequency ratio. LFnu: normalized LF power. HFnu:

normalized HF power. P: Patients. C: Controls. FB: Free Breathing. CB: Cadenced

Breathing. HG: Handgrip. *: significantly different from controls.
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Table 3

Mean and standard deviations of all parameters calculated by mean of systolic arterial
pressure, diastolic arterial pressure, mean arterial pressure at steady state, in supine

position in the three investigated conditions.

Free Cadenced

SAP Breathing Breathing Handgrip

p 145+11.4 7.8 +4.4% 18.1+11.4
Ptot [ms2Hz-1]

c 247+16.6 15.6+8.9 18.7+15.3

p 3.5+£3.2% 1.6+1.1* 3.7 £2.9
LF [ms2Hz-1]

c 6.4+38 44+27 52+3.1

p 20+13 22+19 364
HF [ms2Hz-1]

c 12+1.0 12+1.1 20+17

p 2.0+1.8* 12+ 1* 27+2
LF/HF

c 53+35 3.8+43 34+29
DAP

p 45+3.7 2.6 £1.5% 7.8+5.6
Ptot [ms2Hz-1]

c 6.9+4 6.2+4.6 9+7.6

p 1.5+ 1.5* 0.6 +0.7* 21+19
LF [ms2Hz-1]

c 27+16 19+1.4 23+1.2

p 11+14 0.7+0.5 21+27
HF [ms2Hz-1]

c 11+1 1.3+13 16+23

p 1.8+ 1.4% 1.4+ 1.4 24+35
LF/HF

c 41+32 3+238 26+15
MAP

p 55+35 3.5+1.8* 8.6+51
Ptot [ms2Hz-1]

c 75+4.2 54+2.2 83t5

p 15+ 1.2% 0.8+0.7* 28+35
LF [ms2Hz-1]

c 28+15 1.9+1.1 28+17

p 0.8+0.6 0.9+0.7 19+21
HF [ms2Hz-1]

c 05+0.4 0.6+0.7 1+13

p 22+1.8* 1.4+ 1.3 2.7+£2.7%
LF/HF

c 93+9 6+6.7 54+4.1

SAP: systolic arterial pressure. DAP: diastolic arterial pressure. MAP: mean arterial
pressure. Pror: total power. LF: low frequency power. HF: high frequency power. LF/HF:
low-to-high frequency ratio. LFnu: normalized LF power. HFnu: normalized HF power. P:

Patients. C: Controls. *: significantly different from controls.
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Table 4

Parameters calculated by means of heart rate variability, in supine position in the three

investigated conditions, for the two outliers and respective control counterparts.

HRV Patient 6 Control 6 Patient 10 Control 10
FB 1338.8 1942.4 503.9 1606.7
Ptot [ms2Hz-1] cB 1049.6 866.1 272.2 941.8
HG 774.1 3509.9 389.4 1204.1
FB 542.9 725.2 219.2 322.7
LF [ms2Hz-1] cB 155.7 93.4 85.6 323.2
HG 302.6 789.9 121.8 197.3
FB 165.8 200.3 103.9 592.8
HF [ms2Hz-1] ¢ 260.4 193.2 37.9 435.5
HG 236.9 1251.5 73.5 377.4
FB 33 36 2.1 0.5
LF/HF cB 0.6 0.5 2.3 0.7
HG 1.3 0.6 1.7 0.5
FB 76.1 76.8 67.1 35.1
LFnu [ %] cB 36.8 31.9 66.3 42,5
HG 44.9 32.8 52.5 323
FB 233 21.2 31.8 64.4
HFnu [ %] cB 61.6 66.0 29.4 57.3
HG 35.1 52.0 31.7 61.8

HRV: heart rate variability. Pror: total power. LF: low frequency power. HF: high
frequency power. LF/HF: low-to-high frequency ratio. LFnu: normalized LF power. HFnu:

normalized HF power. FB: Free Breathing. CB: Cadenced Breathing. HG: Handgrip.
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Figure 1
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Figure 2
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5.2.3. Conclusion

Les résultats obtenus apportent des éléments intéressants pour la
compréhension des mécanismes de régulation de la variabilité cardiaque et de
la pression artérielle. La dénervation des poumons, suite a I'acte chirurgical de
transplantation, implique une forte réduction de la VFC. L’hypothése formulée
soutenant la contribution des afférences pulmonaires a la modulation de la
composante HF du spectre de puissance de la variabilité cardiaque, les résultats
obtenus vont dans ce sens et valident cette hypothése. Nous mettons donc en
lumiére une autre contribution, indépendante, influencant la régulation
chronotrope du cceur. Les résultats de variabilité de la pression artérielle entre
patients transplantés et sujets controles n’étant pas significativement différents,
ils démontrent une fois encore la différenciation entre régulation cardiovasculaire

centrale et périphérique.

D’un point de vue clinique, cette étude nous conforte dans l'idée qu’une
réadaptation physique est essentielle pour tous les transplantés pulmonaires,
quelle que soit leur condition physique préopératoire. En effet, les valeurs
d’indices de variabilité cardiaque et du BRS chutant suite a la transplantation, les
patients s’exposent de maniere plus importante aux risques de mortalité liés a de
nombreux troubles cardiovasculaires (Bigger et al., 1992 ; Kudaiberdieva et al.,
2007 ; Pipilis et al., 1991 ; Ponikowski et al., 1997 ; Sandercock et al., 2006 ;
Singh et al.,, 1996 ; Tuininga et al.,, 1994 ; Zuanetti et al., 1996). L’activité
physique augmentant significativement les valeurs de VFC (Aubert et al., 2003 ;
Malik et al., 1996 ; Perini et al., 2002 ; Sandercock and Brodie, 2005) et de BRS

(Hua et al., 2009 ; Pagani et al., 1988), c’est un excellent moyen de limiter les
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risques d’événements cardiovasculaires fatals et, bien évidemment, d’améliorer

les performances cardio-respiratoires de ces patients.

La deuxiéme partie du protocole de recherche de cette étude inclut déja
un programme de réentrainement, avec une analyse transversale des données
récoltées avant et aprés cette phase de réentrainement. Cette étude, toujours en
partenariat avec le département de pneumologie des Hopitaux Universitaires de
Geneéve, est en projet et permettrait de connaitre et de chiffrer, d’'un point de vue
de la variabilité cardiaque et du BRS, les effets du réentrainement qui est déja
administré en post-opératoire a chaque patient transplanté. Ainsi, les indices de
VFC pourraient étre potentiellement validés comme outil de suivi des capacités
de modulation du SNA et de maniere plus générale, des capacités

cardiovasculaires en post-opératoire.
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5.3. Article Il
Effects of autonomic blockade on
human cardiovascular control, at rest

and during exercise
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5.3.1. Introduction

Aprés l'observation de la variabilité de fréquence cardiaque chez des
patients ayant subi une transplantation pulmonaire compléte, nous nous sommes
intéressés aux blocages du systeme nerveux autonome par substance
pharmacologique. La deuxieme étude a montré que les afférences pulmonaires
jouent un réle important dans la régulation de la composante HF de la variabilité
cardiaque. Par la suite, et indépendamment de cela, nous voulions confirmer ce
qu’il en était des efférences cardiaques. Nous savons que la fréquence cardiaque
est modulée par le SNA et ses branches sympathique et vagale (Lombardi et al.,
1996 ; Pagani et al., 1986 ; Perini and Veicsteinas, 2003 ; Saul, 1990 ; Task
force, 1996). Afin de confirmer quels étaient leurs réles précis dans la régulation
de la variabilité de la fréquence cardiague, nous avons administré des
substances bloquant les flux efférents sympathiques et parasympathiques en
provenance des centres cardiorégulateurs au sein du bulbe rachidien. Ces
blocages furent soit sympathiques, soit vagaux, soit complets en inhibant

'ensemble des influx des branches parasympathique et sympathique du SNA.

En suivant 'hypothése que les branches afférentes du SNA représentent
le seul modulateur neural de la fréquence cardiaque, le blocage sympathique ou
vagal devrait réduire la VFC alors que le blocage complet pourrait, lui, faire
disparaitre toute puissance spectrale de la variabilité cardiaque. Afin de tester
cette hypothése, nous avons investigué les effets de blocage de deux substances
différentes, au repos et a I'exercice. Le metoprolol est une molécule 3-bloquante
cardiosélective bloquant les récepteurs adrénergiques 31 au niveau cardiaque.
Il stoppe donc les informations nerveuses circulant a travers les efférences
sympathiques en direction du cceur. L’atropine est un antagoniste cholinergique
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qui blogue les informations parasympathiques en se fixant sur les récepteurs
muscariniques de I'acétylcholine et ce, autant dans le systéme nerveux central
que périphérique. En utilisant ces deux substances conjointement, hous avons

blogué simultanément les deux branches du SNA.

De nombreuses études ont cherché a mettre en évidence les effets des
blocages pharmacologiques (Beckers et al.,, 2006 ; Castiglioni et al., 2011 ;
Challapalli et al., 1999 ; Formes et al., 2005 ; Kamimori et al., 2009 ; Krediet and
Dunning, 1979 ; Montano et al., 1998 ; Mullen et al., 1997 ; Ng et al., 2009 ;
Warren et al., 1997). Les effets du blocage vagal apparaissent assez clairement,
cependant, ceux du blocage sympathique semblent étre plus ambigus. En effet,
différents R-bloquants cardiosélectifs et non-cardiosélectifs, tel le propranolol, ont
éte utilisé a différents dosages dans ces nombreuses études. Ces travaux n’ont
donc pas pu différencier les effets des blocages centraux des blocages
périphériques. De plus, les degrés de blocage des récepteurs variaient d’'une
étude a I'autre. Nous avons donc mené I'étude présentée ci-apres afin d’affirmer
ou d’infirmer notre hypothese de départ et de répondre aux ambiguités mises en

lumiére par I'étude de la littérature sur cette thématique.
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ABSTRACT

Introduction. The autonomic nervous system (ANS) is a key source of
spontaneous heart rate variability (HRV). If ANS is the only modulator of the
heartbeat, HRV should decrease with vagal or sympathetic blockades, and
disappear during simultaneous blockade of both ANS branches. To test this
hypothesis, we investigated the effects of autonomic blockades on HRV and

blood pressure variability in resting and exercising humans.

Methods. 7 males (age 24.3+2.6 years) performed 5-min exercise at 80 W,
preceded by 5 min at rest, under control (C, no drugs), atropine (A), metoprolol
(M) and atropine plus metoprolol (double blockade, DB). On continuous
recordings of heart rate and arterial blood pressure, we determined HRV and

spontaneous blood pressure variability by power spectral analysis.

Results. At rest, the total power (PT10T), and the powers of the low (LF) and high
(HF) frequency components of HRV were dramatically decreased in A and DB
compared to C and M, with practically no effects on the LF/HF ratio and on the
normalised LF (LFnu) and HF (HFnu). During exercise, PT1oT, LF and HF varied
as at rest. Blood pressure variability followed similar patterns as HRV, but with

much smaller changes.

