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RESUME

Prise en charge de I'hypotension sous anesthésie par développement d’un moniteur
de mesure non invasive de la pression artérielle et par 1'élaboration d’un modéle PK/PD

de la noradrénaline

L’hypotension artérielle sous anesthésie (en anglais, «IntraOperative Hypotension» IOH) est un
phénomeéne fréquent. Des études récentes ont identifi¢ 'IOH comme responsable de dommages
myocardiques, d’insuffisance rénale aigué, d’hypoperfusion cérébrale augmentant ainsi la morbi-
mortalité post-opératoire. La population de patients devient de plus en plus agée et de plus en plus
fragile, or les patients les plus fragiles sont le plus exposés au risque d’IOH et sont ceux qui la tolérent
le moins bien ces épisodes. IIs sont exposés a une morbidité accrue, des défaillances d’organes et des
complications post-opératoires qui peuvent avoir des séquelles a long terme dans de nombreux cas. Il a
été montré dans la littérature qu’une prise en charge agressive de cette hypotension permet d’éviter un
certain nombre de complications post-opératoires. En effet, la gravité des souffrances d’organes est a la
fois liée a la profondeur de I’hypotension comme & la durée d’hypotension. Un traitement avec un
objectif de pression artérielle permet d’en réduire I’exposition. Les moyens thérapeutiques efficaces
pour traiter cette hypotension existent, notamment avec les médicaments vasopresseurs, et la mise en
ceuvre de cette prise en charge a large échelle se traduirait sans doute par un bénéfice de santé publique.
Nous avons cependant identifi¢ deux freins a 1’application de cette prise en charge aujourd’hui, d’un
cOté un manque de monitorage qui soit a la fois fiable et non invasif et de 1’autre c6té 1’absence d'outils
permettant de personnaliser le traitement de I'hypotension.

La gravité de I’hypotension étant dose dépendante, le monitorage joue un rdle clé. Un brassard a
tension permettant une mesure discontinue semble aujourd’hui insuffisant et un monitorage continu
parait nécessaire. Il ne parait cependant pas raisonnable de proposer systématiquement un monitorage
invasif pour des patients sans pathologie sévere sous-jacente pour des chirurgies de risque faible ou
intermédiaire. Par conséquent, le monitorage doit étre continu et non-invasif. Nous avons mis au point,
en se basant sur des mécanismes physiologiques, une série d’algorithmes permettant I’estimation en
temps réel, battement par battement, de la pression artérielle moyenne en utilisant le monitorage
standard préexistant, notamment la photopléthysmographie, permettant de cette maniere une utilisation
systématique sans surcofit.

Le traitement de I’hypotension sous anesthésie est aujourd’hui largement basé sur des médicaments
vasopresseurs. Parmi ceux-1a, la noradrénaline diluée faiblement dosée s’est trés rapidement établie
comme un standard de facto sur les 5 dernieres années. Cependant, 1’ utilisation de ce médicament n’est
pas toujours aisée. En effet, il s’agit d’un médicament puissant avec une demie vie courte et une fenétre
thérapeutique étroite. L’absence de standardisation quant a 1’utilisation peut exposer a des accidents
d’utilisation et la grande variabilité interindividuelle rend difficile 1’ajustement de la dose nécessaire.
Nous avons développé un modele pharmacocinétique/pharmacodynamique (PK/PD) permettant un
calcul de dose individualisé par patient et pouvant servir de base pour une administration en objectif de
concentration. L’administration de la noradrénaline en objectif de concentration est une méthode de
choix pour uniformiser et simplifier les prises en charge tout en évitant des erreurs de dose et des
fluctuations.

L’incorporation de ces deux modé¢les, I’un de monitorage, 1’autre de traitement pharmacologique,
en boucle fermée pourrait a terme automatiser la prise en charge de I’hypotension sous anesthésie.

Mots clés: Anesthésie, Hypotension, Monitorage, Intelligence artificielle, PK/PD



RESUME (anglais)

Intraoperative hypotension management using novel algorithms for noninvasive

blood pressure monitoring as well as PK/PD modeling of norepinephrine

Intraoperative hypotension (IOH) is common and responsible for damage to myocardium, kidneys
and brain tissue as well as increased mortality. Proactive management of IOH has been shown to prevent
complications. Remaining obstacles to the effective treatment of IOH are the lack of reliable non-

invasive monitoring as well as tools to personalize drug administration to treat hypotension.

In order to monitor intraoperative blood pressure, discontinuous pressure cuff measurements seem
to be insufficient today. Monitoring should be both, continuous and non-invasive. We have developed
algorithms based on physiology to allow the estimation of the mean arterial pressure in real time, beat

to beat, using readily available standard monitoring equipment.

Treatment of IOH is nowadays largely based on vasopressors. Low-dose dilute norepinephrine has
established itself as a de facto standard treatment in this domain in large parts of the world. It is a
powerful drug with a short half-life and a narrow therapeutic window. No current standard for the use
of low dose norepinephrine exists today and she lack of standardized drug use can lead to accidents.
We developed a pharmacokinetic/pharmacodynamic (PK/PD) model that allows individualized dose

calculation and can be used as a basis for a targeted controlled infusion.

The joint use of physiologic models for blood pressure monitoring and patient cantered drug

delivery could eventually automate the management of IOH and result in public health benefit.

Key words: Anaesthesia, Hypotension, Monitoring, Artificial Intelligence, PK/PD
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Introduction

La perspective translationnelle de ce travail de thése d’université est la mise au point d’un
appareil permettant I'administration automatisée de médicaments vasoconstricteurs comme la

noradrénaline au bloc opératoire afin de prévenir 1'hypotension artérielle pendant la chirurgie.

Ce projet se déroule sur plusieurs étapes qui pour la plupart ont progressé de manicre
conjointe sur la durée de la these. Dans cette these, nous décrirons surtout les deux premieres
étapes du projet, a savoir 1/ la mise au point et la validation d’une méthode de monitorage non
invasif et continu de la pression artérielle moyenne et puis et/ la modélisation

pharmacocinétique et pharmacodynamique de la noradrénaline utilisée au bloc opératoire.
Ainsi, ce manuscrit de these se décompose en quatre parties:

- Une premiere partie d’introduction rappelant le contexte et la raison de lutter contre les
épisodes hypotensifs au bloc opératoire.

- Nous détaillerons dans un deuxieme partie notre solution de monitorage non-invasif de
la pression artérielle moyenne (le PlethoMAP), en revenant sur I’analyse des propriétés
physiologiques du signal de photopléthysmographie (PPG) et la raison pour laquelle
nous avons développé cette solution et quelles sont nos avancées actuelles.

- Dans une troisieme partie, nous détaillerons I’étude clinique (NorPharm) ayant conduit
au développement du modele PK/PD de la noradrénaline a faible concentration (parfois
désignée sous le terme babynoradrénaline).

- Enfin, nous examinerons dans une quatrieme partie les perspectives qui pourraient
conduire a une administration automatisée de la noradrénaline au bloc opératoire pour

prévenir et traiter les épisodes hypotensifs.

11



CHAPITRE 1: Hypotension au bloc opératoire

L’ hypotension sous anesthésie générale

La problématique de I’hypotension sous anesthésie est aussi vieille que 1’anesthésie
elle-méme et peut étre retracée jusqu’a I’ére de I’anesthésie au chloroforme et a 1’éther. Elle
n’a pas toujours €t¢ reconnue comme néfaste. C’est ainsi que Ernest Kern écrit en 1953 dans
un traité sur 1’« hypotension contrdlée » [6] que “la diminution de la tension artérielle entraine
automatiquement une diminution du saignement artériel”. Il rapporte que “la plupart des
auteurs considerent qu'une tension artérielle systolique comprise entre 50 et 70 mmHg est a la
fois efficace et sans danger”. Cependant, déja a cette époque, les limites de cette pratique
semblent évidentes. En effet, Kern rapporte un “pourcentage d'échecs qui oscille entre 15% et
20%”. “Le saignement veineux [...] n'est pratiquement pas affecté, il peut méme [...] étre
augmenté”. Des effets déléteres majeurs sont remarqués, en effet “la saturation du sang veineux
diminue de 30% a 50% par rapport au chiffre normal”. Un auteur “rapporte deux arréts
cardiaques [...] qu'l attribue a une ischémie coronarienne” et “[...] il est possible que tous les
cas malheureux n'aient pas été publiés”. Kern conclut son exposé avec beaucoup de vigilance
et contre-indique notamment la pratique de I’hypotension contrélée chez les patients

coronariens, insuffisants respiratoires et rénaux, les patients souffrant de maladie d’ Addison.

Si la nature des effets délétéres de I’hypotension était connue dans les années 1950,
nous avons aujourd’hui une meilleure notion de la gravité et de la fréquence de ces effets. En
effet, ’hypotension artérielle peropératoire est une complication fréquente de 1’anesthésie
générale et entralne une augmentation notable de la morbi-mortalité. Cela a ét€ démontré plus
récemment pour le risque d’insuffisance rénale aigué, de dommage myocardique, d’accident

vasculaire cérébral ischémique et de mortalité post-opératoire [7—11]. L’association entre

12



I’hypotension artérielle et les complications post-opératoires semble a la fois dose-dépendante

et temps-dépendante [7].

Cependant, il n’existe pas a ce jour de définition précise de cette hypotension. Il semble
que des valeurs de pression artérielle moyenne (PAM) inférieure a 65 millimetres de mercure
(mmHg) majorent le risque de dysfonction d’organe post-opératoire [12]. Une exposition de
courte durée, dés 5 minutes, a ce niveau d’hypotension entraine un surrisque significatif de

complications post-opératoires.

Le niveau de PAM a cibler pour chaque patient est difficile a évaluer. La tendance
actuelle est a individualiser nos prises en charge pour chaque patient et ainsi a proposer une
anesthésie « sur-mesure » [12]. C’est pour ces raisons que les recommandations actuelles sont
en faveur d’une prise en charge précoce de tout épisode hypotensif durant la chirurgie. Un essai
randomisé a d’ailleurs récemment montré 1’efficacité d’une stratégie d’optimisation de la
pression artérielle peropératoire [ 13]. Cette prise en charge devra bien évidemment Etre adaptée

et ajustée a chaque patient en fonction de son risque.

Les étiologies de I’hypotension artérielle au bloc opératoire sont multiples. L’origine
peut étre secondaire a une baisse du tonus sympathique induite par les produits anesthésiques
ou due a une hypovolémie, une hémorragie, une dysfonction myocardique voire un sepsis.
L’¢étiologie la plus fréquemment observée au bloc opératoire est une baisse du tonus vasculaire
due aux médicaments hypnotiques et morphiniques utilisés a I’induction et en entretien lors de
I’anesthésie. A cette baisse du tonus artériolaire peut s’ajouter une baisse du retour veineux et
ainsi une baisse du débit cardiaque. On parle ainsi d’hypotension induite par 1’anesthésie ou
Intraoperative Hypotension (IOH). Ces événements demandent une grande réactivité afin de
les corriger au plus vite et imposent des contraintes de fiabilité et de réactivité au monitorage

et au traitement.

13



Gestion de I’hypotension en pratique clinique

Comme indiqué plus haut, I'hypotension au bloc opératoire est secondaire a des
mécanismes sous-jacents multiples et complexes : vasoplégie due a la sympatholyse [14] et a
une diminution des catécholamines circulantes [15] induite par les agents par les agents

anesthésiques, I'hypovolémie et la dysfonction myocardique.

Les stratégies actuelles de restauration de la pression de perfusion pendant 1'anesthésie
générale sont basées sur I'expansion volumique et/ou l'administration intravasculaire
I'administration intravasculaire de vasopresseurs [16]. Ces médicaments vasopresseurs
combinent souvent un effet vasoconstricteur et des effets myocardiques directs ou indirects,
selon le médicament utilisé [17]. Les trois principales molécules utilisées au bloc opératoire

pour corriger ’hypotension sont I’éphédrine, la phényléphrine et la noradrénaline.

L’utilisation de 1’éphédrine est limitée par son effet tachycardisant et la tachyphylaxie qui
limite la dose cumulée utilisable en pratique. La phényléphrine est largement utilisée pendant
'anesthésie, souvent en relais de 1'éphédrine, mais cette utilisation a ét€é récemment remise en
question [18, 19]. En effet, les effets physiologiques documentés sur le débit cardiaque et la
postcharge ventriculaire gauche peuvent étre néfastes. De plus, la phényléphrine peut étre
responsable de bradycardie par I'activation du baroréflexe [20] et I'altération de la fonction de

la fonction ventriculaire gauche [21, 22].

Durant ces dernieres années, la noradrénaline gagne une place de choix dans le traitement
de I’hypotension artérielle induite par I’anesthésie [23], avec notamment I’avénement de la
noradrénaline diluée, communément appelée « babynoradrénaline », permettant une utilisation
en bolus et en perfusion continue sur des voies d’abord classiques (voie veineuse périphérique).

En effet, Wuethrich et al. ont montré que la perfusion continue peropératoire de noradrénaline
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a faible dose chez des patients a haut risque, pouvait limiter 1’expansion volumique pendant
une chirurgie majeure [24, 25]. De plus, quelques d'études suggerent un effet bénéfique de la
noradrénaline a faible concentration par rapport aux autres vasopresseurs pour contrdler
I'hypotension induite par la rachianesthésie chez les patientes ayant subi une césarienne [26] et

chez les patients souffrant d'hypertension artérielle pulmonaire chronique [27].

Parmi les effets potentiellement déléteres des vasopresseurs intraveineux, il faut noter
I’augmentation de la rigidité artérielle, I’augmentation du travail du myocarde, et
potentiellement la diminution du volume systolique et de la compliance artérielle. Ces
altérations du couplage artériel du ventricule gauche pourraient étre associées a des résultats
défavorables [28-30]. Une étude récente a montré qu'un bolus de 5 ug de noradrénaline
administrée dans une voie veineuse périphérique peut traiter en toute sécurité 1'hypotension
artérielle générale avec une moindre diminution du volume d’€jection systolique et une
moindre augmentation de la rigidité artérielle, par rapport a la phényléphrine [31]. Ainsi, une
faible dose de noradrénaline pourrait représenter une alternative tout a fait concevable pour

traiter I'hypotension artérielle induite par 1'anesthésie générale [13].

Le monitorage non invasif de la pression artérielle

Comme expos¢ précédemment, la durée de 1’exposition a 1’hypotension est directement
corrélée au risque de complications post-opératoires. Ce fait plaide en faveur d’une mesure
continue de la pression artérielle en per-opératoire, en particulier pour les patients a haut risque

cardio-vasculaire.

Le monitorage de la pression artérielle fait évidemment partie des prérequis a la conduite
d’une anesthésie. Le monitorage minimum durant 1’anesthésie est réglementé en France par le

code de la santé public [32] et doit comporter notamment le contrdle continu du tracé ECG, de
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la saturation du sang en oxygene par photopléthysmographie et la surveillance de de la pression
artérielle, “soit non invasive soit invasive, si l'état du patient 1'exige”. En pratique courante,
cette mesure est le plus souvent non invasive et discontinue avec une mesure toutes les 5-10
minutes. Ce délai de plusieurs minutes peut conduire a un retard diagnostic et de prise en charge
des épisodes aigus d’hypotension. Méme s’il existe des dispositifs non invasifs de mesure
continue de la pression artérielle, les études d’interchangeabilité avec les techniques invasives
ne permettent pas de conclure a I’interchangeabilité. Des études sont en cours pour mesurer
I’intérét de stratégies de correction de 1I’hypotension sur ces techniques non-invasives et
devraient apporter des éléments nouveaux dans un avenir proche. D’ici 13, un panel d’experts
arécemment proposé de recommander le recours a un monitorage continu invasif de la pression

artérielle chez les patients a risque modéré ou €levé [12].
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CHAPITRE 2: Le PlethoMAP

PlethoMAP est le nom que nous avons donné a I’innovation maintenant breveté consistant
en un algorithme d’estimation continue de la pression artérielle moyenne a partir du signal de

photopléthysmographie.

Signal de Photopléthysmographie (PPG) et Indice de perfusion (PI)

Dans une revue générale publiée dans le journal Anaesthesia Critical Care & Pain
Medicine [1], nous avons décrit les propriétés du signal de photopléthysmographie et tout

particuliérement I’indice de perfusion dérivé de ce signal avec ses applications cliniques.

Introduction

Le signal de photopléthysmographie (PPG) est utilisé depuis des décennies pour surveiller
la saturation en oxygene. C’est un outil non invasif, peu coliteux, simple et rapide a utiliser. Le
monitorage hémodynamique a partir de ce signal est actuellement peu exploré mais a bénéficié
d’un regain d’intérét ces derniéres années, notamment en anesthésie, médecine périopératoire

et soins intensifs. L’indice de perfusion (PI) constitue un outil prometteur pour le clinicien.

Principe de la pléthysmographie et calcul du PI

Le principe de photopléthysmographie (PPG) est basé sur la mesure indirecte d’un volume
tissulaire par les variations d’absorption de la lumiére (Figure 1). Une source lumineuse émet
un rayonnement dont ’intensité, aprés avoir traversé un tissu, est transformée en courant

électrique par une photodiode.
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Deux longueurs d’ondes sont utilisées pour la PPG: la lumiere rouge, dont I’absorption est
influencée par le rapport entre oxyhémoglobine et désoxyhémoglobine, et qui sert donc a
calculer la SpO2. La lumiere infrarouge est peu influencée par ce rapport mais permet de
détecter le caractere pulsatile du signal, correspondant au volume de sang entrant et sortant du
doigt au cours du cycle cardiaque. La courbe de PPG représente cette pulsatilité obtenue par le

signal lumineux infrarouge.

Apres transformation de I’influx lumineux en courant électrique par la photodiode, la partie
pulsatile du signal apparait sous forme de courant alternatif (CA) et la partie non pulsatile sous
forme de courant continu (CC). L’indice de perfusion (PI) du signal de PPG représente le
rapport entre la composante pulsatile et la composante non pulsatile du signal infrarouge

PL(%) = 100 - 22
(%) = oC

Une augmentation du PI correspond donc a une augmentation relative de CA par rapport a
CC. La valeur du PI est corrélée au gradient de température entre le compartiment central et le
compartiment périphérique, dont le déterminant principal est la vasomotricité. Le PI est donc

considéré comme un indice de vasomotricité.

Emission de lumiére rouge et infra-rouge

_ _CA |
Indice de perfu510n= ERE— e 5 Vaisseaux artériels
CC CA t____ "l pulsatiles
Vaisseaux artériels
non pulsatiles
Veines
Os

Tissus mous

cc

Photodétecteur
Détectionde la lumiére aprés
absorption par les tissus

Courbe de photoplethysmographie
représentantle CA

Figure 1 Principe de la photopléthysmographie et du calcul de [’indice de perfusion
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Déterminants de I’indice de perfusion (PI)

Les déterminants du signal de PPG (Figure 2) sont complexes et font intervenir aussi bien

I’hémodynamique systémique (compliance artérielle, résistances vasculaires et volume

d'éjection systolique), les propriétés du tissu et du réseau vasculaire local (variables d’un

patient a I’autre) ou encore le bruit environnant (lumiére, mouvement). Le site de mesure

influence également 1’aspect de la courbe et la valeur du PI. Enfin, le traitement du signal, et

donc le choix du matériel, peut également déformer de fagcon importante la courbe de PPG.

/ Déterminants de I'IP \

VE P

Tonus vasculaire

Perfusion périphérique

Tonus vasculaire

\ Perfusion centrale j

[ Situations cliniques

A Vasoplégie modérée

VES stable
™~Ip

J, Tonus vasculaire

B Vasoplégie sévére
VES
—J’ bip
J L Tonus vasculaire

C Hypovolémie

JVES i

4 P Tonus vasculaire

D Choc cardiogénique

J 4 VES

M Tonus vasculaire

dp

./

Figure 2 Déterminants de l'indice de perfusion et situations cliniques courantes

Indications cliniques

Le PI a été étudié dans différentes applications cliniques (Figure 3).

En anesthésie on peut citer :
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- L’estimation de D’efficacit¢ d’une anesthésie locorégionale (I’augmentation du PI
permettant de détecter la vasodilatation induite par 1’inhibition du tonus sympathique)

- La prédiction des variations hémodynamiques induites par une anesthésie neuro-axiale
(Ie PI de base permettant de détecter les patients ayant un faible tonus sympathique et
donc a plus haut risque d’hypotension artérielle apres rachianesthésie)

- La détection d’une douleur sous anesthésie au bloc opératoire et en soins intensifs (la
baisse du PI apres un stimulus douloureux étant lié¢ a ’augmentation du tonus vasculaire
et de la MAP)

- La prédiction des variations de pression artérielle sous anesthésie générale

- Le pronostic anesthésique (les faibles valeurs du PI en peropératoire étant corrélées aux

plus mauvais pronostics de facon indépendante)

En soins intensifs et médecine d’urgence, on retrouve :

- L’utilisation du PI comme reflet de la microcirculation locale

- L’utilisation du PI comme outil pronostic en réanimation avec plusieurs études
rétrospectives montrant une corrélation entre le PI et le taux de survie

- L’étude des changements du PI en réaction a la chaleur, permettant de discriminer les

altérations de microcirculation au cours du choc septique
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Utilité clinique en Anesthésie
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Comparer d'IP entre les
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Figure 3 Résumeé de ['utilité clinique de I'indice de perfusion
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Du signal de photopléthysmographie a la pression artérielle

moyenne: le concept du PlethoMAP

Dans un article publié dans British Journal of Anaesthesiology [2], nous avons rapporté le
concept du PlethoMAP basé sur les variations de 1’indice de perfusion et de I’onde dicrote de
la PPG pour suivre les variations de la pression artérielle moyenne en continue au bloc

opératoire.

Introduction

Plus de 7 millions d’anesthésies générales sont pratiquées par an en France. L’hypotension
artérielle pendant 1'anesthésie est un facteur de morbidité avec des conséquences a long terme
potentiellement séveres. Le monitorage effectué en routine comprend une mesure de la
saturation pulsée en oxygene par PPG digitale ainsi qu'une mesure discontinue, non invasive
de la Pression artérielle (PA) par méthode oscillométrique. La prise discontinue de la PA,
habituellement toutes les 5 minutes, entraine un risque de méconnaissance d’épisodes
d’hypotension ainsi qu’un retard a leur prise en charge. Les données de la PPG déja en place

pourraient étre utilisées pour monitorer I’état hémodynamique des patients.

Concept physiologique et but de 1’étude

L’oxymétrie de pouls continue au bloc opératoire permet de recueillir un signal de PPG,
dont on peut facilement dériver la hauteur de 1’onde dicrote (DICpleth) mais aussi 1’indice de
perfusion (PI) de facon non invasive et généralisable (Figure 4). DICpleth et PI étant corrélés
au tonus vasculaire, 1’objectif de I’étude était d’explorer si 1’évolution de DICpleth et du PI
permettait de prévoir les épisodes d’hypotension préopératoire. Il était aussi question

d’analyser leur variation au cours de bolus de vasopresseurs.
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Méthode

L’¢tude a ¢té menée de fagon observationnelle chez des patients bénéficiant d’une
procédure de neurochirurgie. La PAM, DICpleth et le PI ont été recueillis a un intervalle d’une
minute pendant I’induction anesthésique par AIVOC propofol et rémifentanil. L'administration
de vasopresseurs (phényléphrine ou noradrénaline) €tait laissée a l'appréciation du médecin

pour corriger des épisodes d hypotension.