Conclusions. The results are in contrast with the tested hypothesis, suggesting
that ANS is not the only responsible of heartbeat modulation. The
parasympathetic outflow to the heart appears to be a major determinant of. The

observed effects appear specific to HRV.

Key words

Heart rate variability - Arterial blood pressure - Baroreflexes - Metoprolol - Atropine
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INTRODUCTION

The heartbeat is modulated by both the sympathetic and the vagal
branches of the autonomic nervous system (ANS) (33, 43, 46, 57, 59). The
interaction between the two branches of the ANS is considered a key source of
spontaneous heart rate variability (HRV) and was extensively investigated (6, 8,
31, 33, 34, 36, 43, 59). Several investigators tried to understand the neural
modulation of the heartbeat by means of pharmacological blockade of either the
vagal or the sympathetic branch of the ANS, or both, at rest (5, 10, 11, 13, 20,
26, 29, 38, 40, 41, 43, 63). The data show that vagal blockade reduced the total
power (PTOT) of HRV, due to reduction of both its high frequency (HF) component
and its low frequency (LF) component. More ambiguous results were obtained
under B-adrenergic blockade, partly as a consequence of the type of drug that
was used and of the degree of receptor blockade. Under atenolol, a shift toward
HF was considered to contradict a concomitant increase in muscle sympathetic

nerve activity (13)

Warren et al. (1997) investigated the effects of vagal blockade with
glycopyrrolate, selective B-1 blockade with esmolol and simultaneous double
blockade with both drugs, on HRV at rest and exercise on the same subjects. The
results showed that the power of the HF peak decreased in response to exercise
and was attenuated by glycopyrrolate, as they expected. Muscarinic blockade,
however, and contrary to their expectations, reduced also the power of the LF
peak of HRV, whereas esmolol had no effects on it. The authors concluded that
the HF of HRV is a valid index of cardiac vagal activity, as they hypothesized, but
the absence of effects of selective -1 blockade on the LF peak was in contrast
with their hypothesis. The very short half time of esmolol may suggest that -1
receptors were not blocked anymore at the time of their measurements, which
may undermine the meaning of their study. Moreover, Warren et al (1997) did not
discuss their results in terms of responses to exercise in the four experimental
conditions. They neither analysed blood pressure variability, another important

indirect feature of sympathetic modulation of the cardiovascular system.
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At exercise start, there is an almost immediate attenuation, if not
suppression, of vagal activity (18, 30), while the degree of sympathetic activation
increases (54, 56, 64) and the modulation of the heartbeat by the sympathetic
efferents becomes predominant (47, 53), in apparent contrast with the reported
decrease of the LF peak in humans (46, 48). ANS activity during exercise differs
from that at rest, and the data at exercise show that further, deeper investigations,
possibly including an analysis not only of HRV, but also of blood pressure
variability, are necessary to achieve a better understanding of the mechanisms

modulating the heartbeat during exercise.

Let us assume that the vagal withdrawal that occurs at exercise start, an
analogous of vagal blockade, generates most of the HRV patterns observed
during exercise. If this hypothesis were correct, we should expect an analysis of
HRV to show: i) no differences in PToT, LF and HF between rest and exercise
under full parasympathetic blockade; ii) a fall in PToT, LF and HF between rest
and exercise under selective 1-sympathetic blockade; iii) no differences in PTOT,
LF and HF between rest and exercise under blockade of the two branches of the
ANS. Moreover, these predictions should not apply to arterial blood pressure
variability, which reflects more the peripheral vascular modulation than the central

cardiac modulation.

To test the hypothesis formulated here above, we carried out the present
study, the aim of which was to investigate the effects of selective p1-sympathetic
blockade, of vagal blockade and of simultaneous blockade of both branches of

the ANS, at rest and during exercise, on HRV and blood pressure variability.

METHODS

Subjects

Seven healthy non-smoking young participants volunteered for the
experiments. They were (mean + SD) 24.3 + 2.6 years old, 181.2 + 3.1 cm tall,
and weighed 78.9 = 6.1 kg. Exclusion criteria were: presence of history of
cardiopulmonary disease and regular medication usage at the time of the study.
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Participants were instructed to avoid caffeine consumption 24 hours before the

visit, and to refrain from performing strenuous exercise the day before.

All participants were preliminarily informed on the design and risks
associated with the experimental testing, and they signed a written informed
consent. The study was conducted in accordance with the Declaration of Helsinki,

and the protocol was approved by the institutional ethical committee.

Protocol and measurements

The volunteers reported to the laboratory four times, on different days,
with at least a 48-hour break in between. Experiments were performed in supine
posture. After instrumentation, a 20-gauge catheter was placed in the antecubital
vein of the right arm to administer medications. A 5-min period of monitoring at
rest preceded a series of three 5-min square wave exercises at a 80-W intensity.

Between each repetition a 5-min recovery was allowed.

During the entire protocol, the electrocardiogram was continuously
recorded (ElImed ETM 2000, Heiligenhaus, Germany), and continuous recordings
of arterial pulse pressure were obtained at a fingertip of the left arm by means of
a non-invasive cuff pressure recorder (Portapres, FMS, Amsterdam, The
Netherlands).

The R-R interval (RR) and its reciprocal, HR, were computed beat-by-beat.
Systolic and diastolic blood pressure (SAP and DAP, respectively) values were
obtained from each pulse pressure profile, using the Beatscope® software
package (FMS, Amsterdam, The Netherlands). Beat-by-beat mean arterial
pressure (MAP) was computed as the integral mean of each pressure profile,
using the same software package.

All the signals were digitalized in parallel by a 16-channel A/D converter
(MP150, Biopac Systems, Goleta CA, USA) and stored on a computer. The
acquisition rate was 400 Hz.

This protocol was performed under four experimental conditions,
administered in random order: i) control (C), i.e. without any drug administration,
i) parasympathetic blockade with atropine administration (A), ii) selective B1-

adrenergic blockade with metoprolol administration (M), and iv) double blockade
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of both branches of the ANS with simultaneous atropine and metoprolol

administration (DB).

Drug administration

Parasympathetic blockade was achieved with a unique dose of 0.04

mg/kg (mean 3.06 + 0.23 mg, range 2.7 — 3.4 mg) of atropine (21, 39).

For adrenergic blockade, we used metoprolol tartrate (Loprésor,
Novartis, Switzerland): after an initial bolus of 15 mg, metoprolol was continuously
infused at a rate of 45 mg per hour, by means of an infusion pump. The efficacy
of adrenergic blockade along time was evaluated on a separate session, by
analysing the heart rate response following isoprenaline injection. The correct
metoprolol maintenance dose was identified as the dose ensuring an 80%
reduction of the HR response to isoprenaline for the entire protocol duration. This

dose was then administered during the experimental test in M condition.

During the DB experiments, we used the same doses of atropine and
metoprolol as in A and M sessions, respectively. After injection of atropine,

metoprolol was administered using the same procedure described here above.

Data treatment

After construction of the time series of RR, SAP and DAP from the
continuous recordings of electrocardiogram and pulse pressure profiles, means
of power spectral analysis were used to evaluate spontaneous variability of RR,
SAP and DAP (43). The total power (PTOT) of RR, SAP and DAP variabilities,
corresponding to variance, was initially obtained. Subsequently, the powers and
frequencies of LF low (0.03-0.149 Hz) and HF (0.15-0.5 Hz) components of the
power spectrum were computed and expressed in absolute units (ms?). The very
low frequency component was neglected. The LF/HF ratio was also calculated.

Normalized LF and HF (LFnu and HFnu, respectively) were computed as:

LFx100
Ptot—VLF (1)

and expressed in normalized units (36).
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The spontaneous baroreflex sensitivity (BRS, expressed in ms mmHg™)
was estimated from SAP and RR by means of the sequence method (7). We
selected intermittent short sequences of at least three heartbeats during which
SAP increased or decreased resulting in a change in RR interval going to the
same direction. On these sequences we applied linear regression analysis, and
the calculated slope was retained. BRS was then calculated as the mean of the
slopes of all sequences per each participant in each condition. Only sequences

showing a coefficient of determination of at least 0.85 were analysed.

Spectral analysis and BRS were both performed using software that

purposely-written in the Matlab® environment (49).

Statistics

Data are reported as group means * standard deviation. The effects of
drugs and exercise on the investigated parameters were analysed by two-way
ANOVA for repeated measurements. When applicable, a Tukey post-hoc test
was used to locate significant differences. All data were analysed with Statistica
12 ©. (StatSoft, Inc., Tulsa, OK). Differences were considered significant if
p<0.05.

RESULTS

The mean values of measured and calculated variables at rest and during
exercise for the four investigated conditions are shown in Table 1. No arrhythmic

beats were observed, and in all cases a normal sinus beat was maintained.

Atrest, HR was 62.7 = 8.5 mint in C; it was 43.5 + 8.26% higher in A than
in C and 33.3 + 10.2% higher in DB than in C. HR in DB was also 36.5 + 6%
higher than in M and 18.2 £ 9.1% lower than in A. In M, no differences with respect
to C were observed. During exercise, HR was 105.0 + 12.4 beats * mint in C; it
was higher in A (+20.7 = 14.6%), M (+28.1 £ 21.3%) and DB (+22.0 £ 13.8%)
than in C. With respect to the corresponding values at rest, HR during exercise
increased in C, A and M, but not in DB.
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No differences were observed at rest for either SAP or DAP, in any of the
investigated conditions, with respect to C. Nevertheless, DAP tended to be higher
in DB than in C, and was significantly higher in DB than in M (25.8 + 15.6%).
During exercise, SAP was lower in A (-28.9 + 20.8%), M (-28.1 + 21.3%) and DB
(22.0 £ 13.8%) than in C. No differences were observed for DAP. No significant
differences for MAP were found at rest, except that it was higher in DB than in M
(16.9 + 15.1%). At exercise, it did not vary significantly between conditions. MAP

during exercise was higher than at rest only in C.

HRV data at rest and exercise are shown in Table 2. Whereas PTOT was
not affected by M with respect to C, it was largely and significantly decreased in
A and DB, both at rest and at exercise. The decrease in PTOT in A and DB was
due to the drop of both LF and HF powers. As a consequence, no differences for

LF and HF powers between M and C, and between A and DB were observed.

The HF/LF ratio at rest was unaffected by drug treatment, the only
significant difference being between A and DB; at exercise, all pharmacological
treatments provided different results with respect to C. As for the LF/HF ratio,
LFnu at rest was higher in A than in DB; at exercise, it was lower in DB than in
any other condition. Coherently, HFnu did not change significantly at rest; during
exercise, it was higher in DB than in any other condition. With respect to rest,

HFnu was decreased during exercise in C and in M.

Means and standard deviations of all data calculated by means of SAP

and DAP spectral analysis at rest and during exercise are also shown in Tab 2.