DICpleth = a/b

P1=a/c

Digital photoplethysmographic signal
)
143

Figure 4 Définition de DICpleth et de PI sur la courbe de PPG

Principaux résultats

Il a été observé une bonne corrélation entre les variations de PAM et celles de DICpleth
(Figure 5): r= 0,64 [0,59-0,69], p<0,0001. Le pourcentage de concordance était de §9%. Une
analyse par courbe ROC montrait qu'une baisse relative de DICpleth de plus de 22% permettait
de détecter une baisse de 20% de la PAM avec une sensibilité de 77% et une spécificité de

85%.
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Il a été également observé une bonne corrélation entre les variations de la PAM et le PI
(Figure 5) : r= -0,53 [-0,56 - 0,44], p<0,0001. Le pourcentage de concordance entre les
variations de la PAM et du PI était de 90%. Une analyse par courbe ROC montrait qu’une
augmentation du PI de plus de 25% permettait de détecter une hypotension avec une sensibilité

de 90% et une spécificité de 65%.
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Figure 5 A) variation médiane de la PAM et de DICpleth et B) variation médiane de la PAM et du PI
durant les 16 premieres minutes de l'induction anesthésique
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Conclusion

DICpleth et PI, mesurés a partir du signal de PPG, peuvent étre utilisés pour détecter les
¢épisodes d’hypotension au bloc opératoire L’analyse combinée de la variation de ces deux
indices peut représenter une nouvelle technique, simple et non-invasive, pour suivre les

variations de pression artérielle au cours d’une anesthésie générale.

Premier algorithme du PlethoMAP

Dans un autre article original publié cette fois dans Journal of Clinical Monitoring and
Computing [3], nous avons rapporté la mise en ceuvre plusieurs algorithmes automatisés basés
sur le PI et DICpleth afin de comparer leurs performances dans 1’estimation en temps réel de
la PAM. En effet, nous avons dans cette étude préliminaire décidé de tester trois algorithmes

permettant de maniére indépendante d’estimer la PAM a partir de la PPG.

Concept physiologique

Les résultats cités ci-dessus obtenus par Coutrot et al. montrent qu’il existe une relation

linéaire entre la valeur de DICpleth et la PAM d’un c6té et le PI et la PAM d’un autre coté.

Une relation linéaire entre deux parametres peut tre aisément décrite par la formule y =
Ax + B, ou y est la variable dépendant de x. A et B sont des parametres. Des lors, il est
possible, en supposant y = PAM et x = DICpleth ou x = PI, d’estimer les parametres A et B par
régression linéaire. Il devient ensuite possible d’estimer la PAM en connaissant seulement

DICpleth ou PIL.

Nous formulons I’hypothése qu’il serait possible d’estimer la PAM en temps réel a partir

d’une mesure continue de DICpleth ou PI obtenue par analyse de la PPG. Des mesures
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intermittentes de PAM par le brassard serviraient pour calibrer la relation linéaire décrite ci-

dessus et calculer les parametres A et B.

M¢éthode

Nous avons nommé PlethoMAP un appareil (ainsi que les algorithmes qu’il contient)
permettant d'estimer la PAM en continu a partir du signal de PPG. Cette estimation est réalisée
a partir d’une calibration premicre de la PAM par un brassard oscillométrique (PAMosc) puis

d’une estimation basée sur I’analyse de I’onde de pouls de PPG.

Une analyse de ’onde de pouls basée sur la PPG a été mise en ceuvre. Trois algorithmes
différents ont été évalués pour estimer la PAM a partir de la PPG (Figure 6): deux basés sur la
variation de la hauteur de I’onde dicrote et un sur le PI. Les valeurs estimées ont été comparées
aux mesures ponctuelles du tensiometre (PAMosc) et a la pression artérielle invasive
(PAMinv). Il est a noter, que la hauteur relative de 1’onde dicrote que nous nommons DICpleth
a été nommée NRA (pour notch relative amplitude) dans ce papier, pour la différencier de NAA

(notch absolute amplitude).
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Figure 6 Illustration des trois algorithmes explorés dans ['article : en vert et en jaune les deux algorithmes
basés sur DICpleth, a savoir NRA en vert et NAA en jaune ; en orange l’algorithme basé sur le PI.

Principaux résultats

46 patients ont été analysés. Par rapport a PAMosc, le biais moyen et les limites d’agrément
étaient de 1 mmHg [-26 - 29], -1 mmHg [-10 - 8] et -3 mmHg [-21 - 13] pour les algorithmes
1, 2 et 3 respectivement. Par rapport 8 PAMinv, I’erreur absolue moyenne ¢tait de 20 mmHg

[10-39], 11 mmHg [5-18] et 16 mmHg [9-24] respectivement.
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Figure 7 Comparaison de [’estimation de la PAM par I’algorithme PlethoMAP (en bleu) au gold standard
invasif par cathéter artériel (en rouge). Les ronds violets désignent les mesures par brassard. L aire verte
correspond a l'erreur d’estimation instantanée.

Conclusion

L'algorithme 2, celui basé sur la hauteur absolue de 1’onde dicrote ou NAA, permet
I’estimation la moins biaisée par rapport au tensiometre et a la mesure invasive. Une calibration
rapprochée permet une estimation avec une faible marge d’erreur. L’estimation de la PAM
battement par battement lors de I’anesthésie générale a partir de la PPG parait possible avec

une erreur moyenne acceptable de 11 mmHg.

PlethoMAP : développements récents

Ces développements font partie d’un article actuellement en cours de rédaction.
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Innovations

Dans notre premier papier, nous avons pu obtenir des résultats encourageants et avons
montré les relations intimes qui existent entre la pression artérielle moyenne et la PPG,
notamment les parametres DICpleth et PI obtenus a partir de celle-ci. Cependant, les
algorithmes développés étaient inappropriés pour utiliser de maniere conjointe 1’information
contenue dans DICpleth et PI. Il nous a paru nécessaire de développer un algorithme qui puisse
utiliser conjointement les variables DICpleth et PI pour en déduire une meilleure estimation de
la PAM. Selon les connaissances de la littérature, DICpleth est une variable qui reflete la
rigidité artérielle et les résistances périphériques [33]. PI est une variable qui reflete la perfusion
locale [1]. En effet, PI est une mesure directe de la partie pulsatile du signal de PPG, qui est
une mesure du volume artériel au cours du temps. Par conséquent nous disposons d’une
variable qui estime les résistances artérielles et une variable qui estime le débit sanguin. La
modélisation la plus simple et la plus immédiate est 1’utilisation de la loi d’Ohm appliqué aux
écoulement fluides: AP = Q - R, avec 4P, la pression de perfusion, Q le débit cardiaque et R,
les résistances artérielles périphériques. AP équivaut a PAM - POD, POD étant la pression

veineuse de 1'oreillette droite.

Ce raisonnement mathématique a été validé par le cabinet de conseil en mathématiques

locene dont le rapport figure en annexe.

De maniere parallele, en observant le signal de PPG, il nous est apparu que les
modifications du signal en fonction de la pression artérielle sont complexes et qu'elles ne
peuvent étre résumées aux seules valeurs de DICpleth et PI. Afin d’extraire le plus
d’information possible du signal de PPG, nous avons décidé d’utiliser les évolutions récentes

en apprentissage par réseaux de neurones. A cette fin, nous avons construit une architecture de
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réseaux de neurones convolutifs [34]. Ce type de réseau permet la reconnaissance de motifs
visuels ou géométriques. Il sert de base a toutes les utilisations modernes de reconnaissances

d’images mais a plus récemment été utilisé pour des applications sur séries temporelles [35].

Un des avantages supplémentaires du réseau de neurones est sa facult¢ d’apprendre des
données de I’ensemble de la cohorte. Un réseau pré-entrainé peut par conséquent prédire la

PAM sans passer par une phase de calibration par patient.

Méthode

Modele naif

Un modele naif de référence a été utilisé pour comparer les performances du réseau de
neurones. Il s’agit d’un modele qui prédit a chaque battement la valeur de PAM précédemment
obtenue par brassard. Il s’agit 1a d’un mod¢le qui refléte les conditions réelles au bloc opératoire
quand le brassard est la seule source de monitorage pour la PAM. Ceci constitue une référence
pour tester nos modeles, en effet, un modele doit présenter une précision strictement supérieure

au modele naif pour étre pertinent.

Modele mécanistique

Le modéle mécanistique est basé sur la loi d’Ohm appliquée aux écoulement fluides: AP =
Q - R. Le débit cardiaque Q peut étre décomposé en volume d’¢éjection systolique du cceur
gauche (SV) et fréquence cardiaque (FC). De par nos recherches en physiologie, PI était
considéré comme analogue au SV et DICpleth comme analogue a R. La variable PI ne pouvait
étre utilisée telle quelle parce qu’elle présentait souvent des changements trop brutaux par
rapport aux variations de la PAM avec un comportement exponentiel et inverse par rapport aux

changements de PAM. Nous avons donc introduit la variable dérivée mPl qui est une
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linéarisation du PI selon la formule mPI = In (1 + E)' Nous avons introduit les parametres

suivants: a régit I’interaction entre SV et R, B est I’incertitude sur mPI, y est I’incertitude sur

DICpleth et 8 est I’intercept qui correspond a I’incertitude sur la POD.

La formule finale obtenue est : PAM = a(mPI + [)(DICpleth + y)-HR + & . Cette

formule peut étre linéarisée pour obtenir la formule linéaire:
PAM = al + a2 HR + a3 HR DICpleth + a4 HR mPI + a5 HR mPI DICpleth .

Cette forme permet 1’estimation des parametres al - a5 par des algorithmes de régression

linéaire. Nous avons utilisé une régression linéaire régularisée de type LARS [36].
Modele de réseau neuronal

Nous avons construit un réseau de neurones profond avec des entrées hétérogenes. En effet
les entrées sont la courbe de PPG avec un échantillonnage relativement élevé a 125 Hz, les
valeurs de HR et PI avec un échantillonnage proche de 1 Hz avec un point par battement
cardiaque et les mesures intermittentes de pression non invasive par brassard. Des couches de
réseaux de neurones récurrents de type Long Short Term Memory (LSTM) étaient utilisés pour
capter I’information sur les tendances des valeurs de PI et HR au cours du temps. Les réseaux
de neurones ont été développés et entrainés avec la plateforme PyTorch Lightning [37]. La

structure du réseau de neurones est explicitée dans la Figure 8.

Principaux résultats

Cent dix-neuf patients ont ét¢ inclus a I’hopital Lariboisiere, dont 30 en chirurgie digestive
lourde et 89 en neuroradiologie de Janvier 2015 a Septembre 2018. La durée totale

d’enregistrement est de 228 heures.
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Les estimations obtenues avec le modele naif présentaient une erreur moyenne absolue

(MAE) de 8,7 [6,6 - 12,4] mmHg.

Résultats préliminaires de modélisation

Les résultats de modélisation sont préliminaires. Pour le modele mécanistique, 1’erreur
moyenne absolue obtenue était de 5,2 [3,2 — 8,4] mmHg. La structure design du réseau de
neurones et 1’ajustement des hyperparametres est encore en cours. Les résultats préliminaires
montrent des valeurs de MAE du méme ordre de grandeur que le modele mécanistique (MAE

6,8 [4,5 - 9,6] mmHg).

Sur la courbe de PPG, le réseau de neurones accorde un poids particuliecrement important a
la région autour de I’onde dicrote mais également autour du pic systolique. Ceci est illustré a
I’aide d’une carte de saillance (en anglais « saliency map ») en Figure 9. Ces résultats sont en
accord avec notre interprétation physiologique du signal de PPG. Un exemple d’estimation de

I’évolution de la PAM par le réseau de neurones est présenté sur la Figure 10.

Conclusion

Ces résultats montrent une amélioration nette du pouvoir prédictif a la fois du modele
mécanistique et du modele neuronal comparé aux algorithmes simplistes de notre précédent
papier. Ceci montre 1’intérét de la modélisation, aussi bien mécanistiques que statistique dans

la création du PlethoMAP.
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CHAPITRE 3: Modele PK/PD de la noradrénaline

Comme nous 1’avons déja dit, notre objectif est de développer des outils d’optimisation de la
pression artérielle au bloc opératoire. Le développement d’un instrument comme le PlethoMAP
permet d’envisager d’avoir un systeme de correction de I’hypotension en temps réel,
potentiellement automatisé et asservi a la mesure de la PAM pour tout patient passant au bloc
opératoire. Toutefois, pour ce faire, il est impératif d’avoir des informations pharmacologiques
fiables du ou des médicaments couramment utilisé au bloc opératoire pour traiter I’hypotension
artérielle. Nous avons fait le choix de nous intéresser a la noradrénaline a faible concentration
qui semble devenir le médicament de choix pour la correction de 1’hypotension artérielle au

bloc opératoire.

Ainsi, Dans un article original, en cours de soumission, nous décrivons la mise au point une
modélisation PK/PD de la noradrénaline faiblement dosée telle qu’elle est utilisée au bloc

opératoire pour traiter I’hypotension liée a I’anesthésie.

Ce travail a également conduit a la thése de docteur en médecine ainsi qu’au dipléme de

Master 2 de Thomas Lefevre.

Introduction

Role de la noradrénaline

La noradrénaline appartient au groupe des catécholamines, ¢’est une monoamine non
substituée (Figure 11). Elle peut agir comme un neurotransmetteur, mais également comme
une hormone, on I’appelle parfois hormone du stress”. C’est cette fonction hormonale qui va

nous intéresser dans ce travail.
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En tant que neurotransmetteur, la noradrénaline est libérée par les neurones
adrénergiques du systeme nerveux central, notamment le tronc cérébral. Elle est chargée de
transmettre les informations sous forme d’impulsion électrique aux différentes parties du corps

en relation avec 1’anxiété.

En tant qu”hormone, elle est synthétisée dans les glandes surrénales a partir de 1’acide
aminé nommé Tyrosine puis libérée dans le sang. Parmi ses fonctions hormonales, on peut
mettre en avant la stimulation de la production d’adrénaline dans le corps, provoquant une
augmentation de la vigilance et de I’attention focalisée, ce qui permet une meilleure capacité

de réaction comportementale face a des événements potentiellement dangereux.

HO

OH

l
HO H =CH2= NH,

Figure 11 Structure moléculaire de la noradrénaline

Biosynthese de la noradrénaline et distribution tissulaire

La biosynthese de la noradrénaline se fait dans les neurones post-ganglionnaires du systeme
nerveux sympathique et dans les cellules chromaffines de la médullosurrénale (Figure 12). La
voie métabolique conduisant a la synthese de la noradrénaline est identique dans les deux lieux
de synthese, partant de deux acides aminés essentiels que sont la phénylalanine et la tyrosine.
L’étape limitante est celle qui transforme la tyrosine en DOPA par la L-tyrosine hydroxylase.

Secondairement, la DOPA est transformée en dopamine dans le cytosol. La noradrénaline est
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quant a elle produite a partir de la dopamine. Enfin I’adrénaline est produite a partir de la

noradrénaline dans les cellules chromaffines de la médullo-surrénale.
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Figure 12 Biosynthése de la Noradrénaline

La glande médullosurrénale est 1’organe le plus riche en catécholamines. Elle contient

beaucoup plus d’adrénaline que de noradrénaline. Les fibres post-synaptiques sympathiques

synthétisent de la noradrénaline, mais pas d’adrénaline. Les tissus a forte innervation

sympathique (cceur et vaisseaux) contiennent donc beaucoup de noradrénaline. Ils peuvent en

outre fixer les catécholamines circulantes comme 1’adrénaline. Le cerveau est, quant a lui,

beaucoup plus riche en noradrénaline et dopamine et contient trés peu d’adrénaline.
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Libération de la noradrénaline

La libération de la noradrénaline, produite dans les neurones post-ganglionnaires, se fait
par exocytose sous I’effet de I’influx nerveux du systéme sympathique. Cette libération est sous
la dépendance de la noradrénaline elle-méme ainsi que d’autres neurotransmetteurs via des
récepteurs présynaptiques. Certains de ces récepteurs vont stimuler la libération (B2
adrénergiques), pendant que d’autres vont 1’inhiber (02 adrénergiques, muscariniques...). La
noradrénaline qui n’est ni capturée ni fixée sur les récepteurs post-synaptiques rejoint la

circulation systémique [38—40].

Vu que les récepteurs adrénergiques sont en contact avec des terminaisons
sympathiques, il est concevable que la noradrénaline libérée agisse essentiellement sur les
organes ou elle est libérée et ne passe que secondairement dans la circulation générale.
Cependant, la noradrénaline libérée par la glande médullosurrénale passe directement dans la

circulation générale.

Concentration plasmatique

La concentration plasmatique d’une substance est la résultante d’une part de sa

libération et d’autre part de sa capture par les tissus et de son catabolisme.

Dans les conditions de repos, les concentrations plasmatiques de noradrénaline sont faibles
(moins de 4 nmol/L) mais elles peuvent s’élever en condition physiologique (passage en

position debout, effort, stress, peur ...).

Les techniques de dosage actuelles de noradrénaline plasmatique ne peuvent différencier la

noradrénaline endogene de la noradrénaline exogene.
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Propriétés physicochimiques

La noradrénaline est un neurotransmetteur de petit poids moléculaire avec un caractere
hydrophile. Elle ne diffuse pas a travers les membranes cellulaires mais les traversent par
exocytose ou par des transporteurs transmembranaires spécifiques. Elle interagit avec des
récepteurs membranaires qui activent une cascade enzymatique a 1’origine d’effets cellulaires,

organiques et systémiques.

Une fois libérée dans la fente synaptique sous I'effet de I'influx nerveux via le potentiel
d’action et I’'entrée d’ions calcium, la noradrénaline peut alors se lier aux récepteurs post-
synaptiques al et B et ainsi contribuer a la transduction du signal ou étre recaptée en
présynaptique par un transporteur membranaire sélectif NET pour étre recyclée dans le neurone

noradrénergique. Apres passage dans la circulation systémique, la noradrénaline peut étre
captée par un récepteur a2 de cellule non-neuronale, notamment les cellules musculaires

lisses vasculaires, ou subir le métabolisme d’élimination enzymatique.

Dégradation de la noradrénaline

Le devenir de la noradrénaline, outre la stimulation de la cellule cible, est soit la
dégradation, soit le recyclage. Les voies de dégradation de la noradrénaline sont multiples et
redondantes, expliquant en partie sa treés courte demi-vie. On peut décrire deux principaux

compartiments différents dégradant la noradrénaline :

Le lieu de synthese, c’est-a-dire I’espace inter-synaptique ou la noradrénaline est capturée
par le neurone présynaptique et, est soit dégradée par la Monoamine oxydase (MAO), soit de

nouveau excrétée dans I’espace inter-synaptique [41, 42].
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La dégradation extraneuronale, ou la noradrénaline est capturée par des transporteurs
transmembranaires des cellules post-synaptiques et est dégradée par la MAO et/ou la catéchol-

O-méthyltransférase (COMT)

Les MAO et COMT sont les deux principaux enzymes de dégradation de la
noradrénaline [43]. Elles sont toutes deux intracellulaires. La MAO est une désamine oxydase
et se situe sur la membrane externe des mitochondries. La MAO est présente dans les
terminaisons présynaptiques et astrocytaires, mais également dans le foie, le tube digestif, la
paroi vasculaire et le placenta (MAO-A), ou les plaquettes et les cellules chromaffines pour la
MAO-B [44]. La COMT, dont I’action est une O-méthylation, s’observe dans le cytosol. On

note une grande abondance de ces 2 enzymes dans le foie et les adipocytes.

Approximativement 90% des catécholamines endogenes sont éliminées dans les urines sous
forme inactive [39]. L’excrétion des métabolites inactifs se fait par les reins. Certaines

observations expérimentales font état d’une élimination pulmonaire.

La noradrénaline exogene

Aussi appelée molécule sympathomimétique, car elle se lie aux récepteurs du systeme
nerveux sympathique et a un effet agoniste, la noradrénaline exogene possede les mémes
propriétés que son équivalent endogeéne utilisée en tant qu’hormone. En revanche, son

catabolisme est exclusivement extraneuronal, impliquant les MAO et les COMT.

Utilisation de la noradrénaline en pratique clinique

La noradrénaline exogene possede les mémes propriétés que son équivalent endogene
utilisée en tant qu”hormone. En revanche, son catabolisme est exclusivement extraneuronal,

impliquant les MAO et les COMT. Les effets de la noradrénaline sont essentiellement
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vasoconstricteurs veineux et artériel et, a moindre mesure inotrope positif, conduisant a une
augmentation de la contractilité ventriculaire et auriculaire et de la conduction. Depuis le début
des années 2000, alors que la dopamine était encore recommandée en premiere intention dans
les états de choc, une enquéte menée par la SRLF a montré une utilisation préférentielle de la
noradrénaline par les praticiens. Ce changement de pratique faisait suite aux études montrant
la supériorité de la noradrénaline sur la dopamine dans le rétablissement de la pression artérielle
moyenne (PAM) [44, 45]. En 2010, une étude menée par 1’équipe de De Baker et al comparant
la noradrénaline et la dopamine chez plus de 1000 patients en état de choc a montré une
tendance a la diminution de mortalité a 28 jours en faveur de la noradrénaline et un nombre
significativement plus faible d’effet secondaire en faveur de la noradrénaline [46]. D’autre part,
une analyse en sous-groupes incluant les chocs cardiogéniques, mettait en évidence une

mortalité a 28 jours significativement inférieure dans le groupe recevant de la noradrénaline.

Ces différents résultats plaident pour une utilisation préférentielle de la noradrénaline

en pratique clinique en réanimation pour prendre en charge les états de choc.

Au bloc opératoire, 1’anesthésiste-réanimateur a le choix entre différents agents
catécholaminergiques vasoconstricteurs afin de traiter I’hypotension artérielle induite par
I’anesthésie. Parmi ces médicaments, les trois principalement utilisés sont 1’éphédrine, la
phényléphrine et la noradrénaline. Durant ces dernieres années, la noradrénaline gagne une
place de choix dans le traitement de 1’hypotension artérielle induite par I’anesthésie, avec
notamment I’avénement de la noradrénaline diluée ou « Babynoradrénaline » [31] permettant
une utilisation en bolus et en perfusion continue sur des voies d’abord classiques (voie veineuse
périphérique). De plus, la noradrénaline permet d’augmenter la pression artérielle avec un effet

limité sur la baisse du débit cardiaque, en comparaison avec la phényléphrine, permettant ainsi
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de préserver la perfusion d’organe [26]. L’éphédrine quant a elle n’est pas utilisée en perfusion

continue en raison d’une tachyphylaxie, la rendant inefficace au-dela d’une certaine dose.

Ces résultats et I’évolution des pratiques expliquent que la noradrénaline, diluée et a

faible dose, est également devenue le vasoconstricteur de choix au bloc opératoire [23].

Modele pharmacocinétique / pharmacodynamique (PKPD) de Ia

noradrénaline en anesthésie

La dose nécessaire de noradrénaline pour restaurer la pression artérielle ainsi que sa
durée d’action est variable selon les patients. Afin de permettre une stabilit¢ de la pression
artérielle, il est nécessaire de pouvoir contrdler finement 1’administration de noradrénaline et
de I’adapter aux caractéristiques du patient. A I’heure actuelle, peu de travaux se sont intéressés
a D’élaboration d’un modele pharmacocinétique / pharmacodynamique (PKPD) de la

noradrénaline.

Le développement d’un modele PKPD nécessite une étude clinique incluant une
administration standardisée de noradrénaline, 1’analyse et la modélisation de la variabilité¢ dans
la population étudiée, I’analyse de 1’effet du médicament et des dosages plasmatiques du
médicament en question, ici la noradrénaline. Le but de cette étude était de développer un
modele PK/PD qui pourrait permettre la perfusion a objectif de concentration de la

noradrénaline chez I’homme afin de corriger I’hypotension sous anesthésie au bloc opératoire.

Matériel et Méthodes

Cette étude a été effectuée dans le département d’anesthésie-réanimation de I’hopital

Lariboisiére a Paris, entre novembre 2019 et mars 2021. Il s’agissait d’un travail prospectif
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monocentrique et non randomisé. Comité d’éthique : CPP Sud-Ouest NOR-PHARM : 1-17-42
avec inscription a ClinicalTrials: NCT03454204. Les patients étaient informés avant 1’acte

chirurgical qu’ils participaient au protocole et devaient signer une feuille de consentement.

Timing des dosages

Du fait d’une connaissance limitée sur la pharmacocinétique de la noradrénaline au bloc
opératoire, les timings des dosages pour I’analyse du bolus et de la perfusion continue se basent
sur des données de pharmacologie générale. En ce qui concerne le bolus, la demi-vie trés courte
(2-3min) et les nombreuses voies de dégradation nous ont amené a décider du protocole de
prélevement exposé ci-dessous. L’analyse du bolus était obtenue a 1’aide de 5 prélevements

réalisés a TO du bolus juste avant I’administration puis T15, T30, T60 et T180 secondes.

Concernant 1’administration en perfusion continue, I’état de la connaissance actuelle fait
¢tat d’une pharmacocinétique avec une ¢limination rapide (2-3 minutes) d’ordre 1 ou supérieur
[47]. Lors d’une perfusion continue, le temps nécessaire pour atteindre 50% du plateau
correspond a une demi-vie [48]. Par conséquent, a partir de 3 demi-vies nous serons a 88% du

plateau.

L’administration de la noradrénaline se faisait sur une voie veineuse périphérique dédiée
avec le robinet d’administration placé au plus prés du cathéter et un rincage continu par du
sérum physiologique. Pour plus de précision, le bolus de 2 millilitres était réalisé par le mode
bolus de la seringue électrique (Orchestra, Fresenius Kabi, Germany) et enregistré avec une

précision d’un dixieme de millilitre grace au logiciel InfuPy que nous avons développé [49].

Le recueil des tubes de noradrénaline se faisait par voie artérielle avec un site de

prélevement situé au plus pres du cathéter artériel.
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Un échantillon de la solution noradrénaline préparée était également analysé pour obtenir

la dilution et la quantité exacte de noradrénaline injectée.

Technique de dosage de la noradrénaline

Le laboratoire de biologie médicale de 1’hopital Lariboisiere (Pr Callebert), possédant
une expertise quant au dosage des catécholamines plasmatiques et urinaires, a été consulté en
amont et son accord a été obtenu quant a sa participation au projet nous permettant ainsi

d’obtenir sans difficulté¢ un dosage plasmatique de noradrénaline lors de nos inclusions.

Les prélevements étaient recueillis dans des tubes héparinés ou EDTA sur glace et
envoyés immédiatement au laboratoire. Le refroidissement immédiat des prélevements et la
nécessité de les acheminer le plus vite possible au laboratoire se justifient du fait de la présence
d'enzymes de dégradation de la noradrénaline dans le plasma (MAO et COMT). La
noradrénaline plasmatique est dosée par chromatographie liquide a haute performance (HPLC)
couplée a une détection électrochimique. Avant la séparation chromatographique, la
noradrénaline est extraite du plasma par absorption sélective sur I’hydroxyde d’aluminium.
Aprés ¢lution acide, 1’éluat est injecté sur un systtme HPLC muni d’une colonne
(Chromosystems, Grifelfing, Germany) et une phase mobile dédiée au dosage des amines
biogenes. Ce systeme (Coularray, ESA) permet une séparation spécifique et une quantification

fiable de la noradrénaline dans le plasma.

Modele PK

La concentration plasmatique de la noradrénaline en fonction du temps était décrite en
utilisant des modeles mamillaires. Des modeles de 1, 2 et 3 compartiments étaient testés. Le
modele a 3 compartiments permettait les meilleures performances. Les modeles mamillaires

sont formalisés grace a des équations différentielles qui décrivent les lois de diffusion qui
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régnent entre les compartiments. La concentration du compartiment central (Cc) sert d’entrée
pour le modele PD et explique I’effet sur la pression artérielle. Le systéme d’équations

différentielles qui définit le modele est le suivant:

B
4 Ay =~k Ay
%Ac = ka,A{j — k12Ac + ka1 4p — koA
L A, = kipA: — kn 4,

La concentration plasmatique peut alors €tre obtenue par:

¢
Ce = Congo T Fc

Le mode¢le a 3 compartiments que nous avons analysé était composé d’un compartiment
central qui correspond au plasma et d’un compartiment périphérique qui correspond a un

compartiment tampon possiblement représentatif de I’endothélium.

Le compartiment dépot servait a modéliser la convection de la noradrénaline injectée alors

qu’elle s’homogénéise dans le plasma apres administration intraveineuse.

Ac, Ap et Ad représentent respectivement la dose de noradrénaline dans le compartiment
central, périphérique et dépdt. La constante d’absorption du compartiment Ad vers le
compartiment Ac est proportionnelle 2 Ad?, p étant un paramétre du modéle. k12, k21 et ka
représentent respectivement les constantes de diffusion du compartiment central vers le
compartiment périphérique et du compartiment dépot vers le compartiment central. k10 est la
constante d’¢limination. Cendo est la concentration basale physiologique dans le plasma avant

administration exogene. V¢ est le volume du compartiment central.
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Figure 13 Structure du modele PK

Modeles PKPD

Modele empirique

L'une des familles de modeles de pharmacodynamie les plus courantes est celle des modeles
Emax. Cette famille de modeles décrit I'effet (E - ici la pression artérielle moyenne) en termes
d'effet basal lorsqu'aucun médicament n'est présent (EO), d'effet maximal lorsque des doses
croissantes de médicament ne peuvent pas entrainer une augmentation supplémentaire de I'effet
(Emax), et de EC50, la concentration de médicament qui entraine un effet a mi-chemin entre
EO et Emax. Ces parametres du modele sont utilisés pour paramétrer une courbe de réponse

sigmoide.

Nous avons choisi de tester une variation du modele Emax basée sur 1'équation de Hill [50].

Ce modele peut étre formulé de la fagon suivante:

(Emax - El]) < Ge”

E(t) = E, +
=k Cc" + ECH,
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Le parametre supplémentaire (n) est le coefficient de Hill. Sa valeur peut étre interprétée
comme les interactions entre la liaison du ligand et du récepteur en fonction des liaisons
précédentes. Lorsqu’il est supérieur & 1, nous observons une liaison coopérative positive, ce
qui signifie que la liaison du ligand augmente 'affinité pour une autre liaison du ligand.
Lorsqu’il est inférieur & 1, on observe une liaison coopérative négative, ce qui signifie que la
liaison du ligand diminue I'affinité pour une autre liaison du ligand. Lorsque la valeur est égale

a 1, I'affinité du ligand ne dépend pas de la liaison du ligand préalable.

Modele basé sur les mécanismes

La relation entre I'éjection cardiaque et la pression artérielle a été décrite a I'aide du modcele
dit de Windkessel [51] depuis le début du vingtieme siecle. Dans le cas le plus général, le
modele de Windkessel est équivalent a un circuit électrique RLC [52], ou R représente la
résistance vasculaire périphérique, C représente la compliance des grandes arteres élastiques et

L représente l'inertie du flux sanguin. e(t) est la tension externe appliquée.

> R VL
L

u(t)

Figure 14 lllustration graphique du modéle de circuit RLC.

En appliquant la deuxieme loi de Kirchhoff au circuit RLC, il est possible de dériver

I'équation différentielle de la tension du systeme :

2

LCEu(t) + RC%u(t) + u(t) = e(t)
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En utilisant I'analogie électronique-hydraulique et en prenant en compte les conditions

initiales, cette équation peut €tre réécrite comme suit :

dZ

d
EE‘FZ(&JEE‘F&UZ(E_ED) =m- (C. — Co)

E est la pression artérielle moyenne (MAP). w est la fréquence naturelle non amortie.  est

le rapport d'amortissement.

Modele de mélange

Afin d'examiner s'il existe des sous-populations d'individus dont les réponses sont décrites
par le modele Emax ou le modele Windkessel, nous avons utilisé un modele de mélange entre
sujets (BSMM). Dans ce modele, chaque patient peut se voir attribuer un modele structurel,
Emax ou Windkessel, selon le modele qui décrit le mieux la réponse du patient. Une probabilité
p est estimée comme étant la proportion de patients décrits au mieux par le modele Emax. Le
modele structurel choisi pour un sujet donné est Emax avec la probabilité p et Windkessel avec
la probabilité 1-p. Le groupe auquel appartient un patient donné est estimé comme étant le

groupe de probabilité conditionnelle la plus élevée.
Résultats principaux

Modele PK

Les trois modeles ont ét€ ajustés individuellement. Le modele 3 montre un critere
d'information minimal (AIC, BIC) et présente la meilleure performance pour expliquer la

pharmacocinétique de la noradrénaline dans notre population.

Modele PK/PD : 2 types de modeles

Apres avoir estimé les parametres des modeles PK et PD individuellement et apres avoir
sélectionné les meilleurs modeles, nous avons effectué des estimations pour les modeles PKPD
conjoints en utilisant les distributions de parametres estimées précédemment comme valeurs

initiales.

48



Nous avons d'abord testé le modele Emax Hill. Lors d'une inspection visuelle, nous avons
noté que la qualité de I'ajustement était globalement satisfaisante, mais que plusieurs patients
présentaient un "undershoot" de la pression artérielle apreés l'administration en bolus de

noradrénaline, comme le montre 1'annexe supplémentaire 6.

Cet effet, qui était notable chez certains patients mais pas chez tous, ne pouvait pas étre
modélisé a l'aide d'un modele Emax classique, car ces modeles ne peuvent pas prédire la
pression artérielle en dessous de la ligne de base (EO). Afin de modéliser le comportement
observé chez certains patients, il est apparu nécessaire d'introduire un modele de second ordre.
Le modele de Windkessel a été choisi comme modele candidat car il a une longue histoire dans
le suivi hémodynamique, est construit sur des concepts physiologiques solides et présente une
dynamique de second ordre. Enfin, un modele de mélange (BSMM) des modeles Emax et
Windkessel a été testé afin d'affirmer 1'existence de deux sous-populations différentes dans

notre population d'étude.
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Figure 15 Exemple de prédiction individuelle pour un patient. Points bleus : valeurs mesurées. Courbes
violettes : prédiction. Panneau (a) : modele PK. Panneau (b) : modéle Emax. Panneau (c) : modele
mécanistique.

Conclusion de ’article

Les résultats de cette étude montrent qu'il est possible de développer des modeles PKPD
précis pour la noradrénaline a faible dose telle qu'elle est actuellement utilisée en peropératoire.
Les modeles peuvent atteindre une grande précision lorsqu'ils sont ajustés sur des patients
individuels avec des erreurs moyennes aussi faibles que 1,5 mmHg. Les VPC montrent une
erreur accrue dans les deux premicres minutes d'enregistrement. En effet, cette période
correspond a I'administration initiale du bolus. Ces données suggerent que les modeles PKPD
sont plus performants pendant la perfusion que pendant le bolus. Les tendances actuelles
tendent a favoriser l'utilisation de la perfusion plutét que du bolus car la tolérance

hémodynamique semble meilleure.
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CHAPITRE 4: Discussion et Perspectives

Perspectives PlethoMAP

Construction du prototype et brevet AP-HP

Afin de concrétiser les travaux réalisés autour de 1’algorithme PlethoMAP, nous avons
construit un appareil prototype intégrant 1'algorithme PlethoMAP et pouvant estimer la PAM

en temps réel en situation clinique au bloc opératoire.

PlethoMAP (mmHg

91

NBP (mmHg) mPI

117 /79 (91) 1.0

Figure 16 Prototype du «PlethoMAP». Un appareil qui est connecté au moniteur patient Philips IntelliVue
pour capter en temps réel les signaux de PPG, le PI et qui calcule et affiche en temps réel une estimation de la
PAM par I’algorithme PlethoMAP.

L’idée du PlethoMAP a été protégée par I’AP-HP sous le brevet portant le numéro INPI

17/62978 [4, 5]. Cette innovation a recgu le prix du Brevet Prometteur AP-HP 2021.
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Figure 17 Remise du prix du Brevet prometteur AP-HP 2021

Am¢éliorations de I’algorithme

Les techniques d’apprentissage statistique modernes permettent des innovations
sensibles et des travaux sont en cours pour explorer ces pistes. Des innovations futures
pourraient inclure la contextualisation pour mettre 1’état physiologique actuel du patient dans
un contexte qui est nourri par les données précédemment récoltées. On s’approche alors du

concept de « jumeau numérique » [53].

Concernant le modele mécanistique, une des limites les plus évidentes est la détection
de ’onde dicrote qui n’est pas toujours aisée [54]. Des publications récentes semblent offrir
des réponses intéressantes, permettant une détection précise de ’onde dicrote en utilisant
notamment une calibration temps réel d’un modéle Windkessel [55, 56]. 11 sera nécessaire de
vérifier si les performances et la fiabilité de ces techniques sont suffisantes pour améliorer la

détection de I’onde dicrote.

Les évolutions futures vont probablement conduire par une approche hybride,

mélangeant des algorithmes mécanistiques et I’apprentissage statistique.
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Amélioration du recueil systématisé

A la suite de nos premiéres publications, alors que nous avions des besoins croissants de
recueil de données en haute-fidélité pour procéder a des vérifications physiologiques et des
calibrations de modeles, nous avons entamé une collaboration avec la société Philips pour tester
et aider a la mise au point d’une solution de stockage haute-fidélité et a large échelle des

données des moniteurs patients (« scopes »).

Il s’agit de la solution « DataWarehouse Connect » commercialisée par Philips, qui permet
I’enregistrement en temps réel de I’ensemble de données présentes sur les moniteurs patients,
a savoir les chiffres mais également les courbes en haute définition et les alarmes. Cela
concerne également tous les appareils tiers qui peuvent étre reliés au moniteur comme des
ventilateurs, des moniteurs de débit cardiaque ou d’EEG, des pousses-seringues électriques ou
encore des machines de dialyse ou d’ECMO... Toutes ces données sont enregistrées de maniere

synchronisée dans une base de données.

J’ai été des le lancement en Mars 2019 le référent technique a I’hopital Lariboisiére pour la
gestion de cette base de données. Nous avons progressivement augmenté 1’étendue du recueil
pour couvrir actuellement 20 lits de blocs opératoires et maternité et 28 lits de soins intensifs
et réanimation. Le tableau ci-dessous résume 1’envergure des données récoltées avec plus de
20 000 patients en chirurgie générale et plus de 3000 patients de réanimation recueillis en Mars

2022.

53



Clinical Unit n Patients Start of recording Duration (patient days) Average duration per
patient (hours)

Central OR 11965 2019-03-15 10253 2
Orthopedics OR 707 2021-12-06 623 3
Neuroradiology 2160 2019-04-30 1835 3
PACU 9719 2020-12-15 3406 8
Maternity ward 1081 2021-12-08 1143 25
Surgical ICU 3235 2019-03-01 20945 455
CCuU 329 2021-04-13 2115 154

Au moment de ces chiffres, le poids de la base de données est d’environ 20 téraoctets.
Depuis octobre 2021, cette base de données est ¢galement synchronisée avec 1’entrepdt de
données de sant¢ (EDS) de I’APHP grace a I’obtention de la chaire IA AP-HP et I’engagement
de deux ingénieurs données temps plein. 1l est par conséquent possible aujourd’hui d’analyser
ces données au sein de ’EDS, et cela de maniére conjointe avec 1’imagerie, la biologie, le

PMSI, les comptes rendus médicaux, etc.

En parallele, nous avons développé a Lariboisiere un systeme permettant une analyse en
flux continu (« streaming ») des données recueillies basé sur Apache Kafka [57]. Cette solution
permet de traiter les données des moniteurs patients en temps réel et d’appliquer des
algorithmes qui pourraient avoir un impact sur la prise en charge. Nous développons
notamment un prototype pour estimer la pression artérielle moyenne en continu avec
’algorithme PlethoMAP et de retourner les estimations sur les moniteurs patients avec une
latence de quelques secondes. Ainsi, ces algorithmes peuvent améliorer la prise en charge au

bloc opératoire sans déploiement de matériel physique supplémentaire.
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Figure 18 Pipeline Kafka temps réel permettant la mise en place de nombreux microservices qui peuvent se
nourrir et réinjecter des données en temps réel

Validation prospective et impact

Nous projetons actuellement de réaliser une étude prospective d’impact qui pourrait
répondre a la question si la disponibilité du PlethoMAP pourrait améliorer la prise en charge
du patient par une détection et une prise en charge plus précoce de 1’hypotension au bloc
opératoire. Cette ¢tude est en attente des Stapes réglementaires pour 1’utilisation clinique des

algorithmes.

Dimension entrepreneuriale

Le projet PlethoMAP fait I’objet d’un projet de « start-up » sous le parrainage conjoint de
I’AP-HP et de I'Inria.

Perspectives Modele PK/PD Noradrénaline

Perfusion a objectif de concentration

Les perspectives pour le modele PKPD pour la noradrénaline sont nombreuses. La plus
¢vidente est bien entendue 1’utilisation du modele pour la perfusion de la noradrénaline a

objectif de concentration, que cela soit une cible plasmatique ou une cible d’effet. Cette étape
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requiert une €tape mathématique parce qu’il est nécessaire d’inverse le modele PK/PD. En
effet, le modele PK/PD permet de prédire les changements en concentration plasmatique ou de
pression artérielle moyenne, sachant la dose de noradrénaline administrée. L utilisation en en
objectif de concentration nécessite de résoudre le probléme inverse, a savoir quelle est la dose
de noradrénaline a injecter afin d’obtenir la concentration plasmatique ou I’effet désiré. Les
problémes inverses représentent une branche intéressante des mathématiques et plusieurs

approches peuvent étre utilisées pour répondre a cette question.

Entrainement temps réel

Le modele PKPD présenté permet une bonne estimation de la concentration plasmatique
de la noradrénaline sur la population mais les performances sont moins bonnes pour la pression
artérielle moyenne. En effet, il parait illusoire de vouloir prédire la pression artérielle
uniquement sur base de la dose de noradrénaline. Une multitude d’autres facteurs sont bien
entendu impliqués, notamment la dose d’hypnotiques, les comorbidités du patient, la volémie,
etc. On peut améliorer la prédiction si on tente de prédire des variations de pression artérielle

plutdt que la valeur absolue.

En revanche, les estimations sont excellentes lors de l'entrainement individualisé. Si on
offre a I’algorithme des échantillons précédents de monitorage et notamment sa réponse a la
noradrénaline, 1’estimation de la pression artérielle par le modele PKPD est exacte a I’ordre de
grandeur du mmHg. Il parait tout a fait possible de nourrir en temps réel le modele PKPD par
les données du moniteur patient. Cela peut passer par une approche bayésienne avec une erreur
a priori qui est réduite au fur et a mesure que des informations supplémentaires sont
disponibles. Les avancées récentes sur 1’interconnexion du matériel médical rendent ce type

d’application de plus en plus réaliste.

Asservissement aux hypnotiques

Ils existent aujourd’hui des modeles PKPD pour le propofol ou I’effet prédit n’est non pas
la sédation mais I’effet sur la pression artérielle [58, 59]. Ainsi, il devient aujourd’hui possible
d’anticiper des épisodes d’hypotension apres administration de propofol par la modélisation
avant d’administrer le médicament au patient. D’autres études sont nécessaires a plus large
échelle et notamment en étudiant I’interaction avec les opioides. Nous envisageons des études

ultérieures dans ce sens sur notre base de données. Dés lors que 1’hypotension engendrée par
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I’anesthésie devient prévisible, et cela de maniere individualisée pour le patient en question, et
que nous disposons d’un modele PKPD pour la noradrénaline, il devient possible d’asservir la
perfusion de noradrénaline a la perfusion d’hypnotique pour prévenir en temps réel les effets
d’hypotension avant qu’ils ne s’installent, prévenant ainsi I’hypoperfusion et la morbidité

associée a I’hypotension.

Boucle fermée

Une application intéressante et innovante est I’administration de la noradrénaline en boucle
fermée. Ce type de dispositif existe déja dans le contexte d’études cliniques [60] et a montré
son efficacité dans les études préliminaires pour traiter 1’hypotension au bloc opératoire.
Cependant, les dispositifs existants ne disposent pas de modélisation PK/PD et procedent a
I’¢laboration de la dose de noradrénaline par des phases itératives de tentatives et
d’observation. Ce type d’approche conduit a une variabilité de la pression artérielle et un retard

par rapport a I’observation qui peut potentiellement étre amélioré par la modélisation PKPD.

L’1dée logique dans notre approche est d’utiliser le PlethoMAP comme monitorage pour la
boucle fermée. Cela permettrait de réunir les travaux débutés lors de cette these pour aboutir a

un traitement automatis¢ de I’hypotension sous anesthésie.
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CONCLUSION

La prise en charge de I’hypotension sous anesthésie repose sur un monitorage fiable et une
thérapeutique efficace par vasopresseurs. L’association de ces deux éléments parait
indispensable pour réduire la morbi-mortalit¢ liée a I’hypotension dans la période

périopératoire.

Ce travail de these a permis de mettre au point un systeme de monitorage purement non-
invasif, basé sur une analyse innovante de signaux qui sont d’ores et déja disponibles dans tous
les blocs opératoires pour estimer en temps réel, battement par battement, la pression artérielle
moyenne. Cette technique se base en grande partie sur 1’analyse de 1’onde de pouls obtenue par
la photopléthysmographie. La fiabilité du monitorage a été appréhendée dans deux publications
et des innovations supplémentaires sont en cours. Aucun matériel supplémentaire n’est
nécessaire vu qu’il s’agit purement d’une analyse logicielle. Par rapport a d’autres solutions,
cela présente un avantage en termes de colits et de déploiement dans des zones ou il est difficile
de mettre en place du matériel supplémentaire pour des raisons économiques ou logistiques.
De cette maniére, ce monitorage répond a une problématique globale. En effet, "hypotension
sous anesthésie peut avoir des répercussions pour tout type d’anesthésie, méme pour des actes

mineurs dans des lieux délocalisés.

Ce travail a également permis la mise au point d’un modéle pharmacométrique de la
noradrénaline faiblement dosée telle qu’elle est utilisée au bloc opératoire pour restaurer la
pression artérielle. Alors que la noradrénaline est connue dans le monde médical depuis plus
de 80 ans, étonnement peu de travaux se sont intéressés a sa pharmacocinétique. Dans le
traitement de 1’hypotension sous anesthésie, la pharmacocinétique et 1’effet puissant de la
noradrénaline sont particuliérement adaptés pour des corrections rapides d’hypoperfusion
d’organes potentiellement délétéres. Cependant, cette utilisation nécessite des précautions
usage compte tenu de la fenétre thérapeutique étroite et du risque d’accident. L utilisation de
la noradrénaline sous perfusion a objectif de concentration semble étre une solution idéale pour
la gestion peropératoire et la médecine personnalisée au bloc opératoire dans le contexte

d’hypotension liée aux anesthésiques.
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L'association de ces deux moyens devrait permettre une meilleure prise en charge des
patients sous anesthésie. Des études d'impact mesurant l'effet de ces solutions innovantes de

prise en charge doivent étre maintenant réalisées.
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Annexes

ANNEXES 1: Articles présentés dans la these

Annexe 1.1 Article “Perfusion Index: Physical Principles, Physiological

Meanings and Clinical Implications”

Cet article a été publié dans Anaesthesia Critical Care & Pain Medicine le 12 novembre
2021 [1]. Les auteurs sont: Maxime Coutrot, Emmanuel Dudoignon, Jona Joachim, Etienne

Gayat, Fabrice Vallée et Francois Dépret.
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Photoplethysmography (PPG) has been extensively used for pulse oximetry monitoring in anaesthesia,
perioperative and intensive care. However, some components of PPG signal have been employed for
other purposes, such as non-invasive haemodynamic monitoring. Perfusion index (PI) is derived from
PPG signal and represents the ratio of pulsatile on non-pulsatile light absorbance or reflectance of the
PPG signal. PI determinants are complex and interlinked, involving and reflecting the interaction
between peripheral and central haemodynamic characteristics, such as vascular tone and stroke volume.
Recently, several studies have shed light on the interesting performances of this variable, especially
assessing regional or neuraxial block success, and haemodynamic monitoring in anaesthesia,
perioperative and intensive care. Nevertheless, no review has yet been published concerning the
interest of PI in these fields.