Concerning SAP, no differences among conditions for Ptor were observed
at rest. During exercise, Ptor was lower in A (-91.8 + 6.7%), M (-88.9 £ 9.3%) and
DB (-91.6 + 6.4%), compared to C. At rest, the LF power followed the same
patterns as in HRV, with lower values in A and DB than in C (-70.5 + 20.2 % and
-62.0 = 27.4%, respectively) and BB (-63.7 = 19.7% and -52.9 = 34.4%,
respectively), while the HF power was lower in in A (-49.5 + 43.4%) and DB (-
62.7 £ 22.3%) than in C. No differences among conditions were observed during
exercise for both the LF and the HF powers. The LF power was higher in C and

A with respect to the same condition at rest. No differences among conditions or
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compared to rest were observed for the HF power. The LF/HF ratio was

unchanged in all conditions.

Concerning DAP, no changes in Pror were found in any pharmacological
condition with respect to C. At rest, the HF power did not vary among conditions,
while the LF power was lower in A and DB than in C. The LF/HF ratio was lower
in all conditions than in C. During exercise, there were no significant differences

among conditions or with respect to the same condition at rest.

The BRS values at rest and exercise are shown in Figure 1. At rest, BRS
was 91.4 £ 1.93 % lower in A and 86.2 + 7.4% lower in DB than in C. It was also
lower in DB (-86.8 £ 9.5%) and in A (-91.5 % 4.4%) than in M. During exercise,
BRS was lower in A than in C (-58.2 = 28.0%) and M (-72.4 + 11.0%). BRS was

lower at exercise than at rest in C, A and M, but not in DB.

Discussion

Main findings

The analysis of spontaneous heart rate variability at rest showed that: 1.
atropine administration at rest drastically reduced PToT, due to the fall of both LF
and HF powers, with respect to control; 2. simultaneous double blockade with
atropine and metoprolol at rest provided the same results as atropine
administration only; 3. metoprolol administration had no effects on heart rate
variability at rest.

A comparison of exercise data versus rest data in the four conditions
showed that exercise: 4. did not change PTOT, LF and HF following
parasympathetic blockade and simultaneous double blockade with respect to
rest; 5. decreased PToT, and the LF and HF powers, by the same extent under
metoprolol as in control. In spite of this, at exercise, PToT, and the LF and HF

powers were lower in A and in DB than in C or in M.

All drug administrations provided ambiguous results concerning LFnu and
HFnu, whether at rest or at exercise. The results concerning arterial blood

pressure variability were similar to those obtained for HRV, but with much smaller
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changes. Baroreflex sensitivity was drastically reduced both at rest and during

exercise by atropine administration and by double blockade.

These results agree with the tested hypothesis that vagal activity
suppression is the main determinant of the reduction of PTOT during light steady-
state exercise, as long as the three predictions on PToT that we formulated were
supported by the results. Yet we still found effects on arterial blood pressure
variability, which followed similar patterns as those for HRV, although of much
smaller size. No clear cut conclusions can be formulated concerning the relative

weight of LF and HF and their balance at rest and at exercise.

Heart rate variability

At rest, HR was significantly increased after A administration, in line with
previous studies (12, 26, 28, 58, 60); in M, despite a slight decrease, HR in M did
not change significantly. These results, although similar in size to those obtained
in a previous study with the same drug (58), are at variance with those of other
studies, carried out in upright posture, showing a significant HR reduction at rest
with beta-blockade (19, 20, 22). This may suggest that the Bl-adrenergic
blockade might not have been complete in the present study. It is of note,
however, that the same procedure and dose of metoprolol administration was
used in a previous study (20), generating a significant resting HR decrease both
in normoxia and in acute hypoxia. In supine posture, the predominance of vagal

modulation of HR (23, 43) may explain the lack of changes in HR in M.

Concerning HRYV, the present PToT and LF and HF powers in C were in
line with previous results (6, 36, 43, 46, 51, 59). M failed in changing PToOT, LF
and HF at rest indicating that a selective blockade of cardiac p-adrenergic
receptors has no effects on spontaneous HR oscillations. This would mean that
the sympathetic outflow to the heart may not be a main determinant of HRV,
although the Ptot values after DB appear lower (just a tendency) than after A.
These results are in agreement with some previous studies (20, 63). However,
different results were obtained by others (13, 49), who remarked a decrease of
LFnu and LF/HF index, an increase in PTOT mostly due to an increase in HF, a

finding that suggests a stronger cardio-respiratory coupling under atenolol than
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in control. Spontaneous HR oscillations were almost suppressed in A, as
observed in all previous studies (11, 20, 26, 38, 40, 41, 63), indicating that the
parasympathetic outflow to the heart is the major determinant of HRV at rest in
the present population. This was so also under simultaneous sympathetic and
vagal blockade, indicating that the most of the effect observed in DB was due to

the suppression of parasympathetic modulation of the heartbeat only.

Passing from rest to exercise implied a large change in LF and HF powers
in C and in M, whereas no changes with respect to rest were found in A and in
DB. These results indicate that the well-known fall of HRV usually observed
during exercise (46), and found also in this study, is mostly due to the withdrawal
of the vagal outflow to the heart occurring at exercise onset (18, 30). If indeed
vagal withdrawal occurs at exercise onset, these results would indicate at the
investigated powers vagal withdrawal is not complete, because the LF and HF
powers in C were still higher than in A or in DB, the two conditions in which a full

blockade of muscarinic receptors was attained.

When we analyse LFnu, HFnu and LF/HF ratio, the results appear more
ambiguous. Since the effects of drug administration on the LF and HF powers
were similar, the LF/HF ratio did not change significantly. In spite of this, during
exercise, there was a tendency toward a lower HF power than LF power. This
tendency was such as to provide, at exercise compared to rest, significantly
reduced HFnu values in C and M, though not in A and in DB; as a consequence,
LF/HF ratio turned higher at exercise than at rest, at least in C and in M. This
suggests that the withdrawal of vagal tone at exercise onset might have had
greater effects on the HF than on the LF component of HRV. Alternatively, an
initial increase of the cardiac sympathetic modulation is already present, as
suggested by the relative increase of the LF component of RR variability.
Nevertheless, at exercise, LFnu in DB was significantly lower and HFnu
significantly higher than in C, despite the lack of differences in the LF/HF ratio.
This may be due to the non-autonomic effect of an increase in ventilation that is
reflected on HRV through changes in venous return. A similar condition can be
observed in a neurodegenerative disease such as the Pure Autonomic Failure.
This condition is characterized by both a cardiac sympathetic and

parasympathetic denervation leading to Ptot values mimicking high dosage
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atropine administration, in which a HF component of HRV, non-autonomic in
origin, is present (48). Notwithstanding, these apparently contradictory results
prevent from arriving at clear-cut conclusions concerning the mechanisms at the

basis of relative powers in this study.

Blood pressure variability

At rest, arterial blood pressure was not affected by drugs, consistently with
previous studies (20, 26). On one side, the vagal branch of the ANS affects the
central cardiovascular function (with significant differences for HR) but not the
peripheral one (with no differences in blood pressure), coherently with the notion
that atropine does not act on systemic arterioles, which are normally devoid of
muscarinic receptors. On the other side, metoprolol is a selective blocker of 31-
adrenergic receptors that are expressed specifically in the heart, not in arterioles,

so it was not expected to induce changes in blood pressure.

SAP variability was much less affected by A and DB than HRV. Most
remarkable are the changes observed when passing from rest to exercise: the
LF for SAP power increased in C (coherently with previous results, see 46 and
48) and A, but not in M and in DB. This indicates that the increase in LF power
for SAP may be a consequence of increased sympathetic modulation during
exercise. No effects were observed under any drug on the HF power: this means
that the HF power of SAP is independent of the activity of the two branches of
the ANS. The lack of exercise effects on HF power under drug stimulation
explains why the PToT did not differ significantly at exercise with respect to rest
in A.

DAP variability was unaffected by drug administration: this suggests that
the exercise effect on the LF power of SAP, related to a selective blockade of f1
adrenergic receptors, is mediated by a central (cardiac) rather than a peripheral

(arteriolar muscle vasodilation) action of the sympathetic branch of the ANS.

Baroreflex sensitivity
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At rest, BRS was drastically reduced in A and DB as compared to C, but
not in M, in agreement with previous observations (1, 13, 65). This agrees with
the concept that BRS is mainly modulated by the parasympathetic efferent branch
on the ANS. The changes in BRS are consistent with the changes in arterial blood
pressure variability, suggesting that baroreflexes may modulate the LF power of
arterial blood pressure. The reduction of BRS observed at exercise with respect
to rest (60) agrees also with the alfa-index changes observed in previous studies
(44). In the present study, the BRS reduction at exercise was observed only in C
and in M, but not in A and in DB. It can well be attributed to the withdrawal of
vagal tone at exercise onset, as proposed (42). As a consequence, no differences
in BRS among the four investigated conditions were observed during exercise.

Conclusion

The results of this study support the hypothesis that the main determinant
of spontaneous heart rate variability is the parasympathetic outflow to the heart,
The observed effects on arterial blood pressure variability are indirectly related to
the action of the administered drugs, supporting the notion that blood pressure
and heart rate variability are only partially-associated phenomena, subject to
somewhat independent regulation mechanisms. These conclusions have no
impact on the meaning and on the physiological mechanisms behind LFnu and
HFnu.
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Figure legend

Figure 1: Mean values of BRS in each investigated condition (control / atropine /
metoprolol / double blockade) at rest and during exercise. N=7. Statistics: two-way
ANOVA and Tukey post-hoc. BRS: Spontaneous baroreflex sensitivity. CTRL: Control.
ATR: Atropine. B: Metoprolol DB: Double blockade. *: significantly different from CTRL.
#: significantly different from DB. §: significantly different from ATR. $: significantly

different from the same condition at rest.
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Table 1: Mean steady state values for the cardiovascular variables monitored during

rest (R) and exercise (E) in the 4 experimental conditions: control (C), atropine (A),

metoprolol (M), and double blockade (DB).

HR: heart rate; RR: R-R interval; SAP:

systolic arterial pressure; DAP: diastolic arterial pressure; MAP: mean arterial pressure;

BRS: spontaneous baroreflex sensitivity. *: p<0.05 compared to C. #: p<0.05 compared

to DB. 8: p<0.05 compared to A. Italic: Exercise significantly different from Rest

Measured
, C A M DB

variables

R 62.67+£8.47 111.17+£17.75% 59.58+7.11%8 93.71+5.48*
HR [min]

E 105.04+12.39 135.04+20.56* 93.53+8.17% 103.19+8.068

R 985.3 £ 185.7 548.6 £ 79.5*#  1017.7 + 104.48 642.1 £38.2*
RR [ms]

E 577.9 + 66.2 455.9 + 89.3* 645.3 £ 51.38% 584.2 £ 41.18

R 111.97+9.52 112.96+11.83 109.75+13.89 119.48+14.29
SAP [mmH(]

E 138.51+17.53 108.73+15.94* 113.58+15.21* 107.70+14.76*

R 54,95+9.64 60.95+9.10 48.96+10.81% 66.16+8.43
DAP [mmHg]

E 60.94+7.48 54.21+7.72 53.35+13.55 54.34+6.92

R 73.95+8.59 78.28+7.76 69.22+10.42% 83.9317.78
MAP [mmHg]

E 86.79+9.88 72.58+£10.03 73.42+13.53 72.131£9.41

R 25.74 £ 11.28 2.17 £ 1.06 *# 27.42 £ 8518 3.00+£0.92 *
BRS [ms mmHg?]