In this narrative review will be exposed first the physiological and pathophysiological determinants
of PI, and then the mean to measure this value as well as its potential limitations. In the second part, the
existing data concerning usefulness of PI in different clinical settings such as operating theatres,
intensive care units and emergency departments will be presented and discussed. Finally, the
perspectives concerning the use of PI and mentioned aspects that should be explored regarding this tool
will be underlined.
© 2021 Société francaise d’anesthésie et de réanimation (Sfar). Published by Elsevier Masson SAS. All

rights reserved.

Keywords:

Perfusion index
Haemodynamic monitoring
Non-invasive monitoring
Photoplethysmography

1. Introduction saturation, represents nowadays an interesting tool in haemody-

namic monitoring.

In the 1970s, following previous works, Takuo Aoyagi, who
passed away on the 18" of April 2020, developed pulse oximetry
using red and infrared lights transmission through tissues [1].

Increasing interest in non-invasive monitoring of macro-
haemodynamic and microcirculation has risen in anaesthesia,
perioperative and critical care. Photoplethysmography (PPG)
signal, which was used during decades only to monitor oxygen

* Corresponding author at: Department of Anaesthesiology and Critical Care and
Burn Unit, Saint-Louis Hospital, 1, Avenue Claude Vellefaux, Paris, France.
E-mail addresses: maxcoutrot@yahoo.fr (M. Coutrot), emmanuel.dudoigno-
n@aphp.fr (E. Dudoignon).

https://doi.org/10.1016/j.accpm.2021.100964

PPG is a non-invasive tool, cheap, fast, and simple to use.
However, interpretation of PPG data can be challenging: haemo-
dynamic monitoring using PPG signal initially suffered from a large
lack of knowledge and misunderstanding of its determinants,
resulting in an incorrect use of this multifactorial device. However,
analysis of PPG signal has benefited from regained interest in the
past years and the usefulness of PPG has been highlighted by
several works in anaesthesia, perioperative and critical care [2-4].

Among different components of PPG signal, perfusion index
(PI), which represents the proportion of the pulsatile part of PPG,
has been widely studied and stands as a promising tool for
physicians. A good understanding of the principles of PPG and PI
determinants as well as the knowledge of its limits is therefore

2352-5568/© 2021 Société francaise d’anesthésie et de réanimation (Sfar). Published by Elsevier Masson SAS. All rights reserved.
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Glossary of terms

PPG photoplethysmography

PI perfusion index

PVI pleth variability index

AC alternating current

DC direct current

N stroke volume

MAP mean arterial pressure

ICU intensive care unit

Scv02  central venous oxygen saturation

P(v-a)CO, arteriovenous carbon dioxide gradient
PLR passive leg raising
Cl confidence interval

essential to optimise its correct use and performance. Physical
principles and the physiological determinants of PI will be
explained thereafter in this review.

Several reviews have been proposed on PPG, notably about PI
respiratory variations, commonly referred to as Pleth Variability
Index (PVI), and its applications [3,5-7]. However, none of the
above-mentioned reviews focused on Pl itself. Additionally, several
new data have been published since.

This review covers the physiological and technical aspects of
PPG and PI that clinicians need to understand and presents the
clinical usefulness of PI in the operating theatre, perioperative and
critical care.

2. How is perfusion index measured?
2.1. Principle of photoplethysmography

The principle of conventional PPG is based on indirect
measurement of tissue volume variations by absorbance variations
of light beams through this tissue. The oximeter probe generates
incident red and ultra-red light beams, whose transmitted
intensities are transformed into an electrical current by a
photodetector, after penetrating a tissue (Fig. 1) [8,9].

Another PPG modality (PPG by reflection) uses reflection
properties of the light in the tissue, according to the same

Anaesth Crit Care Pain Med 40 (2021) 100964

principle. The photodetector is then placed next to the light source
to measure the reflectance of the incident beams [10].

Usually, two wavelengths are used for PPG: red light (660 nm)
and infrared light (940 nm), mainly absorbed by deoxyhaemo-
globin and oxyhaemoglobin, respectively. The PPG curve is
obtained with infrared light absorption variations. However some
PPG devices use one, or more often more than two wavelengths
[11].

2.2. PI components: alternating and direct currents

Light absorption varies across the cardiac cycle. The absorption
is maximal during the systole, reflecting the dilatation of vessels
under the systolic pressure, ie., the increase of arterial blood
volume under the light source. The signal received by the
photodetector is then decomposed into pulsatile and non-pulsatile
signals. Pulsatile variations in light absorption, during systole, are
commonly referred to as “alternating current” (AC). AC represents
variations of absorbance or reflectance of the incident light beams
due to pulsatile vessels under arterial pressure variations, i.e. the
sum of the variations of the diameters of pulsatile vessels through
which the light beams pass. AC then represents a volume variation
measurement. It is important to underline that AC is therefore not
a flow measurement in those vessels but an indirect measurement
of the arterial volume variation during the cardiac cycle.

The PPG curve displayed on actual monitors represents AC,
derived from the infrared light signal, after signal processing.
Restitution of AC requires computer processing of the raw signal
received by the photodetector by computer filters to reduce signal
artifacts [8,12,13]. These manufacturer-dependent algorithms can
significantly deform the PPG curve from one manufacturer to
another [8,9].

On the other hand, continuous absorption is referred to as
“direct current” (DC), from which AC varies. DC corresponds to
light absorption from other tissues, such as non-pulsatile
capillaries and venous vessels, skin, soft tissues, and bones. DC
is not displayed in current practice on usual oximeter’s monitors.

2.3. PI calculation: alternating and direct currents ratio
PI represents the ratio of pulsatile light absorption on

continuous light absorption, i.e., the ratio AC/DC (Fig. 1). PI, often
referred to as “peripheral PI” was initially used as a quality signal

Red and IR light emission

AC

Perfusion Index =

Curve of Photoplethysmography
representing AC

Fig. 1. Principles of photoplethysmography and PI calculation.

Photodetector
Light detection after absorption

Arterial non-pulsatile
vessels

Venous vessels

Bone

Soft tissus

Fig. 1 represents the principles of PPG and PI calculation. AC corresponds to the variation of red and IR lights absorption related to the variation of diameters of pulsatile
vessels (i.e. arrowed arterial pulsatile vessels on the figure). DC corresponds to the light absorption of: arterial non-pulsatile vessels, venous vessels, bone and soft tissues. PI

value is calculated as the AC/DC ratio.

AC: alternating current; DC: direct current; IR: infrared light PI: perfusion index; PPG: photoplethysmography.
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Table 1
Determinants of Perfusion Index and artifacts.

Anaesth Crit Care Pain Med 40 (2021) 100964

Physiological and pathophysiological determinants of Perfusion Index

Systemic factors

Local factors

Factors influencing AC
e Volaemia and venous return®
e Diastolic function and inotropism*
e Valvulopathy*

e Vascular tone*(sympathetic, parasympathetic and non-adrenergic/non-cholinergic tones)

o Arterial stiffness*

e Vasoactive and cardiac medications*
Factors influencing DC

e Vascular tone* (notably venous tone)

e Volaemia*

Artifacts that may influence AC and DC
o External light
e Nail polish

e Obliterant arteriopathy

o Position of the limb in relation to the heart
e Vascular compression

e Local temperature exposure

e Local arterial compliance

e Local vascular tone

o Position of the limb

« Body position

e Vascular compression

o Soft tissues compression
e Local vascular tone

e Tissues and vascular extrinsic compressions
e Probe and/or patient movements

AC: alternating current; DC: direct current.

Numerous intrinsic or extrinsic factors influence AC and/or DC, and therefore their ratio, i.e. Perfusion Index. The main determinants are stroke volume and vascular tone,
themselves influenced by many factors. Determinants of stroke volume (*) all may influence AC and PI. Volaemia, external temperature, stress, nociception, and medications
(e.g. norepinephrine, vasodilator effect of anaesthetic drugs, etc.) are determinants of vascular tone and therefore of Perfusion Index.

Determinants of stroke volume.

indicator for pulse oximetry [4,14]|. However, PI represents the
local blood volume variation during systole, and varies according
to the systemic and local haemodynamic status. Hence, PI can be
used for non-invasive haemodynamic monitoring.

2.4. Physiological value of PI

In healthy awake volunteers, when measured at the finger, the
mean PI values (+ standard deviation) described in two studies were
2.2% 4+ 2.0 and 3.5% + 2.4 [15,16]. This means that AC represents only
around 2%-3% of DC, and by analogy in vascular physiology, it means
that the blood volume under the sensor increases by around 2% at
each heartbeat. However, due to the wide variations in normal values
in healthy volunteer (from < 1% to > 10%), it is difficult to propose a
reliable normal value of this parameter.

Determinants of PI are numerous and complex. When
measured in a peripheral site, both AC and DC and their ratio,
i.e, PI, are the resultants of systemic and local factors, discussed
below, and resumed in Table 1. The characteristics and main
results of discussed studies are detailed in Supplementary Table 1.

2.5. Influence of direct current (DC) determinants

As PI represents the ratio AC/DC, any variation of DC will result
in PI variation. Hence, soft tissues or venous compression (e.g., by a
finger clip) may decrease DC and increase PI. Likewise, congestion
due to global fluid overload would have the opposite consequen-
ces. Limb position due to changes of venous filling and thus DC
would also affect PI value, with an increase in DC if the limb is in a
declive position (venous congestion) and the opposite in a proclive
position [3]. Physiologically, DC is also not constant, and small
variations are observed due to variation of venous return and
sympathetic tone in patients spontaneously breathing or under
mechanical ventilation [17,18]. Similarly, DC may also change in
case of change in vascular tone, as under action of vasoactive drugs
(i.e., decrease of DC under increased vascular tone) [19].

2.6. Alternating current (AC): vascular tone versus stroke volume

Some authors have described PI as a surrogate of vascular tone
only. Lima et al. showed that PI was correlated with central to toe
temperature gradient — an accurate surrogate of vascular tone

[15]. Indeed, PI rapidly increased after local vasodilation induced
by plexus or epidural anaesthesia, measured in the blocked area. PI
was also strongly influenced by changes of vascular tone under
action of vasopressors in patients under general anaesthesia (i.e.,
decrease in PI secondary to norepinephrine infusion) [20-25].

Indeed, several recent studies suggested that stroke volume
(SV) is another important determinant of PI. PI was correlated to
superior vena cava flow and cardiac output in infants [26-28]. Low
flow could be associated with increased vascular tone, but such
data are not presented in these works. Van Genderen et al. exposed
healthy volunteers to a lower body negative pressure [29]. They
observed a rapid decrease of PI (from 2.2% [1.6-3.3] to 1.3% [0.9-
1.7], expressed as median and interquartile), while SV decreased,
and skin temperature difference between forearm and fingertip did
not increase significantly. Lack of significant variation in skin
temperature gradient between forearm and fingertip may be
explained by the lack of power of this study (the study population
comprised 25 males) or because of temperature change inertia.
This suggested that PI was not only influenced by local vascular
tone but also by SV itself. Another study performed in healthy
volunteers showed PI variations induced by body positioning
modifications (e.g, Trendelenburg, 45-degree, supine, etc.)
[30]. The highest values of PI were observed in Trendelenburg
position (7.8 & 3.8%). On the contrary, Pl was the lowest in the sitting
position (4.5 & 2.5%), suggesting a positive relationship between PI
and SV. This has been recently confirmed in a work showing that
variation of PI was highly correlated to variation of SV (r = 0.9), and
mean arterial pressure (MAP) (r = 0.9) during head up and down tilt
test in patients under anaesthesia with low basal sympathetic tone or
reactivity to position-induced hypovolaemia [31]. Additionally, other
recent works further discussed, found significant correlation of
cardiac index and PI variations after passive leg raising and fluid
challenge [32-34]. These works confirmed the major influence of SV
on PI, and the complexity of PI variations interpretation, especially in
septic shock [35].

The respective influence of vascular tone and SV variations in
case of vasoplegia are drawn in Fig. 2, cases A and B. Fig. 2 case A
represents moderate vasoplegia (for example intraoperative
hypotension secondary to anaesthetic drugs). In this case, the
increase of PI (from 5 to 10%) would mainly be the consequence of a
fall of arterial vascular tone (secondary to vasodilatation induced
by anaesthetic drugs) without substantial SV variations
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Perfusion Index determinants

Stroke volume
E————— Y
Vascular tone

Peripheral Perfusion

| Vascular Tone

Central Perfusion

Fig. 2. Determinants of PI and typical clinical situations.
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/ Clinical situations\

A Moderate Vasoplegia

Stroke volume =

T™Pl

J, Vascular tone

B  Severe Vasoplegia
J Stroke volume

J 4 Vascular tone

J Pl

C Hypovolemia

J Stroke volume

4 4Pl

1 Vascular tone

D Cardiac Failure
J J Stroke volume

\

NN

/

1 Vascular tone

Pl results from the local perfusion balance between peripheral determinants, mainly vascular tone and central determinants, i.e., SV. Situation A represents the components of
moderate vasoplegia: decreased vascular tone with single arterial vasodilatation, without significant variations in SV, resulting in an increase in PI. If vasoplegia becomes
severe (situation B), with arterial and venous vasodilatation, the drop of stressed volume, venous return and thus SV leads to a secondary decrease in PI, despite the decrease of

vascular tone.

In situation C and D, i.e., hypovolaemia and cardiogenic shock, the drop of SV and the increase in vascular tone both contributes to a decrease in PI.

AC: alternating current; DC: direct current; PI: perfusion index; SV: stoke volume.

[15,19,25].In case of severe vasoplegia (Fig. 2 case B), such as under
general anaesthesia with overdose of anaesthetics leading to a
significant decrease in stressed volume, venous return and thus in
SV, or in case of surgical bleeding, PI decreases secondarily in
comparison to Fig. 2 case A despite a low arterial vascular tone. In
this case, SV would be the predominant determinant, leading to PI
secondary decrease, i.e. “hiding” the effect of the decrease of
vascular tone, on PI [29-31,33]. However, data are lacking to
quantify the respective contributions of vascular tone and stroke
volume in PI values and interpret its variations in such clinical
situations.

On the contrary, as illustrated in the Fig. 2 case C, in case of
hypovolaemia with preserved baroreceptors activation, SV will
decrease and vascular tone increase. Both variations of SV and
vascular tone will contribute to a decrease of AC. In such
conditions, a decrease of DC secondary to the activation of the
sympathetic system also participates to the drop of PI, suggesting
that the decrease in AC is predominant over the decrease in DC
[19,29,30]. Another comparable situation characterised by a low
SV and potential increased vascular tone is cardiac failure, where
both contribute also to the fall of AC, DC, and PI values (Fig. 2 case
D). In this situation, PI would be typically extremely low PI (< 0.5).
After inotropic drugs, an increase in SV would lead to a greater PI
value [19].

2.7. Local conditions

PI measurement assesses local perfusion. The PI value varies
according to the measurement site, even for clothe sites to a few

centimetres [33]. Thus, PI is highly influenced by systemic
macrohaemodynamic status as well as local conditions. Since
local vascular tone is mainly influenced by thermoregulation and
non-thermoregulatory stimuli (e.g, nociception, exercise...)
[36,37]. As an example, PPG waveform variation was substantially
different between ear and finger after cold exposure [38]. Regional
anaesthesia also illustrates the influence of local conditions: the
increase in Pl measured in the blocked area after regional
anaesthesia is the witness of a decrease in local vascular tone,
associated with an increase in local blood flow and volume at each
heartbeat in the blocked region. Both the decrease in vascular tone
and the increase in local blood flow and volume are contributing to
the rise of AC and Pl values. As for other variations of vascular tone,
it is expected that DC also increase in the blocked area, although
this has not been studied. In this situation, PI is a tool for local
haemodynamic monitoring, but not central haemodynamic.
Likewise, many local conditions must be considered to interpret
PI value: local compression (soft tissues, veins and/or arteries),
outside temperature variations, positions of the limbs or severe
arterial abnormalities such as obliterating arteriopathy. In the
conditions mentioned above, peripheral PI rather reflects local
conditions than the central haemodynamic status [11,27]. Howev-
er, no difference was found in basal PI in volunteers with or
without vascular disease (hypertension and diabetes mellitus). On
the contrary, macrohaemodynamic status (i.e., cardiac index) can
influence PI value depending on the measurement site. Indeed, in
infants, PI tends to be higher at the right hand compared to foot for
low cardiac output, and inversely for high cardiac output [26]. All
these elements suggest the importance of regional perfusion
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variation secondary to changes of sympathetic response and
central haemodynamic status on local PI value.

2.8. Sources of errors and variations of PPG signal

One should also be aware of the classic and frequent sources of
errors in the measurement of PI. Any extrinsic soft tissues and/or
vascular compression could affect AC and/or DC and so the basal
value of PI and/or its variations [3]. A common example is the
digital compression by the clamp of PPG. The ear and finger PPG
sensors are usually fitted with a clip, which prevents venous stasis
and its influence on DC and thus on PI. Without a clip, forehead PPG
waveform, i.e., AC signal, has been described significantly affected
by a strong venous signal. Therefore, venous compression by a clip
may result in a more reliable arterial waveform [39]. However, the
use of an external pressure on the forehead probe with a dedicated
headband to suppress the impact of venous pulsation may also
result in a more reliable PPG waveform. Other classical sources of
errors or factors that may influence PPG waveform, such as nail
polish, obesity, age, gender, ambient lights changes, course
artifacts of movement of the probe, or the patient, etc., have been
recently pointed out [11].

3. Clinical usefulness in anaesthesia: what are the data?

PI has been studied in the operating theatre for patients under
regional or general anaesthesia in different clinical settings. The
characteristics and main results of discussed studies are detailed in
Supplementary Table 1.

3.1. PI in assessment of regional block success

At first, P was used as an early indicator of regional anaesthesia
success, using Pl increase to detect vasodilation due to sympathetic
tone inhibition.

PI measured at the toe was described as the earliest and 100%
sensitive indicator of sympathectomy and epidural anaesthesia
success compared to MAP and skin temperature [21,40]. Usefulness
of PI variation after neuraxial anaesthesia in paediatric patients
under general anaesthesia was also demonstrated [23,41]. PI
variation was highly predictive of block success for regional plexus
blocks in adults as well [20,22,42]. Variation of PI by a factor
1.55 had an area under the receiver operating characteristic curve
of 0.94 for sciatic block, and area under the receiver operating
characteristic curve of 1 for axillary block [20]. PI accuracy for
prediction of regional block success was also higher than cold or
pinprick sensations.

A recent work showed that PI performances for detection of
regional block success were not different when using epinephrine
as an adjuvant to local anaesthetics [43].

3.2. Pl in assessment of neuraxial anaesthesia-induced
haemodynamic variations

In parturients undergoing caesarean delivery after spinal-
epidural anaesthesia, basal PI measured at finger location was
correlated with the decline of systolic arterial pressure (r = 0.66)
[44]. Baseline PI also showed a better correlation with systolic
arterial pressure or MAP decrease than baseline heart rate, systolic
arterial pressure, or MAP. The area under the receiver operating
characteristics curve for baseline PI to predict arterial hypotension
after spinal-epidural anaesthesia (defined as decrease in systolic
arterial pressure > 25%) was 0.87 (95% CI 0.74-0.99, p < 0.001),
with a best threshold value of 3.5%. Similar results were found later
with the same cut-off value [45]. So, a PI value greater than 3.5%
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before spinal anaesthesia is a risk factor for anaesthesia-induced
hypotension. One could expect that baseline PI value would also
predict accurately diastolic arterial pressure decrease since
vascular tone is one of the main determinants of diastolic arterial
pressure. However, none of these studies evaluated the correlation
between baseline PI values and diastolic arterial pressure decrease.
A high PI value at baseline suggests a low basal vascular tone.
Therefore, the decrease in sympathetic tone induced by spinal-
epidural in patients with already low basal sympathetic tone, is
more likely to induce a decrease in the stressed volume, resulting
in a decrease of venous return and SV. Thus, PI is a simple tool to
easily detect parturient patients with low sympathetic tone at high
risk of arterial hypotension after spinal anaesthesia.

3.3. Pl in assessment of nociception

As sympathetic tone is highly affected by nociceptive stimuli, PI
signal has been used for nociception assessment during anaesthe-
sia and in critical care [5]. Thus, the increase of vascular tone and
MAP following nociceptive stimuli is associated with a decrease in
PI [46]. Variation in PI could nevertheless be viewed only as a
measurement of haemodynamic variation, i.e., increase of sympa-
thetic tone, following nociceptive stimulation. Hence, it may not be
accurate in patients with external control of adrenergic receptors,
such as those under high dose of vasopressors or contrarily, in case
of pharmacological blockade of their sympathetic tone (e.g.,
epidural anaesthesia or peripheral nerve blockade).

3.4. PI to detect blood pressure variation during general anaesthesia

Recent data have highlighted usefulness of PI to detect arterial
hypotension during general anaesthesia. During induction of
anaesthesia, PI variations were inversely correlated with MAP
variations [25]. An increase of 51% or more from baseline PI
detected a decrease of MAP of at least 20%. Another recent study
found opposite but complementary results regarding the associa-
tion between MAP and PI, in patients under general anaesthesia.
Indeed, in 20 patients under general anaesthesia with head-up and
head-down tilt, Hejlund et al. observed that PI variations were
positively correlated to MAP variations [31]. In this study, head-up
tilt induced a decrease in SV correlated to MAP decrease,
suggesting no significant variations in vascular tone, and resulting
in a drop of PL. On the contrary, induction of anaesthesia is
associated with severe drop in vascular tone. Both studies explored
two major determinants of P, reinforcing the fact that PI should be
considered as the balance between SV and vascular tone, as
schematically described in Fig. 2. Then, a rapid variation of PI
represents an alarm signal that should warn and force the clinician
to quickly check the occurrence of an arterial hypotension in
patients under general anaesthesia, monitored with intermittent
cuff blood pressure measurement. Kinetics of PI variation may also
help clinicians to identify the mechanism of arterial hypotension
and manage these situations quickly and accurately: an increase of
PI suggests excessive vasodilatation (relative to excessive depth of
anaesthesia for example), while a secondary decrease of PI in a
patient deeply anaesthetised may reveal SV decrease (hypovolae-
mia and/or cardiac dysfunction).

3.5. PI and prognosis in anaesthesia

In a large recent and retrospective study, intraoperative PI was
associated with severe postoperative complications or death
(lower values being associated with worse outcomes) in a time-
dependent manner even after adjustment for confounding
variables [47]. Furthermore, they observed that the association
between PI with the primary outcome was higher in patients with
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MAP > 65 mmHg compared to patients with MAP < 65 mmHg
(OR =1.17; 95% CI 1.09-1.27; p < 0.001 vs. OR = 1.07; 95% CI
1.02-1.13; p= 0.011; respectively), suggesting a degree of
incoherence between systemic haemodynamic and microcircula-
tion. Indeed, increasing afterload with the use of vasopressors
without assessing the cause of hypotension (e.g., hypovolaemia,
cardiac dysfunction. . .) could impair tissue perfusion and therefore
lead to organ dysfunction. Whether targeting Pl during anaesthesia
could improve patient’s outcome remains to be assessed in
randomised controlled trials.

4. Clinical usefulness in ICU and emergency department: what
are the data?

The characteristics and main results of discussed studies are
detailed in Supplementary Table 1.

4.1. Static and dynamic values of PI in ICU patients

The first study evaluating PI in ICU was published more than
15 years ago by Lima et al. [15]. It evaluated the evolution of PI in
healthy volunteers and critically ill patients with poor peripheral
perfusion (ie., capillary refill time > 2s or central-to-toe
temperature difference > 7 °C). In this study, the authors observed
a significant exponential relationship between PI and core-to-toe
temperature difference, and significant linear correlation between
changes in Pl and in core-to-toe temperature difference. Then, they
compared haemodynamic variables between two periods; T1
during poor peripheral perfusion and T2 during normal peripheral
perfusion in the 37 critically ill patients under vasoactive
medication. They observed a concordant change between T1
and T2 in PI and core-to-toe temperature difference but not with
cardiac output, mean arterial pressure or dose of vasoactive agents.
In this study, a PI of 1.4 best discriminated between normal and
abnormal core-to-toe temperature differences in the critically ill
patients (area under the receiver operating characteristics curve
0.91;95% C10.84-0.98, p < 0.001). In this study, the authors neither
looked at the relationship between PI and capillary refill time, nor
between PI and prognosis (e.g., mortality). This observation
suggests that PI could reflect local microcirculation status.

4.2. PI and prognosis in ICU and emergency department

Several studies have shown the negative impact of persisting
macrohaemodynamic and/or microcirculatory alterations in
patients with acute circulatory failure [48-50]. The hypothesis
that severe and/or persistent circulatory alterations in these
patients, with higher sympathetic activation, would be reflected by
PI values or variations is therefore highly expected. Thus, several
studies have confirmed this hypothesis and the prognostic value of
PI has been evaluated in critically ill patients in different clinical
settings (i.e., septic patients, after cardiac arrest, in patients with
hypoperfusion, in emergency department and in neonates).

In the ICU, in different populations (e.g., septic patients,
mechanically ventilated patients. . .), PI values allow a discrimina-
tion between septic patients and non-septic patients and between
survivors and non-survivors [51]. Furthermore, PI was strongly
associated with ICU mortality [51,52]. In patients with hypoperfu-
sion, after 8 h of resuscitation, PI allowed a better 30-days
mortality prediction than central venous oxygen saturation
(Scv0,), lactate and arteriovenous carbon dioxide gradient (P(v-
a) CO,) [53]. Subgroup analysis suggested that PI (with a 0.6% cut-
off) could enable to detect patients with the worst prognosis
despite ScvO, normalisation selecting them for adjunctive thera-
pies, notably targeting the microcirculation. This was confirmed in
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a recent study, in which PI was significantly higher in survivors
compared to non-survivors after 6 h of resuscitation, suggesting
that the increase of PI value in the first hours of resuscitation is
associated with a better outcome [54]. However, it is impossible to
assess whether the difference observed in PI between survivors
and non-survivors after initial resuscitation is secondary to an
improvement of macrohaemodynamic (i.e., cardiac index) or
microcirculation.

The potential prognostic value of peripheral PI after cardiac
arrest has been confirmed in a prospective study [55]. In this study,
PI was significantly also higher in survivors than in non-survivors
at day 30 in the first 30 min after return to spontaneous
circulation. Similar results were again described by the same
authors, including a better survival with good neurologic outcome
(cerebral performance categories < 2) in patients who had higher
PI [56]. However, the authors did not report the cardiac index or
other variable such as microcirculation variables, making difficult
to interpret the PI differences between survivors and non-
Survivors.

In a prospective study, performances of PI were evaluated for
triage of patients admitted to the emergency department for the
prediction of mortality at 15 and 30 days [57]. PI was neither
predictive of hospital admission, nor associated with mortality in
this study. However, this may be explained by a low severity rate
and lack of power of PI in this population, compared with ICU
patients.

In neonates, a low PI (< 1.4%) was found to be accurate for
detection of illness severity in the 24 h after admission
[58,59]. More recently, a prospective study gave more data
concerning PI values in pre-term infants [60]. Thus, PI seems
promising in neonates and infants to easily detect illness severity,
and has already made the object of a dedicated review [61].

Although PI appears efficient to discriminate survivors from
non-survivors and septic from non-septic patients in ICU, most
studies are retrospective, with PI measurement at different time
points and different cut-off values, therefore the clinical use of PI as
a prognostic tool remains to be explored.

4.3. Dynamic changes of PI induced by heat

More recently, PI was used with a heating challenge to monitor
microvascular reactivity in patients presenting a shock [62]. PI at
earlobe was significantly higher in healthy volunteers compared to
shocked patients. After heating challenge, all the non-septic
patients (healthy volunteers, ICU-control patients and non-septic
shocked patients, i.e., cardiogenic and haemorrhagic) had similar
increase in Pl value. Pl increase was smaller in septic shock patients
after heating challenge than in non-septic patients. In a small
population, there was a non-significant trend in the evolution of PI
and PImax/min after heating challenge in survivors compared to
non-survivors. PI variations could enable physicians to discrimi-
nate septic from non-septic patients and identify patients with a
poor prognosis.

In a prospective observational study including patients under
therapeutic hypothermia after cardiac arrest, Van Genderen et al.
studied peripheral tissue perfusion, notably using PI before and
after rewarming [63]. At admission, PI was not significantly
different between survivors and non-survivors. Pl became
significantly different between survivors and non-survivors after
rewarming similarly to other microcirculation variable (ie.,
perfused capillary density and proportion-perfused vessels)
assessed using a side stream dark-field imager. Interestingly,
cardiac index was not different between survivors and non-
survivors after rewarming, suggesting that PI differences observed
between survivors and non-survivors were rather secondary to
microcirculation disorders than macrohaemodynamic disorders.
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5. Fluid responsiveness

The characteristics and main results of discussed studies are
detailed in Supplementary Table 1.

5.1. PI and prediction of fluid responsiveness or fluid removal in ICU

Beurton et al. assessed whether PI variation during a passive
leg-raising (PLR) test could accurately predict fluid responsiveness
in ICU patients, mostly under mechanical ventilation [32]. An
increase of PI > 9% induced by PLR predicted an increase of cardiac
index > 10% induced by PLR with a sensitivity of 91% (95% CI 76-
98%), a specificity of 79% (95% CI 63-90%) and an area under the
receiver operating characteristics curve of 0.89 (95% CI 0.8-0.95).
These results were confirmed in another study, which also showed
that PI variations during an end-expiratory occlusion test could
help to predict positive PLR [33]. However, the cut-off value of
relative PI increase during end-expiratory occlusion test was very
low (2.5%), compared to the PI values displayed today in most
monitors with most often only one decimal place, and with respect
to spontaneous variations in PI. Other authors, using the same
relationship between PI and SV, studied in mechanically ventilated
patients during spontaneous breathing trial (using the ratio: PI
before weaning trial/PI during weaning trial), to predict weaning
failure [64]. They observed that the lack of increase in PI during
spontaneous breathing trial was associated with trial failure. This
suggests than when PI increases during spontaneous breathing
trial, patients may be on the initial vertical part of the Franck-
Starling curve, ie., fluid responders, and thus at lower risk of
weaning-induced pulmonary oedema. Furthermore, PI and PI
variations have been used to predict hypotension during fluid
removal under renal replacement therapy [65]. A Pl value < 0.82%
predicted hypotension with an area under the receiver operating
characteristics curve of 0.8 + 0.11 and PI variation (i.e., decrease)
during fluid removal was also predictive of hypotension. As for
neuraxial anaesthesia, a low PI may be a witness of high vascular tone
and/or low SV, and thus predictive of hypotension due in part to
hypovolaemia induced by fluid removal. However, this study
included only 23 patients and should be confirmed in a larger cohort.

5.2. PI respiratory variations and prediction of fluid responsiveness

The variability of PI is low during steady-state conditions, under
deep general anaesthesia, because general anaesthesia reduces the
oscillatory components of the perfusion signal related to sympa-
thetic, myogenic activity and the component modulated by the
endothelium [66]. Therefore, in this situation PI variations are
mainly due to stroke volume variations. PI respiratory variations,
called PVI (Pleth Variability Index), have been widely studied in
mechanically ventilated patients for the prediction of fluid
responsiveness, notably in the operating theatre. The physiological
concept is based on tracking PI variations as a surrogate of SV
variations (or pulse pressure) induced by positive pressure
ventilation. Then the respiratory variations of PI could have nearly
the same accuracy to predict fluid responsiveness than pulse
pressure variation [67,68].

A recent meta-analysis by Liu et al. highlighted the wide range
of PVI cut-off value (from 7% to 20%), depending on the studied
population and ventilation settings (e.g., ICU, or, tidal volume,
positive end expiratory pressure. . .) to predict fluid responsiveness
[69]. Furthermore, PVI is also (as it is derived from PI) largely
influenced by the measurement site and seems to be more accurate
to predict fluid responsiveness when measured in the forehead,
less influenced by vasomotor tone than finger and earlobe
[70]. Although a previous study showed reduced volume of
intraoperative fluid infused and lactate levels using a PVI-guided
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fluid management, a recent randomised controlled trial using a
haemodynamic peroperative management based on PVI value
compared to a standard management did not shorten the duration
of hospitalisation [71,72]. Therefore, further studies are needed to
assess whether or not PVI value is useful in haemodynamic
management in the OT.

PVI could also be an accurate tool to predict fluid responsive-
ness in children under mechanical ventilation in the operating
theatre [73]. Nevertheless, results are conflicting among the
studies performed in children and further studies are required to
confirm the accuracy of PVI to predict fluid responsiveness in the
paediatric population [73-75].

6. Perspectives

After a wide use of PPG for decades for oximetry only, we are
experiencing renewed interest and increasing use of PI in
anaesthesia, perioperative and critical care. However, some
important issues remain to be answered (Fig. 3). The characte-
ristics and main results of discussed studies are detailed in
Supplementary Table 1.

6.1. Technical aspects

Firstly, technical aspects need to be assessed, as the value of PI
between manufacturers has never been evaluated and could vary
significantly. Algorithms and filters used by manufacturers to
process the signal could be sources of distortion of PPG signal, and
influence PI performances in various clinical settings. Furthermore,
these differences between monitors could also have an impact on
the absolute value of P, and could lead to misinterpretations of this
value. Therefore, the adequate cut-off value could be different
between manufacturers. Studies assessing PI should always
indicate which PPG device has been used.

6.2. Impact of PI use in haemodynamic management during
anaesthesia

If data show that PI is useful for haemodynamic monitoring, it
remains to be explored whether the use of PI for haemodynamic
monitoring would improve the prognosis of patients undergoing
surgery. To date, no well-designed studies have been conducted.
Aninteresting study reported the use of an algorithm integrating PI
and pulse pressure variation to guide fluid administration and the
use of vasopressors (i.e., in the case of a hypotension event, fluids
should be administered if the PI value remained steady during the
15 min before the hypotension, on the contrary the increase of the
PI value should lead to the use of vasopressors). The use of this
algorithm was associated with lower duration of arterial hypoten-
sion (7.7 &£ 5.0 min vs. 17.1 & 10.6 min, p = 0.003) and lower
intraoperative  fluid administration (4.3 £ 1.3 mL/kg/h  vs.
7.2 + 3.3 mL/kg/h, p = 0.003) [76]. However, this study suffers from
several limitations. Among others, there was no algorithm in the
control group and the use of an algorithm itself may have favoured an
early use of vasopressors rather than fluid challenge. We could
assume that another algorithm using other variables without Pl may
have similar effects.

PI value before neuraxial anaesthesia predicts hypotension
[44,45]. Similarly, variations of PI allow real-time detection of
arterial hypotension during the induction of general anaesthesia
[25]. In these specific situations (i.e., neuraxial anaesthesia,
peripheral nerve blockade, induction of anaesthesia, etc.), modi-
fications of PI values are due predominantly to modifications of the
vascular tone. Therefore, in such cases, PI variations are a reliable
reflection of sympathetic tone fluctuations. Nevertheless, the
impact of PI use in these fields remains to be explored. Indeed,
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Fig. 3. Summary of clinical usefulness and perspectives of PI use in anaesthesia and critical care.
AC: alternating current; DC: direct current; IR: infrared light; PI: perfusion index; PPG: photoplethysmography; AC: alternating current; DC: direct current.

algorithms using PI for early use of vasopressor should be
evaluated to prevent hypotension following neuraxial anaesthesia
or induction of general anaesthesia.

6.3. Impact of PI use in haemodynamic management in ICU

In ICU, PI and its early variations are associated with prognosis.
Haemodynamic situations can be complex especially in septic
patients, and PI difficult to interpret [35]. In septic patients, PI can
also reflect microcirculation disorders as suggested by the lower
increase of PI after heating challenge [62]. However, in patients
with preserved microcirculation in ICU, rapid PI variations
analyses remain useful in situations in which, among PI
determinants, one varies predominantly in regard to the others
(e.g., PLR, fluid challenge, etc.). Comparing PI value in different
measurement sites would possibly provide useful indications
about local perfusion; indeed, some territories could remain poorly
perfused despite normalisation of macrohaemodynamic status
(i.e., MAP, cardiac index, ScvO,). We recently described urethral PI
monitoring through a modified urinary catheter [77]. Urethral PI
monitoring featured a stable, reliable signal capable of measuring
urethral tissue perfusion. However, in this study we neither
compared urethral PI value with other measurement sites, nor
specifically evaluated the effects of therapeutics (ie., fluid
challenge, vasopressors, and blood transfusion) on PI value. In a
proof of concept study, comparing an early peripheral perfusion-
guided fluid therapy (using capillary refill time, PI, skin tempera-
ture difference between forearm and fingertip and tissue oxygen
saturation) vs. standard of care in patients with septic shock, Van
Genderen et al. observed that perfusion-guided fluid therapy lead
to a trend toward less fluid administration and less organ
dysfunction at 72 h compared with a conventional regimen
[78]. Recently, Hernandez et al., in a Bayesian reanalysis of the
ANDROMEDA-SHOCK Trial, have confirmed this results, conclud-

ing that peripheral perfusion-targeted resuscitation (i.e., guided by
capillary refill time) may result in lower 28-day mortality when
compared with a lactate-targeted resuscitation strategy [79]. Re-
suscitation algorithms integrating PI for tissue perfusion assess-
ment have also been proposed in ICU [80]. The impact on critically
ill patients’ outcomes of such algorithms including PI, in
association with other resuscitation targets (i.e., cardiac index,
mean arterial pressure, ScvO,, capillary refill time) should be
tested in large randomised controlled trials. However, in these
complex situations (e.g., septic shock, haemorrhagic shock...),
several determinants of PI may vary simultaneously and abruptly
(i.e., increase in vascular tone due to vasopressors, increase in stoke
volume due to fluid loading and/or inotropic drug introduction).
This may contribute to abrupt and complex changes in PI. In these
situations, PI variations are more difficult to interpret, and should
probably be used as an early signal that should prompt
reassessment of haemodynamic status, including stroke volume
to accurately interpret PI variations.

7. Conclusion

PI is a PPG-derived variable, already given by most devices,
measuring perfusion at crossroads between central and peripheral
perfusion. It appears to be a useful, non-invasive additional tool for
haemodynamic monitoring in anaesthesiology, perioperative and
critical care for clinicians. Knowing its determinants is crucial to be
able to interpret its variations. Whether the use of PI in
resuscitation algorithms would improve patient outcomes remains
to be explored.
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Annexe 1.2 Article “Noninvasive continuous detection of arterial hypotension
during induction of anaesthesia using a photoplethysmographic signal: proof of

concept”

Cet article a été publié dans le British Journal of Anaesthesia le 11 mars 2019 [2]. Les auteurs
sont: Maxime Coutrot, Jona Joachim, Francois Depret, Sandrine Millasseau, Helene Nougue,

Joaquim Mateo, Alexandre Mebazaa, Etienne Gayat et Fabrice Vallee.
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Noninvasive continuous detection of arterial
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Abstract

Background: During general anaesthesia, intraoperative hypotension (IOH), defined as a mean arterial pressure (MAP)
reduction of > 20%, is frequent and may lead to complications. Pulse oximetry is mandatory in the operating room,
making the photoplethysmographic signal and parameters, such as relative dicrotic notch height (Dicpietn) or perfusion
index (PI), readily available. The purpose of this study was to investigate whether relative variations of Dicpleth and PI
could detect IOH during anaesthesia induction, and to follow their variations during vasopressor boluses.

Methods: MAP, Dicpleth, and PI were monitored at 1-min intervals during target control induction of anaesthesia with
propofol and remifentanil in 61 subjects. Vasopressor infusion (norepinephrine or phenylephrine) was performed when
hypotension occurred according to the decision of the physician.

Results: The delta in Dicpletnh and PI accurately detected IOH, with areas under the receiver operating characteristic curves
(AUC) of 0.86 and 0.83, respectively. The optimal thresholds were —19% (sensitivity 79%; specificity 84%) and 51%
(sensitivity 82%,; specificity 74%) for ADicpleth and API, respectively. There was no difference between the ROC of ADicpleth
and API (P=0.22). Combining both ADicpleth and API further improved the hypotension detection power (AUC=0.91) with a
sensitivity and specificity of 84%. MAP variations were correlated with ADicplern and API during vasopressor infusion
(r=0.73 and —0.62, respectively; P<0.001).

Conclusions: The relative variation in Dicpleth and PI derived from the photoplethysmographic signal can be used as a
non invasive, continuous, and simple tool to detect intraoperative hypotension, and to track the vascular response to
vasoconstrictor drugs during induction of general anaesthesia.

Clinical trial registration: NCT03756935.
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Editor’s key points

e Photoplethysmography can be used to assess the
dicrotic notch height and perfusion index during
anaesthesia.

This study sought to investigate whether relative vari-
ations in the photoplethysmographic dicrotic notch
height and perfusion index are predictive for intra-
operative hypotension during anaesthesia induction.

e A combination of the relative variations in dicrotic
notch height and perfusion index showed a high pre-
dictive power for intraoperative hypotension.

It is feasible to use photoplethysmography as an addi-
tional haemodynamic detection method in patients at
risk of intraoperative hypotension during anaesthesia
induction.

Haemodynamic stability is a major issue in the management
of patients during general anaesthesia. Anaesthetic drugs may
induce a rapid and deep systemic arterial blood pressure (ABP)
reduction, which leads to intraoperative hypotension (IOH)
episodes. IOH can contribute to complications, such as
myocardial infarction, cerebral hypoperfusion, or acute kid-
ney injury. * These adverse events may induce higher post-
surgery mortality risk, result in extended hospital stay, and
are thus a source of higher hospital costs.”’

Standard haemodynamic monitoring in the operating room
includes electrocardiography, assessment of the arterial
oxygenation saturation by pulse oximetry, and noninvasive
blood pressure measurements from an oscillometric blood
pressure cuff. The major drawback of the oscillometric cuff is
that it measures blood pressure at intermittent intervals only.
As the blood pressure may vary quickly, especially during in-
duction of anaesthesia, IOH should be detected in real time, as
even a short hypotensive period may have deleterious conse-
quences on vital organs.®’

Digital photoplethysmography is a noninvasive signal
produced by light absorption variations caused by pulsatile
blood volume variations. Similarities in the photo-
plethysmographic and invasive blood pressure waveforms
have been described since the 1940s.!®!! Indices derived
from photoplethysmographic signals have been used suc-
cessfully to characterise the cardiovascular status in pa-
tients. Dicpleth, representing the relative height of the dicrotic
wave compared with the maximum peak of the waveform
(Fig. 1a), has been described as the amount of reflected wave,
dependent on the vascular tone. Reduction in Dicpleth has
been shown to be related to the reduction of vascular tone
caused by vasodilator drugs, such as salbutamol or glyceryl
trinitrate.?

Perfusion index (PI) represents the ratio of the pulsatile
light absorption (i.e. the amount of blood ejected at each sys-
tole) on the continuous absorption (corresponding to the non-
pulsatile vessels, bones, and soft tissues) (Fig. 1a). The PI has
been described as a reliable tool for vascular tone assessment
and monitoring.B'14 As Dicpleth and PI are both related to
vascular tone and are easily derived from the photo-
plethysmographic signal, we aimed to explore whether the
combined analysis of Dicpletn and PI variations would allow for
an early detection of IOH during the induction of general
anaesthesia.

Methods
Subjects

We conducted a single-centre, prospective, and observational
study in the neuroradiology unit of the Department of
Anaesthesiology and Intensive Care of Lariboisiere University
Hospital (Paris, France). The study has been approved by the
local ethics committee (n°CE SRLF 11-356). The inclusion
criteria were patients with age >18 yr old undergoing elective
neuroradiological procedures. All patients were included after
an oral informed consent was obtained. The exclusion criteria
from the study were cardiac arrhythmia (i.e. auricular fibril-
lation) and pregnancy. The study was registered in
ClinicalTrials.gov (NCT03756935).

Anaesthesia protocol

Before induction of anaesthesia, standard monitoring was
initiated with electrocardiography, noninvasive brachial ABP
measurements (Philips France, Suresnes, France) set to inflate
every minute, and digital pulse oximetry (Philips France)
placed on the second finger of the contralateral side to the
blood pressure cuff. Bispectral index (BIS; BIS™ Quatro Sensor;
Medtronic France, Boulogne-Billancourt, France) and neuro-
muscular block monitoring (TOF-Watch®; Alsevia Pharma,
Paris, France) were also used to monitor anaesthesia. All
monitoring parameters were available on a Philips IntelliVue
MP60 monitor (Philips France).

Induction of anaesthesia was conducted according to our
local standard of care with target-controlled anaesthesia using
remifentanil and propofol with a starting dose of 5 ngml~* and
5 ug m1~?, and adjusted to reach a BIS between 40 and 60. After
the BIS decreased below 60 and loss of consciousness was
observed, neuromuscular block was conducted by i.v. injection
of atracurium 0.5 mg kg™*. Patients were then mechanically
ventilated with tracheal intubation via direct laryngoscopy
(end-tidal volume=6 ml kg™?! of ideal body weight, PEEP=5 cm
H,0, and ventilatory frequency and oxygen fraction to reach an
end-tidal CO,=4.7 kPa and an O, saturation >95%).

In agreement with our local protocol for neuroradiological
patients, arterial pressure was measured every minute during
induction and every 5 min after tracheal intubation and sta-
bilisation. The anaesthetist in charge of the patient could, at
any time, modify the frequency of the measurements, and
treat hypotensive episodes with fluid load or vasopressor
administration (phenylephrine or norepinephrine). After in-
duction, some patients were subjected to invasive and
continuous blood pressure monitoring, following our standard
department management guidelines or by decision of the
anaesthetist in charge of the patient.

Data collection

All monitoring parameters and curves displayed on the
monitor were recorded on a computer with ixTrend® software
(ixellence, Wildau, Germany). The haemodynamic parameters
(heart rate, systolic arterial pressure, MAP, and diastolic arte-
rial pressure), and photoplethysmographic parameters (Dic-
pleth, PI, and SpO,) were then retrospectively sampled every
minute during induction. The induction period was arbitrarily
defined from preoxygenation to 3 min after connection to
mechanical ventilation. ‘Baseline’ values were obtained by
averaging the two measures (1 min apart) before the anaes-
thetic drug injection during the preoxygenation period.
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Fig 1. (a) Definition of Dicpjern and PI, and (b) an example of Dicpjer, measurement on a real-life photoplethysmographic curve. Dicpieth,
relative dicrotic notch height on the digital photoplethysmographic signal (calculated as b/a ratio, by averaging the values of three
consecutive complexes, at end-expiratory time); PI, perfusion index (given by the manufacturer, representing the a/c ratio). a, amplitude of
the pulsatile component of the digital photoplethysmographic signal; it can also be described as the height of the systolic peak; b, height of
the dicrotic notch; and ¢, amplitude of the steady-state component of the digital photoplethysmographic signal.