E 259+ 1.76 0.85 + 0.31* 3.17+0.62 § 2.13+0.44
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Table 2:

Mean and standard deviations of all parameters calculated by means of

heart rate variability, and of the spontaneous variability of systolic arterial pressure,

diastolic arterial pressure, at steady state, in supine position and at every condition

(control/atropine/metoprolol/double blockade). C: Control. A: Atropine. M: Metoprolol,

DB: Double blockade. HRV: heart rate variability. SAP: systolic arterial pressure. DAP:

diastolic arterial pressure. Pror: total power. LF: low frequency. HF: high frequency.

LF/HF: low and high frequency ratio. R: Rest. E: Exercise*: significantly different from C.

# significantly different from DB. 8: significantly different from A. ltalic: Exercise

significantly different from Rest

HRV C A M DB
Pror [Ms2HzY] R 6351.4 + 4476.4 22.5+13.8* 7883.2 + 5965.9 129+ 4.9%
E 185.42 £ 77.14 10.10 £ 3.25* 93.6 + 30.9** 14.8 +4.7*
LF [ms2HzY] R 1717.5 £ 1290.6 1.45+1.19* 2711.9 + 2061.8¢ 1.07 £ 0.46*
El 40.6 £29.3 1.72 +1.38* 41.3 +29.3% 1.59 + 1.49*
HF [ms2Hz] R 1441.0 £ 1296.1 0.85+0.55 2552.3 + 2245.0" 257 +0.75
E 10.8+7.8 0.3+£0.13* 11.2+9.28 3.12+1.55
LE/HE R 143 +1.01 1.81 +0.85" 1.38 +0.77 0.50 £0.35
El 4.05 +2.03 3.98 + 2.61* 3.97 +£1.97* 0.26 + 0.15*
LFnu [%)] R 46.8+19.3 57.7 +28.2° 46.1+14.7 25.9+13.8
E 69.6 + 16.5 61.6 +22.7* 65.3 +21.27 12.7 + 8.0*
HFnu [%] R 51.1+18.3 38.3+£26.9 51.1+15.4 62.6 +15.6
E 155+8.7 22.6 + 14.4* 17.41 5.0 45.5 + 23.5*
SAP variability € A M DB
R 25.70 £ 11.52 16.99 £ 17.17 26.91 + 15.50 15.63 +8.19
PTOT [mSZHZ-l]
e 70.83 £41.42 28.09 £ 6.77* 29.07 + 12.24* 17.46 + 7.00*
LF [ms2Hz] R 7.03 £ 3.60 1.55 + 0.64* 4,96 + 1.90% 2.09 +1.38*
ms2Hz
E 18.68 + 17.97 10.93 +6.15 5,51 £1.52 5829
HF [ms2Hz"] R 4.04 £3.21 1.20 £ 0.45* 257+1.79 1.09 + 0.67*
ms2Hz
E 549+4.2 3.29+1.80 5.48 + 3.96 248 +0.93
LEMMF R 2.27+1.07 1.46 +£0.70 2.36 £1.09 232+154
E 2.61+1.39 3.46 £2.39 1.87 +1.32 2.17 £ 0.67
DAP variability C A M DB
R 9.65 + 6.06 4.64 +3.03 9.01 + 3.47 5.10 £ 2.32
PTOT [mSZHZ'l]
E 7.63 + 2.56 3.92+1.00 5.52 + 2.56 4.90 £ 3.40
LF [ms2Hz] R 3.54 +2.57 0.77 £ 0.52* 256 +£1.17 0.97 £ 0.67*
ms2Hz
E 270+1.8 1.63+0.48 1.97 +0.86 1.11+0.31
HF [ms2Hz"] R 222+2.77 0.40 £ 0.20 1.88+2.10 0.46 £0.52
ms2Hz
E 1.66 +1.25 0.89 £ 0.52 1.13+0.75 0.92+0.5
LEME R 3.65+1.26 2.03 +1.26* 2.40 +1.21* 3.03 £1.48*
E 3+253 2.05+0.73 1.69 +0.98 1.53+0.63
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5.3.3. Conclusion

Aprés l'influence des afférences pulmonaires sur la composante HF du
spectre de puissance de la VFC, mise en évidence dans le deuxieme article,
nous mettons en lumiere, avec ce troisieme article, une autre contribution,
indépendante de la premiere. En effet, les blocages pharmacologiques ont
confirmé notre hypothése de départ voulant que les influx nerveux sous
régulation vagale soient bien les principaux déterminants de la variabilité de
fréquence cardiaque. La suppression quasi complete de la VFC lors du blocage
vagal et l'absence de modification observée sous blocage sympathique
confirment cela. La presque totale suppression similaire observée sous double
blocage pousse a croire que ce résultat est uniquement dd a la suppression des

modulations parasympathiques.

Les différences observées entre le repos et I'exercice confirment que la
chute de VFC observée au début de I'exercice n’est due qu’au retrait de I'influx
parasympathique, sans influence sympathique. Malgré la chute des influx
vagaux, les valeurs en condition contrdle restent plus élevées que lors du blocage
complet des afférences nerveuses au cceur durant le double blocage. Ces
résultats montrent que le retrait du vague en début d’exercice n’est pas total,
laissant une faible, mais toujours existante, part de régulation vagale atteindre le

coeur.

En normalisant les valeurs de composante LF et HF de la VFC, on observe
des résultats plus hétérogénes au sein du groupe des sept sujets. D’'une part, le
ratio LF/HF n’est pas significativement modifi€ par les substances

pharmacologiques par rapport a la situation contréle (a I'exception du double
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blocage a l'exercice). Par contre, HFnu étant plus bas a I'exercice lors des
situations controle et de blocage sympathique, le ratio LF/HF augmente
significativement aussi a I'exercice dans ces conditions. Ceci pourrait indiquer
que la composante HF est plus sensible au retrait du tonus vagal a 'exercice que

la composante LF.

Concernant la pression artérielle, une absence d’effet des substances
pharmacologiques est claire au repos. Cela s’explique aisément: vu que la
branche vagale affecte uniqguement les fonctions cardiovasculaires centrales et
que le blocage sympathique est cardio-sélectif (bloquant ainsi les récepteurs
adrénergiques B1 uniquement au niveau du coeur), on ne constate pas d’effet sur
la régulation vasculaire. Les différences de variabilité de pression sont
intéressantes entre le repos et I'exercice. A I'exercice, la composante LF de la
pression artérielle systoligue augmente uniqguement en condition contréle et sous
atropine. Cela nous indique que cette élévation est probablement due a
'augmentation de la régulation sympathique a l'exercice. La variabilité de la
pression artérielle diastolique n’étant pas affectée par les administrations
pharmacologiques, les changements observés pour la pression systolique
seraient induits par une régulation centrale du sympathique. La composante HF
de la pression systoligue ne changeant pas, cette derniere semble donc étre

indépendante de I'activité du systéme nerveux autonome.

Les résultats obtenus pour le BRS au repos vont dans le sens d’une
régulation réalisée par la branche parasympathique du SNA (Airaksinen et al.,
1994 ; Wray et al., 2001). La réduction des valeurs observées a l'exercice,
uniguement en condition contrdle et sous metoprolol, est volontiers attribuée au

retrait du tonus vagal en début d’exercice (Ogoh et al., 2005). En effet, la branche

141



vagale étant bloquée sous atropine et double blocage, nous ne pouvons voir de

réduction a 'exercice dans ces conditions.

142



5.4. Article IV
Dynamics of the RR-interval versus blood
pressure relationship at exercise onset in

humans
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5.4.1. Introduction

Les articles présentés jusqu’ici traitent de conditions dites stables, avec
des mesures réalisées aprés plusieurs minutes de stabilisation des variables
physiologiques. La modification de ces variables durant les phases de transition
entre deux états stables apportant aussi des informations utiles a une meilleure
compréhension des phénomenes de régulation de variabilité cardiaque et de
sensibilité du baroréflexe, réaliser une étude sur le sujet prend tout son sens dans

le cadre de ce travail de thése.

L’exercice implique une évidente augmentation de la pression artérielle.
En réaction a cette élévation, les mécanismes de régulation du baroréflexe
cherchent a diminuer la fréquence cardiaque afin de réguler et de maintenir une
pression artérielle constante. Or, lors de I'exercice, le corps a nécessairement
besoin d’'une augmentation du débit cardiague afin de combler les besoins
croissants en oxygéene. Le corps se retrouve face a un dilemme, qu’il résout grace
a ce qui fut défini comme un processus de réinitialisation du baroréflexe (Heesch
and Carey, 1987 ; Potts et al., 1993 ; Rowell et al., 1996) permettant de déplacer
I'« operating point », défini comme étant la fréquence cardiaque et la pression
artérielle dominantes avant l'introduction d’'un stimulus (Kent et al., 1972). La
littérature démontre que la commande centrale et les réflexes de pression a
'exercice ont été proposés comme mécanismes permettant d’expliquer ce
phénomene de réinitialisation du baroréflexe (Gallagher et al., 2001, 2006 ;
Mcllveen et al., 2001 ; Mitchell, 2013; Ogoh et al., 2002 ; Querry et al., 2001 ;
Raven et al., 1997 ; Smith et al., 2003). Cependant, les relations entre ces deux
mécanismes sont inconnues. C’est donc le but de cet article qui, par méthode

séquentielle (Bertinieri et al., 1988), une méthode en boucle fermée, a cherché a
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analyser le déplacement de cet « operating point » du baroréflexe en début

d’exercice et a en expliquer les mécanismes sous-jacents.

L’utilisation de la méthode séquentielle est habituellement réalisée dans
des conditions stables (Di Rienzo et al. 2008 ; Ferretti et al. 2009 ; lellamo et al.
1994, 1997, 2002). Cependant, ces dernieres ne sont pas un prérequis et
'application de cette méthode dans des conditions dynamiques telles que la
phase de transition en début d’exercice est tout a fait possible. Cette approche

est inédite dans ce cadre de recherche particulier.
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Abstract

Purpose  The dynamics of the postulated phenomenon of
exercise baroreflex resetting is poorly understood, but can
be investigated using closed-loop procedures. To shed light
on some mechanisms and temporal relationships participat-
ing in the resetting process, we studied the time course of
the relationship between the R-R interval (RRi) and arte-
rial pressure with a closed-loop approach.

Methods On ten young volunteers at rest and dur-
ing light exercise in supine and upright position, we
continuously determined, on single-beat basis, RRi
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(electrocardiography), and arterial pressure (non-invasive
finger pressure cuff). From pulse pressure profiles, we
determined cardiac output (CO) by Modelflow, computed
mean arterial pressure (MAP), and calculated total periph-
eral resistance (TPR).