We defined ‘pre-pressor’ values as the measures before the
vasopressor bolus during intraoperative episodes. ‘Peak-pres-
sor’ values were defined as the maximum effects of vaso-
pressor bolus, when the highest MAP was reached. In
agreement with most studies, IOH was defined as a MAP
reduction of more than 20% from baseline MAP.®

Dicpleth and PI measurements

Dicpleth Was obtained from the recorded photoplethysmo-
graphic waveforms by an operator who was blinded from ABP

values. Dicpleth was defined as the ratio of the height of the
dicrotic notch (from nadir point of the complex to the notch) to
the height of the systolic peak (from the same nadir point of
the complex to the peak), measured at end-expiratory time in
patients under mechanical ventilation (average of three
consecutive complexes) (Fig. 1b). The PI was provided by the
manufacturer and is calculated as the ratio of the pulsatile
component of the photoplethysmographic signal and the
continuous component.

We calculated the AMAP, ADicpleth, and API during the in-
duction period as their relative variations (in percent) from
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their baseline values. During vasopressor boluses, respective
parameter variations were calculated between pre-pressor
and peak-pressor measurements.

Dicradial measurements

In patients with invasive monitoring during maintenance of
anaesthesia, Dicyadial Was also measured from the arterial
pressure signal using the same methodology as Dicpleth. The
last three heartbeats of the end-expiratory period were used
to calculate Dicragial, from the height of the dicrotic notch to
the height of the systolic peak. In those patients, Dicpleth,
DicCragial, and their relative variations (ADicpletnh and ADicra-
dial) during vasoconstrictor administration were also
analysed.

Statistical analysis

Values were expressed as median and inter-quartile range
(25th; 75th percentiles). Changes of the parameters were
analysed using Wilcoxon rank test. Concordance percentages
between delta AMAP, and ADicpletn and API were calculated
during the induction period. Areas under the curve (AUC) of
the receiver operating characteristic (ROC) curve (with 95%
confidence interval [CI]) of ADicpletn and API to detect a hypo-
tensive episode were estimated and eventually compared us-
ing DeLong test. Youden method was used to determine the
optimal ADicpletn and API cut-off values to detect hypotensive
episodes. The ROC curve of the combination of ADicpletn, and
API was built using a logistic model. Correlation tests were
performed using Spearman test. P<0.05 was considered as
statistically significant.

The primary aim of the study was to estimate the AUC of
the ROC curve of both ADicpletnh and API to track hypotension
during induction. The sample size was determined with an
expected AUC at 0.85, an expected incidence of hypotension of
80%, and the width of the CI of 1. With a power of 80%, the
number of patients to include was then 62.'° The secondary
objective was to evaluate the AUC of the ROC curve for the
combination of ADicpleth and APL

A statistical analysis was performed using Prism 6.00°
(GraphPad Software, Inc., La Jolla, CA, USA) and R 3.3.0 soft-
ware (R Foundation for Statistical Computing, Vienna,
Austria). Patients who had non-measurable Dicpetn at baseline
before induction of anaesthesia were excluded from the
analysis.

Results
Subjects

From November 2014 to May 2015, 65 patients were included in
the study. Before induction of anaesthesia, Dicpletn Was not
measurable in four patients (6.2%) because of the absence of
detectable dicrotic notch on the photoplethysmographic
signal (Class IV waveform according to Dawber and
colleagues).”’

The characteristics of the 61 remaining subjects are lis-
ted in Table 1. Most subjects were ASA 2, with a mean age of
54 (39; 64) yr. Arterial hypertension, smoking, and dyslipi-
daemia were the most common co-morbidity encountered.
The reason for neuroradiology procedures was mainly
aneurysm or arteriovenous malformation scheduled
embolisation.

Evolution of MAP, Dicpleth, and PI during induction

The median duration of anaesthetic induction was 11 (10; 13.5)
min. Overall, we recorded 720 haemodynamic data points: 61
at baseline values and 659 after anaesthetic injection, hence
representing 659 variations from baseline. The MAP baseline
value was 86 (79; 93) mm Hg giving an individual limit of IOH at
69 (62; 74) mm Hg. MAP decreased to 54 (48; 60) mm Hg before
laryngoscopy, and rose to 72 (64; 82) mm Hg after tracheal
intubation. The mean MAP on the overall induction period was
70 (64; 71) mm Hg.

Fifty-four subjects (88%) suffered from at least one hypo-
tensive episode during anaesthesia induction, representing
323 measurements (49% of haemodynamic points). Twenty-
eight subjects (46%) received one bolus of vasopressor during
induction (2 phenylephrine and 26 norepinephrine). Dicpleth
was at 0.54 (0.45; 0.65) at baseline, decreased to 0.36 (0.19; 0.45)
(P<0.001), and increased to 0.46 (0.41; 0.56) after tracheal
intubation. PI baseline values were 1.7 (0.9; 3) and increased to
4.4 (2.8; 6.6) (P<0.001) before laryngoscopy, and then decreased
to 3.6 (2.1; 5.4) after tracheal intubation. A visual representa-
tion of AMAP, ADicpet, and API over induction time is
described in Fig. 2. We found 89% concordance between

Table 1 Subjects characteristics. Data are expressed as mean
(25—75) inter-quartile or number and percentage. DAP, dia-
stolic arterial pressure; Dicpem, relative dicrotic notch height;
MAP, mean arterial pressure; PI, perfusion index; SAP, systolic
arterial pressure; STEMI, ST-elevation myocardial infarction

Parameter
Subjects (n) 61
Male, n (%) 22 (36)
Age (y1) 54 (39—64)
BMI (kg m~2) 25 (21-28)
ASA physical status, n (%)
1 15 (25)
2 44 (72)
3 2(3)
4 0 (0)
Co-morbidities, n (%)
Arterial hypertension 20 (33)
Smoking 23 (38)
Dyslipidaemia 6 (10)
Diabetes mellitus 2(3)
STEMI 0 (0)
Heart failure 0 (0)
Intracranial hypertension 2(3)
Treatments, n (%)
Beta-blockers 11 (18)
Renin blockers of renin—angiotensin 10 (16)
system
Calcium blockers 5(8)
Procedures
Aneurism embolisation 47 (77)
Arteriovenous malformation 12 (20)
embolisation
Other 2(3)
Baseline haemodynamic parameters
SAP (mm Hg) 127 (116—137)
DAP (mm Hg) 73 (66—80)
MAP (mm Hg) 86 (79—93)
HR (beats min~?) 67 (61-78)
DiCpletn 0.54 (0.45—0.65)
PI 1.7 (0.9-3.0)




Haemodynamic monitoring using photoplethysmography | 609

— ADicpleth
- AMAP

25-
S
g 0
oﬂ.
:
3 -25-
=
4+
< -50-
=
<
_75-

G

A MAP (%)

-50-

TO T1 T2 T3 T4 TS T6 T7 T8 T T10T11T12T13T14T15T16

-= API
-o- AMAP

400

300

200

A PI (%)

TO T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T15 T16
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ADicpleth and AMAP, and 90% between API and AMAP
(Supplementary Fig. S1).

Diagnosis performances of ADicpieth and API for
detection of arterial hypotension

Figure 3 represents the ROC curves to assess ADicpleth and API
performances to detect hypotensive episodes. The diagnosis
performances values of ADicplern and API are summarised in
Table 2. The best threshold value of ADicpleth and API for
detecting IOH were —19% and 51%, respectively. The AUC of
ADicpletn and API were not significantly different (P=0.22).
Combining ADicpleth and API to detect hypotensive episodes

improved the detection performance with an AUC of ROC
curve (0.91 [95% CI: 0.88—0.95]; P<0.001) statistically better than
ADicpleth and API separately (P<0.001 and P=0.026, respec-
tively) (Table 2; Supplementary Figs S2 and S3).

Evolution of MAP, Dicpleth, and PI during
vasoconstrictor administration

Twenty-eight subjects (46%) received a bolus of vasopressors
during induction (2 phenylephrine and 26 norepinephrine).
After vasopressors, the MAP increased from 59 (50; 67) to 76
(68; 79) mm Hg (relative variation: 30 % [14; 45]; P<0.001). Dic-
pleth increased from 0.34 (0.25; 0.39) to 0.48 (0.35; 0.55) (relative



610 | Coutrot et al.
o]
@ _}
=]
© |
=)
z
=
k]
<
b3
=
=]
g -1 Area under ROC curve ADicpleth + API: 0.91
Area under ROC curve API: 0.83
Area under ROC curve ADicpleth: 0.86
o |
=)
T T T T T
10 08 06 04 02 0.0
Specificity

Fig 3. Receiver operator characteristic curves for API and ADic-
pleth performance to detect intraoperative hypotension. ROC,
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variation: 44% [17; 63]; P<0.001), and PI decreased from 4.0 (3.3;
5.4) to 3.2 (1.8; 5.4) (relative variation: —28% [—44; —13];
P<0.001). ADicpleth and API under the effect of vasopressors
were strongly related to AMAP (r=+0.73; 95% CI: 0.48—0.87;
P<0.001 and r=—0.62; 95% CI: —0.81 to —0.32; P<0.001; respec-
tively) (Supplementary Fig. S4).

Evolution Dicpleth and Dicyagial during vasoconstrictor
administration

During maintenance of anaesthesia, 48 boluses of norepi-
nephrine were administered to 10 patients (5 [4; 6] boluses per
patient) under invasive blood pressure monitoring. Dicpleth
was non-measurable in two haemodynamic points, which
were excluded from the analysis. The MAP increased from 70
(63; 77) to 88 (77; 98) mm Hg (relative variation: 26% [19; 34];
P<0.001). Dicpleth increased from 0.28 (0.17; 0.36) to 0.39 (0.25;
0.46), and Dicragial from 0.32 (0.21; 0.39) to 0.40 (0.31; 0.49)
(respective relative variations: 34% [20; 71]; P<0.001 and 27%

[14; 46]; P<0.001). Dicpleth and DicCragial and their relative vari-
ations were strongly correlated during vasoconstrictor
administration (r=0.87; 95% CI: 0.83—0.90 and r=0.92; 95% CI:
0.85—0.95) (Supplementary Fig. S5).

Discussion

In our study, we describe during induction of anaesthesia the
variations of two parameters issued from photoplethysmo-
graphic curves, namely, Dicpleth and PI, and their performance
to detect IOH under the vasoactive effects of anaesthetic
drugs. AMAP and ADicper, Vary in parallel during induction of
anaesthesia, whilst AMAP and API vary inversely, with good
concordance (89% and 90%, respectively). Our study also found
correlations between variations of Dicpleth and MAP on one
hand, and PI and MAP on the other hand, under the influence
of vasoconstrictors. The main result of our study is that
ADicpleth and API were accurate and presented similar per-
formances to detect IOH induced by general anaesthesia.
Moreover, a combined analysis of these two parameters
enhanced the diagnostic performance for detecting IOH under
the actions of the vasoactive effect of anaesthetics.

Dicrotic waveform variations have been described on
invasive ABP and photoplethysmographic curves with
changes of haemodynamic status in various clinical condi-
tions. At the aortic level, the dicrotic notch represents the
closure of the aortic valve (i.e. the end-systolic pressure),
which is then followed by the dicrotic wave and the aortic
elastic recoil (Windkessel effect). End-systolic pressure is
dependent on afterload, which can vary quickly with changes
in vascular tone, as during induction of anaesthesia caused by
the vasoactive effect of anaesthetic drugs.’® A linear rela-
tionship has been described between the central dicrotic notch
pressure and MAP.’® A similar relationship at the photo-
plethysmography level has been suggested between Dicpletn
and MAP.'° But, to our knowledge, no study quantified Dicpleth
variations to detect arterial hypotension. The photo-
plethysmography curve represents the pulsatile variations of
light absorption measured on a tissue. It is an indirect mea-
surement of arteriolar dilatation, and hence, of arteriolar
transmural pressure variations at each cardiac cycle. It seems
that ABP and photoplethysmographic waveforms have the
same determinants as confirmed in a sub-analysis we per-
formed that shows high correlation between dicrotic notch
height on the photoplethysmographic signal and radial inva-
sive ABP (ESM 5). Indeed, a transfer function has been
described previously between invasive ABP and photo-
plethysmographic curves.’ This suggests that Dicpem could

Table 2 Diagnostic performances for ADicpjetn, API, and ADicpjery and API combination to detect intraoperative hypotension episodes.
AUC ROC, area under the curve of receiver operating characteristic; CI, confidence interval, NPV, negative predictive value; PPV,
positive predictive value; ADicpiew, relative variation of Dicpeth from baseline; API, relative variation of perfusion index from baseline

ADicpleth
AUC ROC 0.86 (95% CI: 0.83—0.88)
P-value <0.001
Threshold value (%) -19
Sensitivity (%) 79
Specificity (%) 84
PPV (%) 79

NPV (%) 84

API ADiCpleth—i—API

0.83 (95% CI: 0.80—0.86) 0.91 (95% CI: 0.88—0.95)
<0.001 <0.001

51 NA

82 84

74 84

71 79

85 89
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be used as a surrogate parameter for the noninvasive and
continuous monitoring of MAP during induction of anaes-
thesia. Furthermore, as the dicrotic notch pressure at the
aortic level, Dicpletn could be used to assess vascular tone and
MAP variations under vasoactive drug effect, as reported in
several previous studies.'’” Our results confirm this hy-
pothesis, as we found a strong correlation between ADicpleth
and AMAP under the action of vasoconstrictors. A decrease of
19% of Dicpleth had good performances to detect IOH with a
sensitivity of 79% and a specificity of 84%.

PI represents the ratio between pulsatile and continuous
components of light absorption. Lima and colleagues™
showed a strong correlation between PI and core-to-toe tem-
perature gradient, a parameter strongly dependent on
vascular tone. Some studies have described an increase of PI
during reduction of vascular tone caused by sympathectomy
during the onset of peripheral or epidural anaesthesia.’®?* PI
has also been described to increase with vasoconstriction
induced by central hypovolaemia during lower body negative
pressure.”” The most available pulse oximeter in the operating
room already displays PI. Our results showed a negative cor-
relation between API and AMAP under vasopressors. API was
also accurate to detect IOH, but was probably less reliable than
ADicpleth to inform about the depth of hypotension, probably
because of the complex influence of vascular tone and stroke
volume on PI. Finally, our results suggest that combining both
parameters could improve the detection of hypotension with a
specificity and sensitivity of 84%.

Our study has some limitations. Firstly, our study included
mainly ASA physical status 1 or 2 patients, for neurosurgical or
neuroradiology elective procedures. None of them had cardiac
failure or severe arterial diseases. However, most of the pa-
tients in our study were free of medication that may influence
the arterial compliance and proprieties. Our results need to be
validated in patients with higher ASA status and cardiovas-
cular risk. However, patients with higher ASA status are more
likely to require continuous invasive ABP monitoring, and
hence, will not require such a simple and easy alternative to
detect IOH.

Secondly, we used the standard intermittent oscillometric
method for ABP measurements, which might be less reliable
than invasive ABP.?>?* A study comparing the performance of
ADicpleth and API to detect hypotension based on accurate
continuous ABP reference would be useful. Our patients did not
have cardiac output monitoring. In further studies, it would be
useful to study the relationships between PI, MAP, and stroke
volume to evaluate the influence of stroke volume on PI varia-
tions. These interconnected parameters are complex, and a
potential reduction of stroke volume may influence variations
of PI by other mechanisms than changes in vascular tone alone
as during induction of anaesthesia. Finally, all the patients
received total i.v. anaesthesia (propofol and remifentanil), and
the vasoconstrictor drugs used were noradrenaline and phen-
ylephrine. Our result may not be similar with other drugs, such
as ephedrine. Also, our study is based on fingertip photo-
plethysmographic signals. As photoplethysmographic wave-
form contour depends on the measurement site, our
conclusion might not be applicable if photoplethysmographic
signals are recorded from another site.?>

A number of factors are associated with hypotension dur-
ing induction of anaesthesia and the early intraoperative
period.” The relative height of the dicrotic notch and the PI,
both measured from a standard pulse oximetry signal (pho-
toplethysmography signal), could be wused to detect

hypotensive episodes during induction of anaesthesia. The
combined analysis of the variations of these two indices could
represent a new noninvasive, simple, and easy-to-use tool to
follow ABP variations during general anaesthesia.
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Abstract

Hypotension during general anesthesia is associated with poor outcome. Continuous monitoring of mean blood pressure
(MAP) during anesthesia is useful and needs to be reliable and minimally invasive. Conventional cuff measurements can lead
to delays due to its discontinuous nature. It has been shown that there is a relationship between MAP and photoplethysmog-
raphy (PPG) parameters like the dicrotic notch and perfusion index (PI). The objective of the study was to continuously esti-
mate MAP from PPG. Pulse wave analysis based on PPG was implemented using either notch relative amplitude (MAP\g ).
notch absolute amplitude (MAPy, ») or PI (MAPp)) to estimate MAP from PPG waveform features during general anesthesia.
Estimated MAP values were compared to brachial cuff MAP (MAPcuff) and to radial invasive MAP (MAPinv). Forty-six
patients were analyzed for a total of 235 h. Compared to MAPcuff, mean bias and limits of agreement were 1 mmHg (—26
t0429), — 1 mmHg (- 10 to+8) and — 3 mmHg (—21 to+13) for MAPy\z s, MAPy\A » and MAPy; respectively. Compared to
MAPinv, mean absolute error (MAE) was 20 mmHg [10 to 39], 11 mmHg [5 to 18] and 16 mmHg [9 to 24] for MAP derived
from MAPg s, MAPy, 4 and MAPy, respectively. When calibrated every 5 min, MAPy, 4 showed a MAE of 6 mmHg [5 to
9]. MAPy, provides the best estimates with respect to brachial cuff MAP and invasive MAP. Regular calibration allows
to reduce drift over time. Beat to beat estimation of MAP during general anesthesia from the PPG appears possible with an
acceptable average error.

Keywords Photoplethysmography - Noninvasive blood pressure - Mean arterial pressure - Anesthesia

1 Introduction

Intraoperative hypotension (IOH) is a major risk factor for
short- and long-term perioperative morbidity and mortal-
ity. Current guidelines recommend a strategy aiming at the
reduction of hypotension during anesthesia [1, 2]. Indeed,
even short episodes of hypotension, lasting several minutes,
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have been associated with adverse cardiovascular, neurologi-
cal and renal outcomes [3-5].

Routine monitoring during anesthesia consists at least of
noninvasive blood pressure and pulsated oxygen saturation
(Sp0O,). Blood pressure is obtained using the oscillometric
method by means of a pressure cuff. This method is discon-
tinuous by nature and can only be repeated with an interval
of several minutes, leading to delayed diagnosis and treat-
ment of IOH and eventually to prolonged exposure to the
noxious event.

The oxygen saturation is routinely obtained using photop-
lethysmography (PPG, Fig. 1). The pulsatile part of the PPG
signal directly reflects variations in the diameter of arterioles
due to cyclic volume variations induced by cardiac ejection.
The determinants of the overall PPG signal are complex and
include systemic hemodynamics (arterial compliance, vas-
cular resistance and systolic ejection volume), tissue and
vascular properties (which vary from one patient to another)
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Fig. 1 Photoplethysmography signal components and definition of studied parameters in waveform analysis

as well as ambient noise (light, movement). However, for the
present study, we extracted two specific parameters from
PPG signal: the perfusion index (PI) and the dicrotic notch
height (Hdic).

The PI is calculated by the fact that light which is received
by the photodiode is transformed into electrical current. The
pulsatile part of the signal appears as alternating current
(AC) and the non-pulsatile part as direct current (DC). PI
represents the ratio between the pulsatile (AC) component
and the non-pulsatile (DC) part of the infrared signal
(P[ = %). An increase in PI therefore corresponds to a

relative increase in the pulsatile part of the signal. PI is then
correlated with vasodilation [6] and is therefore considered
to be an index which reflects vasomotor tone. Local vasodi-
lation leads to an increase in local flow, i.e. an increase in
AC and therefore in PI.

The interest of the PI is twofold. First, the value of the PI
is used as an indicator of signal quality. Indeed, a PI value of
less than 1.4% indicates a bad PPG signal [6] and indicates
to the user a poor estimation quality.

Additionally, PI provides information on the hemody-
namic state and mean blood pressure (MAP) in a comple-
mentary way to the dicrotic notch values. Indeed, vascular
tone directly influences PI and the value of PI is therefore
correlated to vascular resistance and therefore indirectly to
MAP [7].

The dicrotic notch (Hdic) is a secondary upstroke in
the descending part of the pulse wave (Fig. 1). There still
exists controversy regarding the physiologic origins of the
dicrotic notch. It is believed that the dicrotic notch is either

@ Springer

secondary to the closure of the aortic valves or due the
wave reflection phenomenon or a mixture of both effects
[8]. Regardless, it corresponds to the end of cardiac ejec-
tion during the cardiac cycle and contains valuable infor-
mation regarding the cardiovascular state. By examining
the amplitude of the dicrotic notch, we can define two
values: the notch relative amplitude (NRA) and the notch
absolute amplitude (NAA). NRA is the relative amplitude
of the dicrotic notch in the pulsatile part of the PPG signal
[9]. NAA is the absolute amplitude of the dicrotic notch
including the non-pulsatile part of the PPG signal and is
independent of the systolic peaks and diastolic low points
of the signal.

In a previous study, we investigated the correlation
between MAP variations during the induction of general
anesthesia in 61 patients with PI and the NRA [7]. We
found a linear positive correlation between MAP and NRA
variations and an inverse relationship between MAP and
PI variations.

Therefore, we hypothesized that it would be possible
to estimate MAP in real time from a continuous measure-
ment of NRA, NAA and/or PI obtained by PPG analysis.
Intermittent measurements of MAP by the oscillometric
pressure cuff (MAPcuff) would be used to calibrate the
linear relationship described above.

The aim of this “proof of concept” study was to test the
feasibility of estimating MAP in real time, beat by beat,
during general anesthesia only from the continuous PPG
signal, with MAPyg o, MAPy, 4 or MAPp, analysis, com-
bined with intermittent pressure cuff calibration.
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2 Material and methods
2.1 Definitions MAP prediction algorithms

Real time MAP estimation is based on PPG analysis com-
bined with a linear model and periodic calibration by
brachial cuff blood pressure apparatus (MAPcuff). We
hypothesized that it would be possible from algorithms
based on PPG curve parameters to track MAP variations
in real time. In this preliminary study we decided to test
three functions that could independently estimate MAP
from PPG. Two were based on the dicrotic notch of the
PPG signal: one based on the NRA (MAPy\g,) and the
other based on the NAA (MAPy,4)- The third was based
on PI (MAPy)).

2.1.1 Algorithm 1: MAP g,

Algorithm 1 uses an estimation function based on the rela-
tive height of the dicrotic notch in relation to the amplitude
of the pulse wave. It did not consider the non-pulsatile part
(DC). The estimation was obtained by the formula

_ _ Hdic—Hdia Where k1 was a cali-
MAPyg, = k1 - NRA = k1 - Hys—Hdia®

bration factor reevaluated after each brachial cuff
measurement.

2.1.2 Algorithm 2: MAPy,,

Algorithm 2 uses the absolute height of the dicrotic notch
as the estimator. The Hdic value is a quantity without unit,
the absorbance. The estimated MAP was obtained by the
formula MAPy,, = k2 - NAA = k2 - Hdic, where k2 was
a calibration factor reevaluated after each brachial cuff
measurement.

2.1.3 Algorithm 3: MAPy,

Based on our previous study [7] where we observed that PI
varies in the opposite direction as MAP, we considered the
inverse of PI for MAP estimation. As the inverse of PI var-
ies exponentially in respect to MAP, the natural logarithm
(In) allows to linearize the variations of PI. Since the In
becomes negative for values between 0 and 1, we added 1 to
ensure that only positive values are obtained [10]. The value
is small in magnitude. In order to present a more meaningful
number to the clinician, the value is multiplied by 10.

We hence created the following empirical formula to
estimate MAP from PI.