Results At exercise start, RRi was lower than in quiet
rest. As exercise started, MAP fell to a minimum (MAP, )
of 72.8+9.6 mmHg upright and 73.946.2 supine, while
RRi dropped. The initial RRi versus MAP relationship was
linear, with flatter slope than resting baroreflex sensitivity,
in both postures. TPR fell and CO increased. After MAP, .
RRi and MAP varied in opposite direction toward exercise
steady state, with further CO increase.

Conclusion These results suggest that, initially, the MAP
fall was corrected by a RRi reduction along a barore-
flex curve, with lower sensitivity than at rest, but eventu-
ally in the same pressure range as at rest. After attainment
of MAP,_,, a second phase started, where the postulated
baroreflex resetting might have occurred. In conclusion, the
change in baroreflex sensitivity and the resetting process
are distinct phenomena, under different control systems.

Keywords Mean arterial pressure - Heart rate -
Baroreflex resetting - Baroreflex sensitivity - Exercise
transients - Peripheral resistance

Abbreviations
BP Blood pressure
BRS Baroreflex sensitivity

CO Cardiac output

DAP Diastolic arterial pressure

HR Heart rate

MAP  Mean arterial pressure

MAP,, Minimum of mean arterial pressure upon exercise
onset

m
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RRi R-R interval

SAP Systolic arterial pressure

SAP~ Minimum of systolic arterial pressure upon exer-
cise onset

SV Stroke volume

TPR Total peripheral resistance

Introduction

Of the three effector functions of the arterial baroreflex sys-
tem (cardiac—chronotropic, cardiac—inotropic, and vascu-
lar), only the first, and most easily accessible, has widely
been studied, whether with open-loop or with closed-
loop methods. Open-loop methods implied modifying the
carotid distending pressure either mechanically or phar-
macologically, and recording the ensuing heart rate (HR)
or blood pressure (BP) responses as dependent variables
(Eckberg and Sleight 1992). The classical arterial barore-
flex curve, which Kent et al. (1972) treated with a logistic
model, was derived from open-loop studies.

Kent's model identified several parameters describing
the baroreflex curve, including the operating point, defined
as the prevailing BP and HR before the introduction of an
acute stimulus, and the maximal baroreflex gain, defined as
the gain value at the centring point of a baroreflex curve
(see Raven et al. 2006 for details). Open-loop studies in
animals (Heesch and Carey 1987), then also in humans
(DiCarlo and Bishop 2001; Fadel and Raven 2012; Mitch-
ell 2013; Potts et al. 1993; Raven 2008; Raven et al. 2002,
2006; Rowell et al. 1996), showed that the baroreflex oper-
ating point can move over a wide range of BP and HR val-
ues : at exercise, it is displaced upward and rightward with
respect to rest, normally without changes in maximal gain.
These results led to the formulation of the baroreflex reset-
ting hypothesis (Heesch and Carey 1987; Potts et al. 1993;
Rowell et al. 1996). Central command and exercise pres-
sor reflexes were proposed as possible mechanisms behind
baroreflex resetting (Gallagher et al. 2001, 2006; Mcllveen
et al. 2001; Mitchell 2013; Ogoh et al. 2002; Querry et al.
2001; Raven et al. 1997; Smith et al. 2003). These mecha-
nisms are not mutually exclusive.

A study of the kinetics of displacement of the barore-
flex curve, or at least of its operating point, upon exercise
onset is needed to understand the possible interrelation-
ship between the central command and the exercise pres-
sor reflex hypotheses. This analysis may be done only by
applying closed-loop methods, which rely on a continuous
beat-by-beat follow-up of the HR and BP changes, thereby
assuming the possibility of a counter effect of HR on BP.
The most classical closed-loop method, i.e., the sequence
method (Bertinieri et al. 1988), was developed after pro-
longed steady-state recordings, and was generally applied
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at steady state (restricting citations to physiology, see Di
Rienzo et al. 2008; Ferretti et al. 2009; Iellamo et al. 1994,
1997, 2002; Legramante et al. 1999; Mancia et al. 1997;
O’Leary et al. 2003; Steinback et al. 2005; Vallais et al.
2009). Due to simplicity in analysis, SAP instead of MAP
was taken as pressure input.

Notwithstanding, steady state is not a prerequisite of
the sequence method for the computation of BRS (Berti-
nieri et al. 1988). Admitting a counter effect of HR on
BP implies the possibility of continuous control loops on
single-beat basis, so that nothing prevents from using a
closed-loop approach in dynamic conditions (unsteady
states), as Tellamo et al. (1998) did during incremental exer-
cise (2-min duration steps, sequence method). A closed-
loop analysis of baroreflex dynamics in unsteady state was
performed also during the reambulation procedure at the
end of prolonged bed rest (Adami et al. 2013) and during
the initial phase of dry apnoeas at rest and exercise in air
(Sivieri et al. 2015) and in oxygen (Fagoni et al. 2015).
This approach, however, was never applied to the study of
the classical exercise transients yet.

The aim of this study was to analyse the dynamics of
displacement of the baroreflex operating point upon exer-
cise onset using a closed-loop approach. We investigated
the RRi versus BP relationship during exercise transients
in a fully aerobic exercise domain, trying to shed light on
some mechanisms and temporal relationships that par-
ticipate in the postulated baroreflex resetting process, with
reference to the central command and the exercise pressor
reflex hypotheses. Exercise was performed in upright and
supine position, to discriminate the effect of a change in the
cardiac filling pressure induced by posture, on the hypoth-
esis that the baroreflex operating point in supine posture is
displaced with respect to the upright posture, even at rest
(Schwartz et al. 2013).

Methods
Subjects

Ten healthy, non-smoking, young volunteers (2 men
and 8 women) participated in the experiments. They
were 23.8+5.8 years old, 167+8 cm tall, and weighed
58.5+9.1 kg. The volunteers were instructed to take only
light meals on the day of the experiments and to refrain
from caffeine and other substances stimulating the auto-
nomic nervous system. They also had to refrain from stren-
uous exercise the day before the tests. Women were admit-
ted to the study independent of the phase of the menstrual
cycle, since it was reported that the menstrual cycle does
not influence indexes of baroreflex control of heart activity
(Cooke et al. 2002; Minson et al, 2000),
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All subjects were preliminarily informed about all pro-
cedures and risks associated with the experiments. Signed
informed consent was obtained from each volunteer, who
was aware of the right of withdrawing from the study at any
time without jeopardy. The study was conducted in accord-
ance with the Declaration of Helsinki. The protocol was
approved by the institutional ethical committee.

Measurements

HR was continuously measured by electrocardiography
(Elmed ETM 2000, Heiligenhaus, Germany). Continuous
monitoring of arterial pulse pressure profile was obtained
at the middle phalange of a left-arm finger by means of
a non-invasive cuff pressure recorder (Portapres, FMS,
Amsterdam, The Netherlands). SAP and diastolic blood
pressures (DAP) were identified at each beat. Beat-by-beat
MAP was computed as the integral mean of each pressure
profile, using the Beatscope® software package (FMS,
Amsterdam, The Netherlands).

Single-beat stroke volume (SV) was determined by
means of the Modelflow method (Wesseling et al. 1993),
applied off-line to the pulse pressure profiles, using the
Beatscope® software package. Beat-by-beat cardiac output
(CO) was computed as the product of single-beat SV times
the corresponding single-beat HR. The data were then cor-
rected for method’s inaccuracy, as previously described
(Azabji Kenfack et al. 2004; Lador et al. 2006; Tam et al.
2004), using steady-state cardiac output values obtained by
means of the open circuit acetylene method (Barker et al.
1999) on each subject, after determination of individual
partition coefficients for acetylene (Meyer and Scheid
1980). The mean calibration factors were the same at rest
(1.01£0.55) as at exercise (1.04+0.36, p=0.79), so that
corrected CO values could be and thus were used for beat-
by-beat analysis during exercise transients. (van Lieshout
et al. 2003).

All the signals were digitalized in parallel by a 16-chan-
nel A/D converter (MP150, Biopac Systems, Goleta, CA,
USA) and stored on a computer. The acquisition rate was
200 Hz.

Protocol

In both postures, exercise was performed on an electrically
braked cycle ergometer (Ergoselect 400, Ergoline GmbH,
Bitz, Germany). After performance of the open circuit acet-
ylene CO determination at rest, and after further 3 min of
quiet resting recordings, the subject performed a series of
three exercises at 50 W, the first lasting 7 min, and the other
two 5 min. The steady-state CO values by the open circuit
acetylene method were obtained during the first exercise,
after the end of the fifth minute of exercise. Subsequent
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exercises were separated by a 6-min recovery. The protocol
was performed twice, once in upright, and once in supine
position, administered in random order. The subjects ped-
alled at a spontanecously selected frequency comprised
between 60 and 70 rpm; they maintained their own selected
frequency throughout the study.

Caution was taken to avoid pre-exercise stress. After rest
monitoring, participants received the following communi-
cation “We are ready: you can start whenever you want.” If
the participant delayed the exercise onset by more than 10 s
after communication, the procedure was interrupted and
started again after further 2 min at rest. During off-line data
processing, the exact time of exercise start was detected
from the pedalling frequency recording.

Data treatment

Individual beat-by-beat values of HR, RRi, SAP, MAP, and
CO values from the three repetitions were time aligned,
by setting the time of exercise onset as analysis time zero.
Then, they were linearly interpolated on a 0.1 s basis
(10 Hz) and averaged to obtain a single superimposed time
series for each parameter, using Matlab (version 7.9.0,
MathWorks, Natick, MA, USA). This analysis was not
performed beyond fifth minute of exercise. The individual
total peripheral resistance (TPR) was calculated from these
averaged time series, by dividing each MAP value by the
corresponding CO value, on the assumption that the pres-
sure in the right atrium can be neglected as a determinant
of peripheral resistance in healthy individuals (Faisal et al.
2010; Lador et al. 2006).

Rest and exercise values at steady state for each investi-
gated variable were calculated as the mean during the last
minute of rest (from —60 to 0 s) and during the last minute
of exercise (from 240 to 300 s of exercise), respectively.

At rest and exercise steady states, we also computed
BRS by means of the sequence method (Bertinieri et al.
1988), using both SAP and MAP as independent vari-
ables. Briefly, sequences of three or more consecutive
beats in which SAP (or MAP) and RRi changed in the
same direction, either increasing or decreasing, were iden-
tified. A phase shift of one beat was introduced between
the SAP and the RRi values of each sequence (Bertinieri
et al. 1988). Within each individual sequence, the RRi
versus MAP (or SAP) relationship was analysed by linear
regression, to compute the slope and the corresponding
coefficient of determination (r *). Only slopes showing r
values higher than 0.85 were retained (Iellamo et al, 1994,
1997). For each subject, the mean slope of the RRi versus
MAP or SAP relationships was then computed and taken
as a measure of individual BRS, at rest and at exercise,
respectively. Baroreflex sequences were searched during
the 2 min of quiet rest (from —120 to —10 s); at exercise,
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baroreflex sequences were identified during exercise min
3-to-5. In each subject and condition, the number of ana-
lysed sequences ranged between 1 and 17.

Assuming closed-loop condition, the relationship
between RRi and either MAP or SAP in the early phase of
exercise was constructed. On this relationship, the mini-
mum of MAP (MAP ) or SAP (SAP) was identified. The
segment of this relationship between the exercise onset
and the attainment of MAP,, or SAP,, was linear and had
a positive slope, being characterised by consensual varia-
tions of MAP (or SAP) and RRi. The slope of this segment,
which consisted of 8-to-13 consecutive beats, was com-
puted by linear regression. The resulting slopes were taken
as representative of the spontaneous baroreflex gain in the
early phase of exercise, and were compared with the BRS
obtained at rest and at exercise steady state by means of the
sequence method.

Statistics

Data are given as mean and standard deviation of the val-
ues obtained for each variable from the average superim-
posed files of each subject, to account for inter-individual
variability. The cardiovascular values at the time instant of
exercise onset (r=0 s) and at the instant of MAP,, attain-
ment were compared with the corresponding mean values
at rest and at exercise steady state, using two-way ANOVA
for repeated measures, for time (four conditions) and pos-
ture (upright versus supine), with Tukey post-hoc test. The
slopes of the linear segment of the RRi versus MAP or SAP
relationships at the beginning of exercise were compared
with MAP-based or SAP-based BRS values, respectively,
at rest and exercise, using two-way ANOVA for repeated
measures, for condition (BRS at rest, slope of the linear
segment after exercise start, and BRS at exercise steady
state) and posture (upright versus supine), either for RRi/
MAP or for RRi/SAP relationship, with Tukey post-hoc
test. The MAP-based BRS values were compared with
the SAP-based BRS values at rest and exercise, using
three-way ANOVA for repeated measures, for condition
(rest and exercise steady state), method (MAP-based ver-
sus SAP-based BRS) and posture (upright versus supine),
with Tukey post-hoc test. The slopes of the linear segment
of the RRi versus MAP or SAP relationships at the begin-
ning of exercise were compared using two-way ANOVA for
repeated measures, for posture (upright versus supine) and
pressure (SAP versus MAP), with Tukey post-hoc test. The
differences were considered significant if p <0.05.

The linear regression parameters were calculated by the
least squares method, using a function implemented under
Matlab (version 7.9.0, MathWorks, Natick, MA, USA).
Linear regression was performed using a robust weight-
ing algorithm (fitlm Matlab function with robust option)
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that uses iteratively reweighted least squares with bisquare
weighting function. Since the conventional least-square
linear regression models are based on the assumption of
a normal distribution of error, the robust weighting algo-
rithm was originally proposed as being poorly influenced
by outliers, compared to the conventional least-square
linear regression fit. The +* of the linear regressions were
obtained by the fitlm Matlab function.

Results

The values obtained at steady state are reported in Table 1.
HR, SV, and CO were higher at exercise than at rest in all
conditions. SV was higher in supine than in upright pos-
ture, both at rest and at exercise steady-state. HR was lower
in supine than in upright posture at rest, but not at exer-
cise steady-state. As a consequence, resting CO did not
differ significantly between postures, despite a tendency to
be higher supine than upright; conversely, at exercise, CO
turned out to be higher supine than upright. In both pos-
tures, steady-state MAP was higher and TPR was lower at
exercise than at rest. Resting TPR was lower supine than
upright. No differences either in MAP or in TPR were
observed between postures at exercise steady-state.

An example of individual RR versus MAP (upper pan-
els) or SAP (lower panel) sequences at rest and exercise
steady states in the two postures is shown in Fig. 1, along
with the segment representing the mean BRS in each con-
dition. At exercise with respect to rest, the sequences are
not only displaced rightward, but also characterised by a
lower slope (lower BRS), It is of note that their slope was
the same for increasing as for decreasing sequences. The
BRS values obtained with the sequence method at rest and
exercise steady states, along with the corresponding num-
ber of analysed sequences, are reported in Table 2. Both
SAP-based and MAP-based BRS values differed signifi-
cantly between rest and exercise. At rest, a significant dif-
ference between postures was also observed; this was not
the case at exercise. The BRS at rest differed when com-
puted using MAP instead of SAP in supine, but not in
upright posture; at exercise, no difference between MAP-
based and SAP-based BRS was observed, whatever the
posture. The number of eligible sequences, however, was
systematically smaller with MAP.

An example of the time courses of the recorded and
calculated variables upon exercise onset is shown in
Fig. 2. At the time instant of exercise start (r=0 s), in
both postures, the single-beat MAP and SAP values were
definitely equal to the mean resting steady-state values
(+2.9+4.7 mmHg upright, and +1.7+3.8 mmHg supine
for MAP; +2.9+ 5.2 mmHg upright, and +1.7+ 5.3 mmHg
supine for SAP; NS with respect to the mean value at
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Table 1 Steady-state values of cardiopulmonary parameters in quiet rest (Rest), at start of exercise (at t=0 s), at the time instant of the attain-
ment of the minimum in mean blood pressure (at MAP, ), and at exercise steady-state (Exercise), in upright and supine posture

Upright Supine

Rest Atr=0s AtMAP Exercise Rest Atr=0s At MAP | Exercise
HR (min™") 88.6+£155 94.3+12.7* 108.8410.9*" 116.1+17.54 733+12.8¢ 802+ 11.3%"4 9244 10.3%" [12.24 [5.0%P¢
SV (ml) 5794140 5724125 66941457 80.8+154*™ 749+151% 72.7+14.0° 771166 91.1+17.4%0d
CO (I min™") 503+1.14 5354122 725+1.67*" 017+1.12*" 540+1.19 573+0.95 7.054 146 10.11+1.89*P¢
MAP (mmHg) 86.8+8.5 89.7+12.0 73.8+9.5  931413.1° 83.2+6.8 848+73 73.9+6.5%°  92.0+8.9%0¢
SAP (mmHg) 110.74£9.0 113.6+11.8 101.6+12.1*" 127.0£13.2%%¢ [14.1+74 115.8+6.0 107.245.0°%  130.5+£8.9¢

TPR (mmHg min  18.27+4.29 17.79+4.80 10.64+2.00"" 10.34+1.93*" 16.11+3.42 1523+2.63  10.87+2.04*" 9.39+187'°
1

Data are means + SD

Since for both postures and all variables, rest data were significantly different from the exercise steady-state in the same posture; for the sake of
clarity, the corresponding symbols have not been represented

“Significantly different from the value at rest in the same posture

*Significantly different from the value at =0 s in the same posture

“Significantly different from the value at MAP,, in the same posture

4Significantly different from the corresponding value in upright posture

A B
900 1 900 1
800 800 1
iéi 700 (é, 700 f
& 600} T 600}
500 500 f e ———— =
400 : : : : : 400 : : : :
70 80 90 100 110 120 85 90 95 100 105
MAP (mmHg) MAP (mmHg)
C D
900 1 900 1
800 800 1
é 700 ié 700 |
£ 600} £ cool
500 1 500 e
400 * * ; * 400 : ; ; ;
80 100 120 140 160 100 110 120 130 140
SAP (mmHg) SAP (mmHg)

Fig. 1 Graphical representation for one subject of the series of at panel). Data are presented for RRi-MAP relationship in upright (A)
least three consecutive beats (grey dots connected by grey lines) in and supine (B) positions, and RRi—SAP relationship in upright (C)
which RR-intervals (RRi) and either the mean (MAP) or the systolic and supine (D) positions. Black lines represent the averaged slopes of
(SAP) arterial pressure varied consensually, at rest (upper left region all linear regressions, calculated over each sequence

of each panel) and at exercise steady state (lower right region of each
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Table 2 Steady-state values of cardiopulmonary BRS slopes at rest (BRS_rest) and at exercise steady state (BRS_exercise) with the slope of the
linear segment at the beginning of exercise (Intial_slope), in upright and supine postures

Upright Supine
BRS_rest Tnitial_slope BRS_exercise BRS_rest Initial_slope BRS_exercise
RRi/MAP
Slope (ms mmHg™ ") 12.42+5.22 3.82+1.25° 4.74+3.11%° 32.13+11.02° 8.94+4.53° 4.85+2.01%°
Number of sequences 9.0+4.7 49+4.1 4.4+42 3.6+2.2
RRi/SAP
Slope (ms mmHg™ ") 10.44+7.10 3.80+1.79° 3.47+2.51% 21.83+11.04° 7.68+5.14" 3.55+1.81%
Number of sequences 13.5+4.2 64+58 7.2+4.7 44+22

Data are means +SD, N=10 for the slopes. The number of sequences represents the number of individual sequences detected and from which
the regression was calculated and used for calculation of the individual BRS slope
“Significantly different from the value at rest in upright posture

bSignificantly different from the value at rest in the supine posture
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(TPR, F) responses upon exercise onset, for upright (grey line) and

Fig. 2 Representative example of heart rate (HR, A), stroke volume
supine (black line) positions. Vertical lines identify the exercise start

(SV, B), cardiac output (CO, C), mean arterial pressure (MAP, D),
systolic arterial pressure (SAP, E), and total peripheral resistance

MAP was characterised by an initial rapid drop, which led
to MAP,, within 10.6 +5.6 s upright and 12.3 +7.3 s supine
(NS). TPR decreased rapidly at exercise onset, toward a
new steady-state value. In both postures, MAP, and SAP
were significantly lower than the MAP and SAP values at
t=0s, as was the corresponding TPR value. Subsequently,

rest for both MAP and SAP). In spite of this, the single-
beat HR value at exercise start was higher than the cor-
responding mean value at quiet rest in both postures
(+5.7+6.7 min~ " upright, p=0.023, and +7.0+5.8 min~ !
supine, p=0.003). As exercise started, HR, SV, and CO
increased to reach a new steady state within 60-to-120 s.
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MAP increased slowly and progressively toward a new
steady state. This increase in MAP was opposite to the cor-
responding decrease in RRi (i.e., consensual with the cor-
responding increase in HR). These patterns were followed
by all volunteers, whether in supine or in upright posture.

A contour plot showing the evolution of beat-by-beat
RRIi as a function of beat-by-beat MAP or SAP over the last
10 s of rest and the first minute of exercise is presented in
Fig. 3. These relationships are characterised by two distinct
phases. The initial segment, comprised between the exer-
cise onset and the attainment of MAP,, or SAP,,, was char-
acterised by a series of consecutive beats in which the RRi
and the MAP or SAP varied consensually, as when BRS is
computed with the sequence method. The slope of the RRi
versus MAP relationship within these segments was equal
to 3.82+1.25 ms mmHg™' upright and 8.94+4.53 ms
mmHg~' supine (p<0.05 between postures). The cor-
responding r ° was 0.80+0.16 upright and 0.71+0.27
supine. The slopes of the RRi versus MAP relationships
obtained upon exercise onset were lower than the BRS
obtained at rest (p <0.05), but equal to the exercise BRS, in
both postures.