Algorithm 3 was created with the following empirical for-
mula to estimate MAP from PI: MAP,, = 10- k3 - In (% + 1),

where k3 was a calibration factor reevaluated after each bra-
chial cuff measurement.

2.1.4 Calibration of MAP estimates

In order to calibrate the equations to estimate MAP, beat to
beat values of the variables (NRA, NAA or PI), as well as
intermittent direct measures of MAP are required. We used
the non-invasive pressure cuff (MAPcuff) as the reference
for calibration.

2.1.5 Continuous estimation of mean arterial pressure

Once the algorithm is calibrated, MAP can be estimated beat
to beat using PPG as the only signal source. The estimated
MAP is then calculated by reversing the formulas explained
above for each algorithm.

2.2 Patients

Data from patients included prospectively for a previous
study [7] were used for the retrospective analysis of this
study. This study was approved by the SRLF Ethics Commit-
tee (n°CE SRLF 11-356). This was an observational study
of “routine care”. Patients were included after informed
consent was obtained. Patient demographics were collected
through the anesthesia consultation.

2.2.1 Anesthesia protocol

General anesthesia was induced by Propofol and morphine,
then maintained intravenously by Proprofol (75-150 pg/kg/
min) or inhaled by Sevoflurane (age-adjusted MAC) and
morphine. All patients were intubated after neuromuscular
blockade by Atracurium (0.5 mg/kg) and mechanically ven-
tilated with a tidal volume of 6 to 8 ml/kg and a respiratory
rate for an EtCO, between 35 and 38 mmHg. Patients could
then be equipped with the radial arterial catheter for invasive
and continuous measurement of MAP at the discretion of the
clinician in charge of the patient based on patient-related
and surgical risks.

2.2.2 Patient demographics
The following data were collected: age, sex, weight, height,

body mass index (BMI), co-morbidities, American Society
of Anesthesiology (ASA) class of anesthetic risk, usual
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treatment of the patient and possible modifications for the
procedure, title of the intervention procedure.

2.2.3 Hemodynamic data

All signals were recorded in real time from a standard patient
monitor allowing digital export (IntelliVue MP70 Philips,
Eindhoven, Netherlands). The PPG wave and invasive blood
pressure curve (MAPinv) recordings were obtained with a
sampling frequency of 125 Hz. PI was obtained beat to beat.
MAPcuff recording was obtained at each measurement. This
data was exported to a laptop computer connected to the
patient monitor through an RS232 serial interface using the
ixTrend software (ixellence, Wildau, Germany).

2.3 Study protocol

The data was analyzed offline after the end of the procedure.
Estimated figures of MAP were compared to noninvasive
cuff measures and to invasive blood pressure in two different
analysis steps.

2.3.1 MAP estimation drift between two pressure cuff
measures

In the first part of this study, we compared the values esti-
mated by the different algorithms to cuff pressure values
(MAPcuff). MAPcuff was used as gold standard in this
analysis. Prediction measurements were sampled for analysis
right before each new pressure cuff measurement and before
calibration. Thus, this analysis served to study the deviation
of the estimate between two cuff measurements. The time
between two brachial cuff measurements was at least 5 min.
Data was sampled after anesthesia induction before surgical
incision and until the end of the procedure.

2.3.2 MAP estimation comparison to invasive blood
pressure

In the second part of the study, we compared continuous beat
to beat MAP estimation with a continuous invasive MAP
recorded at the radial artery level (MAPinv) but the estima-
tion algorithms were calibrated to brachial cuff pressure.

2.4 Statistical analysis

For MAP estimation between two pressure cuff measures,
the analysis was performed using Bland—Altman diagrams.
To compare continuous beat to beat MAP estimates to inva-
sive blood pressure, several methods exist. We calculated the
mean absolute error (MAE). This indicator is commonly
accepted as reliable and easily interpretable [11]. It is
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obtained from the formula pfAE = i - X IMAPest, — MAPinv,).
The MAE has the same unit as the measured values, in this
case mmHg. The time interval between two oscillometric
measurements (and therefore the calibration interval) was
left to the clinician’s discretion. A secondary analysis was
performed considering only data sets with calibration inter-
val of exactly 5 min.

Data was analyzed using software written in Python using
the following libraries: numpy 1.16, pandas 0.24 and scipy
1.3.

3 Results
3.1 Patients

From November 2016 to November 2017, 58 patients were
evaluated for this pilot study. The characteristics of the pop-
ulation are summarized in Table 1.

12 (20%) were excluded because the PPG signal was not
usable due to artifacts. 11 Patients (19%) were excluded
from the second analysis because no invasive blood pressure
was measured. In total, the first analysis was conducted on
46 patients and the second analysis on 35 patients.

3.2 PPG MAP estimation versus cuff pressure

In the 46 patients, 613 intervals between two brachial cuff
measurements were analyzed for a total of 166 h. A major-
ity of the intervals were of 5 min (n=357, 58%). The long-
est interval was 235 min. The median value of the interval
duration was therefore 5 min [5 to 15] but with an average
duration of 16 + 5 min. The results of this analysis are sum-
marized in Table 2. Raw scatter plots showing the corre-
lation between MAPcuff and estimates are represented in
Fig. 2. The coefficient of determination (R?) was 0.34 for
MAPygra, 0.84 for MAPy, 4 and 0.47 for MAPy,; respec-
tively. The algorithms were compared to MAPcuff by means
of the Bland—Altman method adjusted for repeated measure-
ments [12] (Figs. 3-5). The represented circles correspond
to the mean value per patient during the procedure. The size
of the circles is relative to the number of measurement points
per patient.

3.2.1 Algorithm 1: MAP,g,

In the 46 patients over the 613 intervals, the mean bias
between and MAP, and MAPcuff was 1 mmHg and the
limits of agreement were — 26 to +29 mmHg (Fig. 3).
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Table 1 Characteristics of the study population

Patient demographics

Median [IQR] or n (%)

Number of patients
Abdominal surgery
Neurosurgery
Neuroradiology
Male sex

Weight (kg)

Age (years)

Height (cm)

BMI (kg/m?)

HR (min™})

EtCO, (mmHg)
BIS

ASA score

46
11 24)

5(11)

30 (65)

16 (35)

64 [51 to 77]

46 [36 to 63]

162 [159 to 175]

23 [20 to 25]

68 [59 to 75]

34 [33 to 35]

37 [28 to 42]

I: 13 (28), II: 30 (65), I1I: 3 (7)

Cardiovascular risk factors

n (%)

Age>55 years

HTA

Smoking

Diabetes

Dyslipidemia
Coronary heart disease

30 (65)
15 (33)
16 (35)
6 (13)
5(11)
12)

CVRF cardiovascular risk factors, ASA American Society of Anesthesia, HR heart rate, BIS bispectral index, EtCO, end tidal CO,

Table2 Summary of the comparison of estimated MAP against noninvasive oscillometric MAP

Median [IQR] or n

n
Total duration (h)

46
235

MAPcuff (mmHg) 73 [69 to 78]
MAPyraA Median [IQR] or bias (LOA)
NRA (%) 28 [22 to 34]
MAP\R (mmHg) 71 [59 to 91]

Bias (mmHg)
MAPcuff - MAPyg, (mmHg)

1 (=26 t0 29)
2.1[=3.4105.1]

MAPyaa

Median [IQR] or bias (LOA)

NAA (-)

MAPya, (mmHg)

Bias (mmHg)

MAPcuff - MAPy, , (mmHg)

1644 [1528 to 1773]
74 [68 to 80]
—1(=10t0 8)
0.5[-2.1t02.1]

MAP,,

Median [IQR] or bias (LOA)

PI (%)

MAP; (mmHg)

Bias (mmHg)

MAPcuff - MAPp; (mmHg)

4.6[2.0t07.9]
77 [67 to 89]
—3(=21t013)
—1.5[-6100.6]
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Fig.2 Scatter plots showing the raw relation between MAPcuff and MAPyg,, MAPy, », MAPp, respectively. Blue points represent raw paired

measurements. The black dashed line represents a linear regression best fit
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Fig.3 Comparison of MAPyr, and MAPcuff. Each blue ring rep-
resents the mean value for one patient. The ring size represents the
number of individual measurements per patient. The light grey
dashed line represents a linear regression best fit
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resents the mean value for one patient. The ring size represents the
number of individual measurements per patient
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number of individual measurements per patient. The light grey
dashed line represents a linear regression best fit

The median difference between MAPcuff and MAPyz A
was 2.1 mmHg [-3.4 to 5.1].

The median value of the calibration factor k1 was 438
[297 to 665].

3.2.2 Algorithm 2: MAPy 5,

The mean bias between MAPy,, and MAPcuff
was — 1 mmHg and the agreement limits were — 10
to+8 mmHg (Fig. 4).

The median difference between MAPy, , and MAPcuff
was 0.5 mmHg [-2.1 to 2.1].

The median value of the calibration factor k2 was 4.5 [4.3
t0 5.0]1x 1072,
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Fig.6 Example of comparison between MAPinv and MAPy, , cali-
brated by MAPcuff. The green AUC corresponds to the MAE at each
time step

Table 3 Summary of the comparison of beat-to-beat estimated MAP
against invasive arterial blood pressure

Median [IQR] or n

n 35

Total duration (h) 170
MAPinv (mmHg) 75 [67 to 82]
MAPcuff (mmHg) 74 69 to 81]
MAPinv — MAPcuff (mmHg) 2[-3to0 5]
MAP\g, (mmHg) 69 [49 to 86]
MAE (mmHg) 20 [10 to 39]

MAE | 5 min (mmHg)
MAPy, 4 (mmHg)

91[7to0 18]
71[63 to 78]

MAE (mmHg) 11 [5to 18]
MAE | 5 min (mmHg) 6[5t09]
MAPy; (mmHg) 74 [61 to 86]
MAE (mmHg) 16 [9 to 24]
MAE | 5 min (mmHg) 10 [7 to 26]

3.2.3 Algorithm 3: MAPp,

The mean bias between MAPp,; and MAPcuff was —3 mmHg
and the limits of agreement were —21 to+ 13 mmHg
(Fig. 5).

The median difference between MAPcuff and MAP,
was — 1.5 mmHg [—- 6.1 to+0.6].

The median value of the calibration factor k3 was 32 [27
to 39].

3.3 PPG MAP estimation versus invasive pressure

In the 35 patients, beat to beat invasive MAP (MAPinv) was
compared to the beat to beat PPG MAP estimation over a
total recording time of 170 h which corresponded to an aver-
age of 4.8 h of recording per patient (Fig. 6).

The median value of MAPinv was 75 mmHg [67 to 82].
It ranged from a minimum of 50 mmHg to a maximum of
98 mmHg. The median value of MAPcuff was 75 mmHg
[69 to 81]. The difference between MAPinv and MAPcuff
was a median of 2 mmHg [ 3 to 5]. In these 35 patients, the
algorithms were calibrated 345 times.

A majority of the time intervals between two calibrations
were 5 min (n= 186, 54%). The longest time interval was
236 min. The median value of the time between two calibra-
tions was 5 min [5 to 45] with an average duration of 23 min.

The results of this analysis are summarized in Table 3.

3.3.1 Algorithm 1: MAPyg,

Over the 170 h studied, the MAE between MAPinv and
MAPyg was 20 mmHg [10 to 39].

When only analyzing dataset where recalibration was
performed every 5 min, MAE is 9 mmHg [7 to 18]. This
corresponds to a duration of 128 h (75% of the total time).

3.3.2 Algorithm 2: MAPy,,

The MAE between MAPinv and MAPy, , was 11 mmHg [5
to 18]. When only analyzing dataset where recalibration was
performed every 5 min, MAE is 6 mmHg [5 to 9].

3.3.3 Algorithm 3: MAPy,

The MAE between MAPinv and MAPp; was 16 mmHg [9
to 24].

When only analyzing dataset where recalibration was per-
formed every 5 min, MAE is 10 mmHg [7 to 26].

4 Discussion
4.1 Main results

The results of this pilot study suggest that MAP could be
monitored beat to beat during general anesthesia using
advanced analysis of signals generated by currently recom-
mended routine equipment in the operating room, namely
oscillometric pressure cuff and a PPG signal.

Our preliminary results can be summarized as follows:
(I) MAPy 4 seems to be the most efficient; (II) MAPy, A
predicts the value of the cuff MAP with a deviation of
1 mmHg with recalibration every 5 min; (III) a non-invasive
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calibration every 5 min allows a deviation of 6 mmHg [5 to
9] compared to invasive MAP measurement.

Further studies are needed to further develop these algo-
rithms and to confirm these findings.

4.1.1 Comparison to cuff MAP values

The results show that MAPy, , algorithm allows the small-
est bias among the three algorithms evaluated. MAPy,
algorithm only considers the absolute value of Hdic without
considering Hdia or Hsys, unlike the MAPy algorithm.
As MAP\y, algorithm considers the relative value of Hdic
between diastolic and systolic values, one could intuitively
think that algorithm could perform well to estimate MAP.
However, we observed that the height of the systolic peak
could be arbitrary and sometimes varied in the opposite
direction to MAP in cases of vasoconstriction. Thus, the
relative percentage of Hdic (NRA) is a less reliable indicator
of the change in MAP than the raw value of Hdic (NAA).

We also noted that MAPy 4 as well as MAPp; show pro-
portional bias in comparison to MAPcuff. Indeed, MAPg o
and MAPp; underestimate MAPcuff for small values of MAP
and overestimates MAPcuff for large values of MAP. This is
illustrated by the regression line on Fig. 3. Transformation
of the data could be applied to compensate for under- and
overestimation, however, this would limit the interpretation
of the study results [13].

MAPy, algorithm also provided worse MAP estimation
compared to the MAPy, , algorithm. We noted that despite
the use of logarithm, PI variations according to MAP some-
times remained exponential. PI varies more rapidly than an
exponential function in relation to MAP. Thus, the logarithm
modelization may not be sufficient to linearize PI. Further
studies are required to better model these interactions as a
simple linear model does not explain the behavior.

4.1.2 Comparison to invasive MAP value

The error between brachial cuff MAP values and invasive
radial MAP value was 2 mmHg [— 3 to 5 mmHg]. The pres-
sure amplification from the brachial to radial pressure, some-
times also called the Popeye phenomena [14] only apply to
systolic pressure and hence cannot explain the difference
between invasive and brachial cuff MAP. Indeed, in medium
and large arteries, MAP is considered to remain constant
throughout the arterial tree [15]. The difference between
MAPcuff and MAPinv only reflects to the inherent meas-
urement’s errors of both techniques [14].

When using MAPinv as the reference, MAP, , algorithm
provides the smallest bias, in agreement with the comparison
to MAPcuff. The MAE was+ 11 mmHg [5 to 18 mmHg],
which was comparable to the result obtained when compar-
ing with MAPcuff (— 10 to 8 mmHg). This discrepancy with
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invasive MAP could partially be due to the fact that invasive
pressure signal was not filtered for noise (purging, sampling,
etc.). In addition, in this invasive comparison, if we only
look at the dataset for which recalibration was performed
every 5 min, MAE drops to 6 mmHg [5 to 9 mmHg].

The MAE includes the error of MAPcuff compared to
MAPinv (2 mmHg [—3 to 5 mmHg]) since the algorithms
are calibrated against MAPcuff.

Commercial products for continuous noninvasive digital
pressure are available (Finapres, Finapres Medical Systems
and ClearSight, Edwards Lifesciences). These devices are
based on the Pefiaz technique of vascular unloading [16],
which uses PPG combined with a pressure cuff around the
finger. It allows beat to beat assessment of blood pressure
and MAP and also relies on regular recalibration. Previous
comparison studies have reported an error of + 13 mmHg
between MAP measured invasively and with this technique
[17].

This error is comparable to our MAP estimation from
PPG.

While these commercial devices offer good beat to beat
monitoring tool, our study shows that simple PPG analysis
could lead to similar results for tracking MAP changes and
for a much lower cost. However, this only holds true for
MAP and such equipment are still required if systolic and
diastolic blood pressure also need to be closely monitored.

4.1.3 Synthesis

MAPy 45 algorithm seems to be the most efficient whatever
the reference comparison: cuff or invasive. Regular 5-min
recalibration increases the reliability of MAP estimation
from PPG.

4.1.4 Limits and perspectives

4.1.4.1 Influence of calibration reference Even when com-
paring to MAPinv, we use brachial cuff values to calibrate
our PPG estimates. Using intermittent invasive pressure
might have increased accuracy of our MAP estimation for
PPG. Indeed, previous studies have shown better perfor-
mance of central pressure estimates when using invasive
pressure [18]. Despite the fact that using brachial cuff poten-
tial adds a source of error, we however choose to use it as
our aim is to describe a method to track beat to beat MAP
changes in clinical routine in patient who might not have an
invasive line.

4.1.4.2 Performance during hemodynamic instability Our
measurements were made over fairly long periods of time,
up to several hours. During these periods, we can consider
that hemodynamic conditions were stable for a large part of
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the time. It would be interesting to repeat the experiment
during periods of hemodynamic instability with rapid varia-
tions in MAP, in order to study the reliability of algorithms
under these conditions. Further studies are required to assess
the trending ability of the algorithms in this setting.

4.1.4.3 Influence of the SpO, sensor All measurements
used for this study were obtained using the Philips MP70
monitor. It is possible that the PPG signal may have differ-
ent characteristics on other measurement equipment and it
will be necessary to check these algorithms with equipment
from other manufacturers.

4.1.4.4 Acceptable measurement error The error of MAP
estimation which is acceptable was not prespecified in this
study. Indeed, this preliminary study focused on feasibility
of MAP estimation using only PPG waveform analysis and
cuff calibration. The level of acceptable error is dependent
on the use case and should ideally be fixed by the clini-
cian according to his/her practice. The latest international
recommendations by AAMI/ESH/ISO for the validation
of blood pressure measuring devices specified a limit of
5+8 mmHg for MAP [19]. In our study, when calibrated
every 5 min, mean error (6 mmHg) is slightly above this
threshold, however the confidence interval [5 to 9 mmHg] is
narrower. These recommendations do not consider the case
of general anesthesia and it is therefore not clear if they can
be applied here.

5 Conclusion

This preliminary study shows that it is possible to esti-
mate MAP beat to beat during general anesthesia using
only standard equipment which is routinely recommended,
namely oscillometric pressure cuff and PPG signal.

Among the algorithms analyzed, the most efficient one
is based on the absolute value of the height of the dicrotic
notch on the PPG curve. This algorithm predicts MAP value
with a deviation of 1 mmHg every 5 min when compared
to reference oscillometric measurement. When compared
to an invasive arterial pressure, more frequent noninvasive
recalibration of the PPG estimate increases the quality of
estimated MAP.

Further studies are needed to confirm these results and to
evaluate the relevance of these algorithms in daily clinical
practice.
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Introduction

Intraoperative hypotension is an ever-increasing burden for the fragile population under
general anesthesia. Low dose peripheral norepinephrine has shown encouraging
results to reduce organ dysfunction, however its current use is not standardized.
Target-controlled infusion could provide a patient-centric drug therapy solution. This
study aims to develop a PKPD model which would make possible target-controlled
norepinephrine infusion in the perioperative context.

Methods

Patients for elective surgery needing vasopressor support to correct hypotension were
included in this study from June 2018 to December 2021 in Lariboisiére Hospital, AP-
HP, Paris. Low dose norepinephrine was administered peripherally according to study
protocol and arterial blood samples were drawn iteratively in order to measure plasma
concentration over time and were synchronized with patient monitor data and arterial
blood pressure. Empirical and mechanistic PKPD models were developed and tested
for accuracy in the study population.

Results

Twenty-nine patients were analyzed. Time to peak effect for MAP was 74s [53 - 73].
After bolus administration, MAP increased by 24% [15 - 31], heart rate was reduced by
8% [2 - 11] and stroke volume was reduced by 8% [2 - 11]. A three compartment
mamillary model showed best fit for PK data. An empirical Emax and a mechanism-
based Windkessel model were tested to explain norepinephrine effect on MAP and
showed similar goodness-of-fit on individual patient data.

Conclusions

A three-compartment PK model as well as empirical and mechanistic PD models can
be used to accurately model norepinephrine plasma concentration and effect on MAP
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Cover Letter

Dear Editors of the British Journal of Anaesthesia,

Please, find for your consideration our latest manuscript entitled « Development of a
pharmacokinetic-pharmacodynamic model for low dose peripheral norepinephrine during general
anesthesia. » as a clinical investigation.

Intraoperative hypotension has been identified as a major risk factor for postoperative organ
dysfunction and increased mortality. Current guidelines recommend to avoid hypotension during
anesthesia and low-dose dilute norepinephrine is establishing itself as a key treatment in this
context. It has been shown that low-dose norepinephrine reduces the risk of postoperative organ
dysfunction (Futier et al. JAMA 2017; 318: 1346-57). However, norepinephrine handling and
titration can be challenging. Indeed, it is a potent drug and its routine use on peripheral venous
catheters has been the source of much debate in past years. Currently, administration has not been
standardized and norepinephrine is administered empirically. One way to provide standardized and
patient centric norepinephrine infusion is through target controlled infusion. The basis of target
controlled infusion is pharmacokinetic-pharmacodynamic (PKPD) modeling which makes it
possible to calculate plasma concentration and effect on arterial blood pressure as a function of
time.

In this work we develop a PKPD model for dilute norepinephrine in healthy patients. For the sake
of the study, repeated plasma samples were obtained in order to measure plasma concentration and
patient vitals were recorded and synchronized to norepinephrine infusion and blood samples. The
data was used to fit and compare PKPD models for norepinephrine using state-of-the-art
pharmocometric modeling software.

We conclude that PKPD modeling for norepinephrine is possible and provide the parameters of the
identified models.

Our work is of great interest for anesthesia care providers since it can be used to estimate the
required norepinephrine dose in real time, can be used in infusion pumps for target controlled
infusion and has potential applications in closed loop anesthesia. As such, it could change everyday
anesthesia practice.

We have never presented this work elsewhere for consideration and believe that the British Journal

of Anaesthesia, with its innovation-seeking, would be our preferred outlet to share our results.

Fabrice Vallee, Thomas Lefevre, Jacques Callebert, Etienne Gayat, Marc Lavielle and
Jona Joachim
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Abstract

Introduction

Intraoperative hypotension is an ever-increasing burden for the fragile population under
general anaesthesia. Low dose peripheral norepinephrine has shown encouraging results
to reduce organ dysfunction, however its current use is not standardized. Target-controlled
infusion could provide a patient-centric drug therapy solution. This study aims to develop a
PKPD model which would make possible target-controlled norepinephrine infusion in the
perioperative context.

Methods

Patients for elective surgery needing vasopressor support to correct hypotension were
included in this study from June 2018 to December 2021 in Lariboisiere Hospital, AP-HP,
Paris. Low dose norepinephrine was administered peripherally according to study protocol
and arterial blood samples were drawn iteratively in order to measure plasma
concentration over time and were synchronized with patient monitor data and arterial
blood pressure. Empirical and mechanistic PKPD models were developed and tested for
accuracy in the study population.

Results

Twenty-nine patients were analysed. Median time to peak effect for MAP was 74s [53 - 73].
After bolus administration, MAP increased by 24% [15 - 31], heart rate was reduced by 8%
[2 - 11] and stroke volume was reduced by 8% [2 - 11]. A three compartment mamillary
model showed best fit for PK data. An empirical Emax and a mechanism-based Windkessel
model were tested to explain norepinephrine effect on MAP and showed similar goodness-
of-fit on individual patient data.

Conclusions

A three-compartment PK model as well as simple empirical and mechanistic PD models can
be used to accurately model norepinephrine plasma concentration and effect on MAP over
time after exogenous administration.

Keywords:

Hemodynamics, Hypotension, Norepinephrine, PKPD, pharmacology, TCI
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Introduction

With an ever-increasing number of elderly and fragile patients, intraoperative hypotension
constitutes a major and increasing challenge for current anaesthesiology practice.
Deleterious effects of intraoperative hypotension have been established in numerous
studies for all major organs, including myocardial damage, kidney injury and adverse
neurologic outcomes as well as increased post-operative mortalityl-4.