In the first seconds of exercise, the changes in SAP
were smaller than the changes in MAP. In the time inter-
val between the exercise start and the attainment of MAP,,
the sequences of consecutive heart beats representing con-
sensual changes in RRi and SAP were shorter than those
obtained using MAP instead of SAP. The slopes of the RRi

A

900 T T T T T

850 1

800 7

750 ]

700 O J

RRi (ms)

650 03 1

600 1

P,

550
V.
v

500 . . . . .
70 75 80 85 920 95 100

MAP (mmHg)

Fig. 3 Contour plots describing the relationship between RR-inter-
vals (RRi) and mean arterial pressure (MAP, A), or RRi and sys-
tolic arterial pressure (SAP, B), during the exercise transient for the
upright (grey line) and supine (black line) positions. The continuous

versus SAP relationship within these segments were equal
to 3.80+1.79 ms mmHg ! upright and 7.68+5.14 ms
mmHg ™! supine (p<0.05 between postures; NS with
respect to the corresponding RRi versus MAP relationship).
The +* of these relationships were equal to 0.71+0.16
upright and 0.64 +£0.22 supine. Both slopes were signifi-
cantly lower than the corresponding SAP-based BRS in the
same posture at rest. None of these slopes differed from the
corresponding SAP-based BRS at exercise steady state.
After the attainment of MAP, or SAP,, RRi kept
decreasing (further increase in HR), whereas MAP and
SAP suddenly started to increase, and the relationship
pointed to the exercise steady-state values along complex
patterns. Some differences between postures yet appear, as
long as in upright posture, the pattern followed a large loop,
whereas in supine posture, the way to steady state was more
straightforward. The RRi (and HR) and MAP or SAP val-
ues at the first minute of exercise were equal to the corre-
sponding exercise steady-state value upright, but they were
lower supine. An analogous contour plot showing the evo-
lution of beat-by-beat MAP as a function of beat-by-beat
CO over the last 10 s of rest and the first minute of exer-
cise is presented in Fig. 4. This relationship also showed
two distinct phases. In both postures, the portion comprised
between the exercise onset and the attainment of MAP
was negative, implying a decrease of MAP with increasing
CO during the first seconds of exercise and a remarkable
decrease in TPR. After the attainment of MAP,,, in supine

900 T T T T T
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8001 1
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700 O 1

RRi (ms)

6501
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5501 v
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lines represent the group averaged data for the last 10 s of rest and the
first min of exercise. Diamonds represent the values at the exercise
onset. Squares and triangles represent the mean values during quiet
rest and at exercise steady-state, respectively, as from Table |
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MAP (mmHg)

CO (L.min™"

Fig. 4 Contour plot describing the relationship between mean arte-
rial pressure (MAP) and cardiac output (CO) during the exercise tran-
sient, for the upright (grey line) and supine (black line) positions. The
continuous lines represent the group averaged data for the last 10 s of
rest and the first min of exercise. Diamonds represent the combina-
tion of MAP and CO values at the exercise onset. Squares and trian-
gles represent the combination of MAP and CO mean values during
quiet rest and at exercise steady state, respectively, as from Table 1.
The lines are isopleths for TPR, with the corresponding TPR values
as labels

posture, CO and MAP increased consensually, pointing
to the new steady state: the pattern implied a tendency
(p=0.096) toward a further decrease in TPR. In upright
posture, MAP increased much more than CO, which was
already close to its steady state, so that MAP, and MAP at
exercise steady state were on the same TPR isopleth.

Discussion
General considerations

This study reports the first description of the kinetics of
displacement of the arterial baroreflex operating point at
exercise onset, using a beat-by-beat, non-invasive investi-
gation of the relationship between RRi and BP, in the con-
text of a closed-loop approach to baroreflex analysis. The
results indicated that (1) no displacement of arterial barore-
flex operating point (baroreflex resetting) was evident at
the very exercise start; (2) in the first seconds of exercise,
there was a linear positive segment of the RRi versus MAP
(or SAP) relationship, which corresponded conceptually—
vet including a bigger number of single-beat values—to
a sequence of heart beats, as defined by Bertinieri et al.
(1988) in resting steady state; (3) the slopes of these seg-
ments did not differ from the corresponding BRS at exer-
cise, but significant differences were observed with respect
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to rest, suggesting that the change in baroreflex sensitivity
occurred since the very exercise start; (4) that linear seg-
ment was suddenly interrupted upon the attainment of a
minimum value of MAP (MAP,); (5) the subsequent part
of the RRi versus MAP relationship was characterised by
an essential progressive decrease in RRi (i.e. increase in
HR) associated with a progressive increase in BP, toward
the exercise steady state, suggesting that a resetting of
the baroreflex operating point, without further changes in
baroreflex gain, occurred after the attainment of MAP, .

The closed-loop approach and the unsteady state

The only a-priori assumption behind the closed-loop
approach to the study of arterial baroreflexes, as nicely
pointed out by Bertinieri et al. (1988), is that each heart
beat has a biunivocal effect on the following beat. In the
study by Bertinieri et al. (1988), no maximum limit in the
length of baroreflex sequences was imposed; moreover, lin-
ear regression provided * > 0.85 for all analysed sequences,
with #* values tending to be lower, the larger was the num-
ber of beats within the sequence. This being the case, the
closed-loop analysis of arterial baroreflexes has no con-
straints preventing from using it in unsteady state condi-
tions. The only actual constraint is the presence of a mini-
mum of three consecutive heart beats in each sequence.
The relationship between heart beats and BP dur-
ing exercise is treated as a relationship between RRi and
MAP (or SAP), as it is the only approach allowing a direct
comparison with rest and steady-state BRS values. The
displacement (resetting) of the baroreflex operating point,
downward, and leftward on a RRi versus MAP diagram
during the exercise transient is independent of the shape
and of the values taken by the parameters depicting a
baroreflex function. As a consequence, the resetting pro-
cess would be equally visible whether it is represented by a
RRi versus MAP (or SAP) relationship, or by a HR versus
MAP curve: under this respect, these two representations
are mirror images of each other (see Iellamo et al. 1998).
Bertinieri et al. (1988) used SAP as pressure input for
baroreflex analysis: this allowed identification of a single
pressure value, corresponding to the peak pressure value
within an arterial pressure cycle, and simultaneous to an
R peak in an ECG recording. This certainly has a physi-
ological meaning in a steady-state condition at rest, in
which TPR is high and invariant, and thus, the changes in
MAP are mostly the result of changes in SAP. However,
the baroreceptor stimulation is a continuous phenomenon,
which is more precisely represented by MAP than by SAP,
since MAP corresponds to the mean baroreceptor stimu-
lation pressure within a heart cycle. Moreover, MAP is
more importantly affected than SAP by the changes in TPR
occurring at the beginning of an exercise. Notwithstanding,
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it is noteworthy that SAP, but not MAP, contains informa-
tion on dP/dt, which is also sensed by the baroreceptors
(Eckberg and Sleight 1992). These considerations explain
why, in this study, we analysed baroreflexes in the exercise
transients using both SAP and MAP as pressure inputs. It is
noteworthy, for the sake of future studies, that, despite their
different physiological meaning, similar BRS results were
found and similar patterns in the pressure—heartbeat rela-
tionship were observed with SAP as with MAP.

Blood pressure and heart rate at exercise start

At the single beat corresponding to exercise start, both SAP
and MAP kept the same value as in quiet rest. However,
HR was higher (RRi lower) than in quiet rest both supine
and upright, being lower in the former than in the latter
posture. Since no changes in SV were observed, CO did not
differ significantly from quiet rest. As a consequence, TPR,
calculated as the ratio between MAP and CO, turned out to
be the same as at rest.

This brief description shows that the increase in HR
preceded the exercise start, compatibly more with the cen-
tral command theory (Fisher et al. 2015; Legramante et al.
1999; Raven et al. 1997) than with the exercise pressor
reflex theory. Within the former theory, the lack of changes
in MAP, CO, and TPR suggests that a selective stimula-
tion of the sinus node is the distal component of the feed-
forward mechanism. The lack of changes in SV, however,
implied that either the intensity of the hypothesized feed-
forward stimulation was not strong enough to determine
visible inotropic effects, or the decrease in RRi was a con-
sequence of withdrawal of vagal stimulation of the heart.

The linear segment of the HR versus MAP relationship

The BP fall at the beginning of exercise is considered a
consequence of the massive muscle vasodilatation that
is attributed to the action of a variety of vasoactive sub-
stances liberated following the first contraction (Saltin et al.
1998) and leads to a sudden increase in muscle blood flow
(Chin et al. 2010; Clifford 2007; DeLorey et al. 2003; Fer-
retti et al. 1995) and to a dramatic fall of TPR (Elstad et al.
2009; Faisal et al. 2010; Lador et al. 2006, 2008; Wiel-
ing et al. 1996). The concomitant sudden decrease in RRi
can be interpreted as a baroreflex attempt at correcting the
MAP fall. This explains why, in the early phase of exercise,
at least between the exercise start and MAP,, there was a
linear positive segment of the RRi versus MAP relation-
ship. The slope of this segment corresponds conceptually—
yet including a bigger number of single-beat values—to the
BRS computed from a baroreflex sequence, as defined by
Bertinieri et al. (1988) in resting steady state. When SAP
was used instead of MAP (see Fig. 3), the initial segment

of the RRi versus pressure relationship included a smaller
number of heartbeats than if using MAP, and thus, it was
less clearly identifiable. This is because SAP is unaftected
by TPR, which acts on MAP only through its effects on
DAP. This being so, a baroreflex fall of RRi would cor-
rect a fall of MAP rather than of SAP. Notwithstanding, the
slope of the analysed segments was the same using SAP as
using MAP.

The observation, over a series of consecutive beats, of
linear MAP (or SAP) relationships in the early phase of
exercise reveals that the point defining the instantane-
ous combination of MAP (or SAP) values was displaced
downward and leftward along a baroreflex curve, the slope
of which (sensitivity) was lower than the BRS at rest, but
equal to the BRS at exercise steady state. This would sug-
gest that the BRS decrease during exercise appears since
the exercise start, compatibly with the central command
hypothesis.

We, nevertheless, point out a difference between the
slope of the linear segments of the RRi versus MAP
relationship at exercise onset and the steady-state BRS:
although both provide what we can call a baroreflex sensi-
tivity value, computed as the slope of a linear relationship,
the former seems to describe the displacement of a barore-
flex operating point along a baroreflex curve, while the lat-
ter would describe the spontaneous oscillations of a barore-
flex operating point around the prevailing mean values of
HR and BP at steady state. Thus, if we define baroreflex
resetting as the displacement of the prevailing baroreflex
function, with consequent shift of the baroreflex operating
point (Gallagher et al. 2006; Raven et al. 2006), we would
have to accept that the initial linear segment of the HR ver-
sus MAP relationship is not representative of baroreflex
resetting, but of an attempt at correcting a fall in MAP by
means of an increase in HR along a given barorefiex curve.

Of the negative RRi versus MAP relationship
after the attainment of MAPm

In this study, the fall of MAP continued for about 10 s since
the beginning of exercise, until the attainment of MAP,,
(~73 mmHg in both postures in this study). The MAP, val-
ues of this study were similar to the threshold MAP values
observed during the standing-up procedure at the end of
prolonged bed rest (Adami et al. 2013), and to the mini-
mum MAP values observed in the early phase of the car-
diovascular response to apnoea (Sivieri et al. 2015). The
sudden pattern change in the RRi versus MAP relationship
(Fig. 3) after attainment of MAP_ led us to propose that
baroreflex resetting, implying a negative RRi versus MAP
relationship, started only after the achievement of MAP, .
If, indeed, this is the case, then (1) MAP,, might represent
a threshold value triggering exercise baroreflex resetting;

@ Springer

155



Eur J Appl Physiol

(2) the central command theory may not explain the reset-
ting process, even if it may explain the sudden change in
baroreflex gain at the beginning of exercise; (3) the reset-
ting process would not imply further changes in baroreflex
gain, as witnessed by the equality of the slope of the RRi
versus MAP segments at exercise start and of the BRS at
exercise steady state.

The pattern of the relationship between RRi and MAP
(or SAP) changed drastically (Fig. 3) after attainment of
MAP,, and SAP,, compatibly with the resetting hypoth-
esis. Nevertheless, the opposite variations of RRi and MAP
followed complex wandering pathways, which are hard to
disentangle, and thus to represent by means of neat math-
ematical functions in the absence of an a-priori model. A
new steady state was achieved within 1 min upright, but
not supine. This indicates, on one side, faster cardiovascu-
lar adaptation during exercise in the former than in the lat-
ter posture, as already reported (Leyk et al. 1994; Loeppky
et al. 1981), and on the other side, that the postulated reset-
ting process may not be complete yet at the end of the first
min of exercise (Fig. 3), compatibly with a possible role of
increasing sympathetic stimulation of the sinus node dur-
ing exercise (Fagraeus and Linnarsson 1976; Orizio et al.
1988). This hypothesis could be nicely tested under selec-
tive blockade of pl-adrenergic receptors.

Steady-state data

The HR, SV, and CO data at rest conformed to the previ-
ous results in upright and supine postures (Leyk et al. 1994;
Loeppky et al. 1981; Nishiyasu et al. 1998; Spaak et al.
2005). Resting BRS showed similar values to those found
in previous studies (Kardos et al. 2001) in both postures.
The previous studies showed that in the upright versus
supine position, there is a reduction of vagal (Cooke et al.
1999) and increase of sympathetic (Burke et al. 1977; Ray
et al. 1993) activities at rest. In fact, coherently with pre-
vious observations (Schwartz et al. 2013), the BRS supine
was greater than the BRS upright, whether for MAP-based
BRS, or for SAP-based BRS. Since TPR acts on DAP, and
thus on MAP, without affecting SAP, the fact that TPR at
rest was higher upright than supine, due to peripheral vaso-
constriction in the former posture, may explain the different
behaviour of MAP-based and SAP-based BRS.

At exercise steady state, the single-beat RRi and MAP
values clustered around new stable mean values, defining
the new location of the operating point (Fig. 3). This loca-
tion is compatible with the predictions of baroreflex open-
loop steady-state studies (Raven et al. 2006). SV remained
lower upright than supine, although in the former posture,
a larger amount of blood, located in the lower limbs, was
made available for sudden SV increase upon exercise onset
(Lador et al. 2006; Sheriff et al. 1993). These changes in SV
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were not fully compensated for by an equivalent increase
in HR, so that lower CO values at exercise were obtained
upright than supine. The present results at exercise steady
state in upright and supine postures are in good agreement
with the results of previous studies (Nishiyasu et al. 1998).

Conclusions

In conclusion, our results show that the patterns of the
dynamics of baroreflex resetting upon exercise onset are
characterised by two distinct phases, independently of the
posture. A first phase goes from the beginning of the exer-
cise till the attainment of MAP,_: in this phase, a fall in
MAP was corrected by a decrease in RRi along a barore-
flex curve, which had lower sensitivity than that at rest but
equal to that at exercise steady state, and which was likely
operating in the same range of RRi and MAP values as at
rest. A second phase was characterised by a negative RRi
versus MAP relationship toward the exercise steady state
prevailing RRi and MAP values. This second phase started
after the attainment of MAP .

To sum up, a resetting of the baroreflex operating point
and a fall in baroreflex gain both took place in the exercise
transient, being temporally dissociated phenomena. The
latter was immediate, whereas baroreflex resetting did not
begin at exercise start. These results seem incompatible
with the two hypotheses of central command and exercise
pressor reflexes as possible mechanisms behind baroreflex
resetting. Nevertheless, the central command hypothesis
may still explain the reductions of baroreflex gain that we
observed at exercise start: therefore, it cannot be refuted
as a hypothesis at least partially explaining the baroreflex
changes in the rest-to-exercise transient.
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5.4.3. Conclusion

Au vu des résultats obtenus, on observe a la fois une chute du gain du
baroréflexe en tout début d’exercice, et un mécanisme de « resetting » du
baroréflexe arrivant plus tardivement, apres le changement de BRS. Ces
résultats semblent incompatibles avec les hypothéses évoquées de mécanismes
de régulation de la réinitialisation du baroréflexe par la commande centrale et par
les réflexes provenant de propriocepteurs des muscles activés durant I'exercice.
Cependant, il se peut que la commande centrale influence la réduction du BRS
en début d’exercice, ce qui expliquerait partiellement les changements du
baroréflexe entre repos et exercice.

Afin de compléter ces résultats, il serait intéressant par la suite de
connaitre les influences respectives de chacune des branches du SNA sur les
mécanismes de resetting et de changement de gain du baroréflexe. Pour ce faire,
I'élaboration d’'un protocole de recherche utilisant, par exemple, les blocages
pharmacologiques, tels que ceux décrits dans la troisieme étude de cette these,
pourrait apporter de nouvelles informations permettant de comprendre plus
précisément des phénoménes de régulation cardiovasculaire en début

d’exercice.

159



6. Conclusions et perspectives
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6.1 Conclusion générale

La variabilité de la fréquence cardiaque et celle de la pression artérielle
constitue un vaste sujet d’étude possédant de multiples applications
diagnostiques et thérapeutiques en médecine et dans les sciences biologiques.
Elle est utilisée depuis des décennies pour tenter de cerner qualitativement et
semi-quantitativement, de maniere indirecte et non-vulnérante, les activités
régulatrices du SNA sur le cceur, la vasomotricité artérielle et une part de I'activité
ventilatoire. De nombreuses procédures expérimentales offrent des cadres
codifiés d’analyse et de quantification de ces régulations, par exemple en
effectuant des manceuvres de respiration ample, des manceuvres de Valsalva,
en imposant des modifications posturales, ou des tests de tolérance
orthostatique (tilt). L'immersion, a neutralité thermique ou en eau froide, les tests
de stress mental, I'application de pression négative autour des membres
inférieurs ou encore [lactivité physique sont autant de situations
d’expérimentations particulieres au cours desquelles on peut recueillir des
informations sur I'état normal ou altéré des régulations des fonctions cardiaque
ou vasculaires par le SNA (Freeman, 2006).

De nombreux protocoles permettent de quantifier et analyser cette activité
régulatrice du SNA, que ce soit lors de respirations profondes, de manceuvres de
Valsalva, avec des modifications posturales, ou encore des tests de tolérance
orthostatique (tilt). L'immersion en eau froide, les tests de stress mental, la
dépression au niveau des jambes, ou encore I'exercice sont autant de situations
d’expérimentations particuliéeres apportant des informations utiles a la
compréhension des mécanismes de régulations du systeme cardiovasculaire par
le SNA (Freeman, 2006). Cette thése de doctorat, au travers de quatre articles,
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a essaye d’apporter un éclairage supplémentaire dans le domaine. L'objectif de
ce travail a été d’analyser la VFC, la variabilité de la pression artérielle et le BRS
dans diverses conditions d’études afin d’apporter des informations sur la
modulation et la régulation de ces phénomenes physiologiques par le systeme
neuroveégétatif.

Ces travaux ont menés a des conclusions que nous pouvons résumer de
la maniere suivante :
1. En condition d’hypergravité, il semblerait que, tout comme durant I'exercice,
seule la branche sympathique du SNA soit active. De plus, la composante LF de
la variabilité de fréquence cardiaque diminue, alors que celle de la variabilité de
pression artérielle augmente, suggérant une dissociation des deux systéemes.
2. Malgré un contexte impliquant une augmentation de la régulation vasculaire,
le BRS diminue en hypergravité, mettant en lumiére la complexité des
mécanismes de régulation de pression.
3. L’étude sur les transplantés pulmonaires complets a mis en évidence le rble
régulateur que jouent les efférences pulmonaires sur la VFC, et ce,
principalement sur la composante HF du spectre de puissance.
4. Le baroréflexe montre une sensibilité réduite, méme si la dénervation
pulmonaire ne semble pas affecter la variabilité de la pression artérielle. Ce
dernier point démontre, une fois encore, l'indépendance des mécanismes de
controle des paramétres cardiovasculaires centraux et périphériques.
5. D’un point de vue clinique, les valeurs des indices de VFC et de BRS chutant
suite a la transplantation, les patients s’exposent de maniére plus importante aux

risques de mortalité lies a de nombreux troubles cardiovasculaires. L’activité
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physique réguliere améliorant ces indices, il est primordial de ré-entrainer ces
patients adéquatement.

6. Les blocages pharmacologiques des branches du SNA montrent que les
afférences parasympathiques au cceur sont les principaux déterminants de la
VFC, le role de la branche sympathique étant, quant a lui, moins important. A
I'exercice, la chute du tonus parasympathique n’est pas totale, laissant une faible
part de régulation vagale. Les changements concomitants de BRS et de la
variabilité de la pression artérielle suggerent que les baroréflexes pourraient
moduler la composante LF du spectre de variabilité de la tension artérielle.

7. L’analyse en boucle ouverte du baroréflexe lors de la phase de transition
repos-exercice démontre I'indépendance des deux phénoménes distincts que
sont le processus de réinitialisation et le changement de sensibilité du
baroréflexe. Ce dernier apparait dés les premiéres secondes d’exercice ce qui
n’est pas le cas lors du processus de réinitialisation. Ces mécanismes sont donc

bien indépendants I'un de l'autre.

6.2 Perspectives

Chacune des études présentées dans cette these amene, en condition
particuliere, un éclairage sur la régulation du systeme cardiovasculaire par les
branches vagale et sympathique du SNA. Certains résultats nous amenent
naturellement a nous poser de nouvelles questions. Ainsi, les résultats obtenus
chez les transplantés pulmonaires nous poussent, comme prévu, a observer et
a quantifier les effets d’'un ré-entrainement spécifique sur les indices de variabilité

cardiaque et sur le BRS, facteurs associés a lincidence d’événements
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cardiovasculaires létaux. Certains aspects observés pourraient étre investigués
davantage en croisant les types d’analyses utilisés. L’analyse du baroréflexe
durant la phase de transition repos-exercice pourrait ainsi étre approfondie en
utilisant les blocages pharmacologiques afin de mieux comprendre les roles

distincts de chacune des branches du SNA.
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