Peripherally administered low concentration norepinephrine has seen increased interest in
recent years in the perioperative setting as well as in emergency departments>-2,
Treatment of intraoperative hypotension with peripheral norepinephrine showed
encouraging results in the reduction of organ damage!?. As a result, peripheral
Norepinephrine is rapidly becoming a standard of care around the world for treatment of
hypotension in the perioperative and other settings!!.

Current treatment strategies are not satisfactory. Indeed, peripheral norepinephrine is
currently administered manually without firmly established standards using infusion
and/or boluses. These treatment strategies are not patient specific and can result in
inaccurate and delayed treatment. Strategies have been developed for closed loop infusion
using proportional-integral-derivative (PID) controllers? 13 but only partially address this
problem since the absence of pharmacometric models makes dose calculation very difficult.
Indeed, Norepinephrine is a potent drug with a small therapeutic index and large
interindividual response variability.

We believe that target-controlled infusion (TCI) could solve these problems by providing
standardized treatment regimens based on patient specific models making it possible to
correct hypotension rapidly while limiting the risk of overdose and blood pressure
variability, thus improving efficacy and safety of peripheral norepinephrine treatment.
However, to build such a tool, it is essential to know the pharmacological parameters of
norepinephrine at low concentration.

Accordingly, this study aimed to develop a pharmacokinetic / pharmacodynamic (PKPD)
model for low concentration norepinephrine suitable for target-controlled infusion during
anaesthesia.

Methods

Patients

This study was approved by a research ethics committee (CPP Sud-Ouest et Outre-Mer I 1-
17-42) and was registered to ClinicalTrials.gov (NCT03454204). The study was conducted
from June 2018 to December 2021 in the department of anaesthesiology at Lariboisiéere
University Hospital (Assistance publique-Ho6pitaux de Paris, Paris, France). Patients were
included after informed written consent was obtained. Patients were eligible when they
were older than 18 years and invasive monitoring of blood pressure was indicated. Patient
demographics were collected through the anaesthesia consultation. The following data
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were collected and were available as covariates for the model: history of hypertension,
smoking, age, weight, height, body mass index (BMI), lean body mass (LBM), sex, co-
morbidities, American Society of Anaesthesiology (ASA) class of anaesthetic risk, usual
treatment of the patient and possible modifications for the procedure, title of the
intervention procedure.

Anaesthesia protocol

General anaesthesia was induced and maintained by TCI of Propofol and Remifentanil,
adjusted for bispectral index between 40 and 60. All patients were intubated after
neuromuscular blockade by Atracurium (0.5 mg/kg) and mechanically ventilated with a
tidal volume of 6 to 8 ml/kg and a respiratory rate adjusted to obtain EtC O, between 35
and 38 mmHg. Ventilation parameters were adjusted during the procedure according to
arterial blood gas analysis. Radial or femoral artery catheter was inserted after induction of
anaesthesia before skin incision. Dilute Norepinephrine tartrate at a concentration of 5
pg/ml was used as a standard of care vasopressor at our institution using infusion and/or
bolus by syringe pump.

When patients were included in the study protocol, norepinephrine could be administered
according to study protocol when intraoperative hypotension occurred. An initial bolus of
10 pg Norepinephrine tartrate was administered, followed by further infusion or boluses at
the discretion of the caring physician. When continuous infusion was administered, a fixed
infusion rate was set and was kept constant until mean arterial pressure (MAP) stabilized
at a plateau, at which point a different infusion rate or bolus could be administered with
the same modalities. Some patients were treated with norepinephrine infusion prior to
data acquisition. Infusion rate needed to be constant for a least ten minutes before start of
acquisition in order to assure steady state conditions.

During the study protocol, care was taken that the patient was not subject to any other
external factors with effect on blood pressure such as other vasopressors, vasodilatory
drugs or excessive surgical stimulation. If any of these stimulations were present, patients
could be excluded because effect could not be reliably attributed to norepinephrine. In
particular, care was taken that patients were in steady state infusion of propofol and
remifentanil and the level of propofol and remifentanil was not modified during the data
acquisition.

Data Acquisition

Data was obtained from three different sources, connected to a single computer and
synchronized with the computer in order to ensure the synchronization of all signals and to
fit an accurate model. All systems were connected to the same network time server!4 in
order to be in sync with universal time at a precision of 10 milliseconds.

Details on blood sampling procedure, technique of norepinephrine preparation and
infusion, and norepinephrine concentration measurements are provided in supplementary
material 1, 2 and3 respectively.
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Patient monitor

Patient biometric data was obtained using a Philips IntelliVue MX850 bedside patient
monitor (Philips, Eindhoven, The Netherlands). The device was connected to the Data
Warehouse Connect storage solution (Philips, Eindhoven, The Netherlands) which enables
automated database storage in real time of the data from the patient monitor for offline
analysis. For the aim of this study, we used the recordings of arterial blood pressure, heart
rate, cardiac output and stroke volume. Data was synchronized with universal time at a
sampling rate of 1 Hz for calculated numeric values such as mean arterial blood pressure
(MAP) and 125 Hz for waveform data.

Pharmacometric Modelling

Population analysis was performed with the Monolix software suite (Monolix version
2021R1. Antony, France: Lixoft SAS, 2021.) using nonlinear mixed-effect modelling. This
software uses the stochastic approximation expectation maximization (SAEM) algorithm to
obtain estimates of the population parameters and Bayesian inference to estimate
individual parameters. Pharmacokinetic and pharmacodynamic models were expressed in
the MLXTRAN language as differential equations.

Log-normal distributions were chosen for all individual parameters.

The residual error model for PK and PKPD models was chosen as a combination of a
constant term and a term proportional to the predictionf: Obs = f + (a+ b - f) - €.

During model building, the change in log-likelihood, information criterion and prediction
error were compared between candidate models at each step.

Goodness-of-fit was evaluated using predictions vs observations plots and the individual
weighted residuals (IWRES). Parameter uncertainty was estimated using importance
sampling. Prediction-corrected visual predictive checks (VPC) were used to evaluate the
models15.

A covariate model was considered to explain part of the parameter variability. Relevant
covariates were retained on a per-parameter basis when they permitted to reduce the BIC
criterion. In order to minimize BIC, the Stochastic Approximation for Model Building
Algorithm (SAMBA) procedure was used1®.

Pharmacokinetics (PK)

Norepinephrine plasma concentration as a function of time was described using
mammillary models. Models consisting of 1, 2 and 3 compartments were fitted and
compared using Monolix. Model 1 was the simplest model with only one central
compartment and no peripheral compartment. Model 2 was a model with one central
compartment and a depot compartment. Model 3 was a model with a central compartment,
a depot compartment and a peripheral compartment.

Mammillary models are formalized by a system of differential equations which describe
passive diffusion between compartment. The concentration of the central compartment
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(Cc) serves as input to the PD model and explains effect on blood pressure. The system of
differential equations for the model 3 was defined as follows:

d | n

{1—"4(, - _k”‘4d

4 A, = koA — k1pAc + kA — koA,
d , , .

dat ‘411 = k]'ZAr k'.?l ‘4p

Plasma concentration was obtained as

Cc = Cengo + 7:

The three-compartment model which we analysed was composed of a central compartment
which corresponds to the plasma volume and a peripheral compartment which
corresponds to a theoretical buffer compartment possibly composed of the endothelium.
The depot compartment was used to model convection of injected Norepinephrine as it
homogenizes in the plasma after intravenous administration.

The absorption rate from the Ad compartment into the Ac compartment is proportional to
Ag, f being a model parameter.

Ac, Ap and Ad stand for the amount of drug in the central, peripheral and depot
compartments respectively, k12, k21 and ka stand for the diffusion constants between the
central, peripheral and depot compartments and k10 is the elimination constant. C,,,4, is
the baseline physiological plasma concentration before start of infusion. As such, Cgp,4, is
the result at equilibrium of endogenous production and elimination of Norepinephrine and
can thus be considered constant. Vc is the volume of the central compartment.

A graphical illustration of the three-compartment mammillary model can be seen in
supplementary appendix 4.

Pharmacodynamics (PD)

Pharmacodynamic models describe drug effect (E) in terms of drug plasma concentration
(Cc). Mean arterial blood pressure (MAP) values as a function of Norepinephrine plasma
concentration were considered as drug effect (E). We successively tested an empirical
model, a mechanism-based model inspired by the Windkessel theory and finally a mixture
model of the empirical and mechanism-based models.

PD models were tested separately by using as input the three-compartment PK model
described above.

Empirical model

One of the most common family of PD models are the Emax models. This family of models
describes the effect in terms of baseline effect when no drug is present (E,), maximum
effect when increasing doses of drug cannot result in further effect increase (E,,4,), and
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ECsg, the drug concentration that results in an effect half way between E, and E,,,,. These
model parameters are used to parametrize a sigmoid response curve.

We chose to test a variation of the Emax model based on the Hill equation?’. This model can
be formulated as follows:

(Emax - EO) -Cc™
Cc™ + ECH

E() =Eo + (1)

The additional parameter n is called the Hill coefficient. Its value can be interpreted as the
interactions between the binding of ligand and receptor based on previous bindings. When
n is greater than 1, we see positively cooperative binding, meaning ligand binding increases
affinity for further ligand binding. When n is less than 1, we see negatively cooperative
binding, meaning ligand binding decreases affinity for further ligand binding. When n
equals 1, the ligand affinity is not dependent on prior ligand binding.

Mechanism-based model

The relationship between cardiac ejection and arterial blood pressure has been described
using the so-called Windkessel modell8 since the beginning of the twentieth century. In the
most general case, the Windkessel model is equivalent to an electric RLC circuit!?, where R
represents the peripheral vascular resistance, C represents the compliance of large elastic
arteries and L represents inertia of blood flow. e(t) is the external applied voltage.

A graphical illustration of the RLC circuit model can be seen in supplementary appendix 4.

By applying Kirchhoff’s second law to the RLC circuit, it is possible to derive the differential
equation of the system voltage:

2

d d
dt2 —zult) + RC—u(t) +u(t) = e(t)

Using the electronic-hydraulic analogy, this equation can be rewritten as:

2

d
dt2E+2{w—E+a)2E m- C, 2

E is mean arterial blood pressure (MAP). w is the undamped natural frequency defined as

w = \/%_c ¢ is the damping ratio defined as { = %R\E [t is possible to calculate the half-life

of the effectas: 7 = 1—(

Equation 2 can be shifted in order to accommodate our initial conditions at time t = 0
when E = E; and C, = C, resulting in equation 3 which is the final equation used for the
model.

2

dt2E+2(a)iE+a)2(E E)=m-(C,—C)) (3
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Mixture model

In order to examine whether there exist subpopulations of individuals whose responses are
described by either the Emax model or the Windkessel model, we used a between-subject
model mixture (BSMM) model. In this model, each patient can be attributed one structural
model, Emax or Windkessel, according to which model best describes patient response. A
probability p is estimated to be the proportion of patients best described by the Emax
model. The structural model chosen for a given subject is Emax with probability p and
Windkessel with probability 1-p. The group to which an individual patient belongs is
estimated as the group of highest conditional probability.

Results

Patients

From November 2019 to March 2021, 34 patients were included for this study. The
characteristics of the population are summarized in table 1. Five patients (15%) were
excluded. One patient was excluded because blood samples could not be obtained, one
patient was excluded because Norepinephrine plasma samples were not interpretable, and
three patients were excluded because MAP was varying due to surgical stimulation.
Twenty-nine patients were analysed. Surgical indications were intracranial meningioma
(32%), intracranial aneurysm (21%), other intracranial tumour (32%), spine surgery (3%),
other (12%).

Descriptive hemodynamic data

For the 29 analysed patients, the total duration of data sampling was 499 minutes. During
this period, 35 boluses and 82 infusions were administered.

During the entire study period, 717 plasma samples for norepinephrine were obtained and
34736 measurements of MAP were recorded.

The median concentration of dilute Norepinephrine tartrate solution prepared for IV
administration (as described in supplementary appendix 1) was 5.35 pg/mL [4.77 - 5.85].

Bolus

Baseline hemodynamic values were MAP 68 [63 - 73] mmHg, heart rate 65 [60 - 72] bpm,
cardiac output 4.2 [3.3 - 5.2] L/min and stroke volume 69 [56 - 84] mL. At peak effect, after
a bolus of 10 ug of norepinephrine tartrate, MAP increased by 24% [15 - 31], heart rate was
reduced by 8% [2 - 11], cardiac output was reduced by 20% [15 - 28] and stroke volume
was reduced by 8% [2 - 11]. Time to peak effect for MAP was 74 s [53 - 73], for heart rate
74 s [63 - 102], for cardiac output 61 s [51 - 81] and for stroke volume 61 s [51 - 72].
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Infusion

During continuous infusion, effect plateau was reached after a median of 360 seconds. MAP
increased 13% [9 - 20], heart rate reduced by 5% [2 - 9], cardiac output reduced by 15% [9
- 20] and stroke volume reduced by 6% [2 - 9].

PK model

The three models were fitted individually. Model 3 show minimal information criterion
(AIC, BIC) and exhibits the best performance to explain Norepinephrine pharmacokinetics
in our population. Values for AIC and BIC can be seen in supplementary appendix 5. Plots of
prediction vs observation, IWRES and VPC are available in supplementary appendix 8, 9
and10. An example of PK model prediction is shown in figure 1 panel a.

Individual PK model fits for all patients can be seen in supplementary appendix 11.
PKPD Model

After estimation of parameters for PK and PD models individually and after selection of
best models, we ran estimations for joint PKPD models using previously estimated
parameter distributions as initial values.

We first tested the Emax Hill model. Upon visual inspection, we noted that overall goodness
of fit was satisfying, however several patients presented an “undershoot” of blood pressure
after bolus administration of norepinephrine as seen in supplementary appendix 6.

This effect, which was notable in some patients but not all, could not be modelled using a
classic Emax model since these models cannot predict blood pressure below baseline (E0).
In order to model the observed behaviour in some patients, it appeared necessary to
introduce a second order model. The Windkessel model was chosen as a candidate model
because it has a long history in hemodynamic monitoring, is built on solid physiologic
concepts and presents second order dynamics. A comparison between Emax Hill and
Windkessel fits for two patients can be seen in figure 2. Finally, a mixture model (BSMM) of
both Emax and Windkessel models was tested in order to assert whether two different
subpopulations existed in our study population.

Values for AIC and BIC can be seen in supplementary appendix 5. Plots of prediction vs
observation, IWRES and VPC for both models are available in supplementary appendix 8-
10. An example of PKPD model prediction is shown in figure 1 panels b and c.

The final values of parameters that we obtained as very as standard deviations are
summarized in table 2.

Individual PKPD BSMM model fits for all patients can be seen in supplementary appendix
12.

Covariate model

A linear model between the logarithm of individual parameters and the logarithm of
covariates was considered.
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The general formula linking individual parameters to population parameters and
covariates is logParam = logParam,,, + f logCovar.

Significant correlation was identified for PK model parameters between S0 and age, Tlag
and height, ka and height, V1 and lean body mass.

Significant correlation was identified for the Emax PD model parameters between E0 and
age, Emax and sex and n and age.

Significant correlation was identified for the Windkessel PD model parameters between E0
and age and w and lean body mass.

Values for 8 are shown in supplementary appendix 5 for the Emax Hill and Windkessel
PKPD models.

Discussion

The results of this study show that it is possible to develop accurate PKPD models for low
dose Norepinephrine as currently used intraoperatively. Models can achieve high accuracy
when fitted on individual patients with mean errors as low as 1.5 mmHg. VPC show
increased error in the first two minutes of recording. Indeed, this period corresponds to
initial bolus administration. The data suggests that the PKPD models perform better during
infusion rather than bolus. Current trends tend to favour usage of infusion rather than
bolus since hemodynamic tolerance appears to be better10.

Indeed, in our study we found that rebound hypotension can occur after bolus
administration of norepinephrine, an effect which cannot be modelled by the empirical
Emax model. This effect has not been previously described to our knowledge. One of the
potential mechanisms could be internalization of a1 receptors due to excessive
stimulation?® but further studies are warranted in order to explain this effect.

The Windkessel model is based on physiologic concepts and the model parameters may
have clinical interpretations. Further studies are needed to establish whether the model
parameters are well correlated with clinical biomarkers such as arterial stiffness.

Due to its nature, the Hill model cannot predict values below EQ and above Emax. It is thus
impossible for this model to predict values below 57.09 mmHg and above 113.52 mmHg
for MAP with the parameters we identified. These values are well above and below the
usual physiologic values but may not be adequate for extreme situations. The Windkessel
model does not have any hard limits on the predicted values of MAP.

The only known PD model for norepinephrine we found in literature was the model
published by Oualha et al. in a paediatric population of neonates in paediatric intensive
care units21, This model corresponds to a special case of the Emax Hill model when the Hill
factor n is equal to one. Forcing n to 1 resulted in worse fit (results not shown).

One of the strengths of this study was to develop and compare a mechanism-based model
to an empirical model. Mechanism-based PD models are seeing increased interest lately?22.
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Indeed, mechanism-based models provide greater insight into physiologic processes and
may provide means to correlate effects with physiologic and pathologic findings. Our
findings suggest that mechanism-based models can compete with empirical models for
prediction. Furthermore, we also developed a mixture model combining empirical and
mechanism-based models which may be used to jointly use the strength of both model

types.
Limits and perspectives

Some confusion may arise when norepinephrine concentrations are expressed in mass
units since it may not be clear whether norepinephrine base or norepinephrine tartrate are
meant. In order to avoid this kind of confusion, all concentrations have been converted to
amount of substance in solution in nmol/I. Additionally, the drug concentrations in low
dose norepinephrine preparations vary greatly and no standard has been agreed on. In
order to make interpretation of our results easier and avoid confusion, we dosed the exact
amount of norepinephrine which was injected in nmol.

Study population

It was decided to include patients in neurosurgery since these patients are routinely
monitored using invasive blood pressure, procedures are of long duration and peripheral
low dose norepinephrine is needed routinely for most patients for blood pressure
maintenance and cerebral perfusion pressure. These patients did not suffer severe
cardiovascular disease or shock. Further studies may be warranted to show if our findings
can be applied to a more general population.

Closed loop infusion perspective

The cardiovascular system is a complex physiological apparatus with many individual
processes, many of which are difficult to measure. The simple PD models we present are
limited in their ability to extrapolate the number of different conditions a patient may
present. Indeed, non-measured external factors such as level of hydration and unknown
cardiovascular risk factors can greatly influence the effect of Norepinephrine on blood
pressure. However, the models show remarkable performance for individual prediction.
Since arterial blood pressure is readily measured in routine, it is possible to infer patient
specific models in real time to estimate patient specific parameters and thus obtain a very
accurate model to predict future treatment. This mode of operation seems particularly
suited to be incorporated into closed loop infusion systems.

Conclusion

In this study, we successfully developed and compared pharmacokinetic /
pharmacodynamic (PKPD) empirical and mechanism-based models for low concentration
peripherally administered norepinephrine in the operating room. These results show that
it is possible to estimate the effects of Norepinephrine infusion on plasma concentration
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and mean arterial blood pressure suggesting that the appropriate dose can be calculated
for patient specific care.
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Figure 1: Example of individual prediction for one patient. Blue dots represent measurements

and the purple curve represents individual prediction. Panel a. shows plasma concentrations

and PK model prediction. Panels a and b show MAP over time as predicted by the Emax model

(b) and the mechanistic model (c). The administration schema for this patient consisted of a
pre-existing infusion at 19nmol/h followed by a bolus of 39nmol followed by an infusion of
44nmol over 427 seconds, followed by a new bolus of 39nmol, followed by an infusion of

71nmol over 340 seconds, followed by return to baseline for a procedure where temporary
increase in blood pressure was required.”
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Figure 2: Example of two patients and respective predictions of Emax and Windkessel models.
The undershoot in blood pressure after initial bolus is apparent in both patients and cannot

be accurately modelled by the Emax model, resulting in underestimation of baseline blood
pressure.”

Tables

Table 1: Patients’ characteristics

Median [IQR] or n(%)

Female 20 (69%)

Age (years) 52 [46 - 64]
Weight (kg) 71[62 - 84]
Height (cm) 163 [158 - 173]
Body mass index (kg/m2) 2622 - 29]
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Median [IQR] or n(%)

GFR! (mL/min)
Hypertension

Smoking

Diabetes mellitus

Dyslipidaemia

Obesity

Chronic kidney disease
Prior Norepinephrine infusion
Norepinephrine Plasma Baseline? (nmol/1)

100 [88 - 128]
12 (41%)

8 (28%)

5 (17%)

6 (21%)

6 (21%)

2 (7%)

14 (48%)
1.24[0.59 - 1.36]

Table 2: Population parameters fitted for the PKPD mixture model

Parameter

Co
Tlag
ka
V1
k13
k31
k10

EO
Emax
EC50

3 ™€

Value Standard deviation

0.81
25.31
0.02
0.49
0.06
0.04
0.05
1.21
57.09
113.52
15.7
1.46
1.01
19.44
2.12

1 Glomerular filtration rate (MDRD)

Z results for patients without prior norepinephrine infusion

0.51
0.33
0.65
0.36
0.28
0.58
0.31
0.28
0.22
0.51
0.59

0.7

0.2
0.66

0.4
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Supplement 1: Norepinephrine drug preparation

Norepinephrine dilution was done ahead of time at the bedside using an institution
protocol. As per protocol, 1 ml of commercially available norepinephrine tartrate (8 mg/4
ml) was dilute in a 20 mL syringe, yielding a solution of 100 pg/ml. Of this intermediate
solution, 5 ml were added to bags of 100 mL of normal saline to yield a final theoretical
solution of Norepinephrine 4.76 ug/ml. Due to the manual dilution step which could
potentially introduce a source of error, the final solution of dilute Norepinephrine was
measured using the same technique as the patient plasma samples in order to measure the
exact amount of Norepinephrine administered.

Supplement 2: Blood sampling

During infusion, arterial blood samples were taken regularly in order to measure plasma
norepinephrine concentrations. Since we knew from experience that Norepinephrine has a
very short half-life, care was taken to accurately locate the plasma samples in time. The
sampling microtubes were labeled with a bar code beforehand and we designed a small
software coupled to a bar code scanner which stored the sample microtube identifier
together with the precise timestamp. Once the samples were drawn, the microtube was
immediately scanned with the bar code scanner and then immediately put in ice in order to
avoid norepinephrine degradation inside the sample tube by plasma enzymes. Microtubes
of 1mL containing ethylenediaminetetraacetic acid (EDTA) were used to avoid clotting.
Samples were forwarded to the biochemistry laboratory immediately after the end of the
data collection.

Upon reception by the biochemistry laboratory, samples were analyzed using the standard
procedure for plasma catecholamine dosage. Samples were immediately centrifuged and
the obtained serum was purified. Plasma norepinephrine was extracted using selective
adsorption on aluminum hydroxide. After acid elution, Norepinephrine was dosed using a
specific kit (Chromsystems, Grafelfing, Germany) by HPLC and Coulometry (CoulArray,
Thermo Fisher Scientific, Waltham, MA, USA).

Supplement 3: Norepinephrine infusion data collection

Norepinephrine was infused using standard of care syringe pumps (Orchestra Module DPS,
Fresenius Kabi, Brézins, France). The syringe pumps were interfaced using the RS232
output with an in-house developed software driver23. Cumulative delivered volume was
recorded in real time with a resolution of 0.001 ml. The measured volume data was
synchronized with the computer clock. In addition to blood samples, we also took a sample
of the dilute norepinephrine solution which we administered in the syringe. This was done
because the norepinephrine dilution was prepared at the bedside and was potentially
inaccurate. By dosing the norepinephrine solution in the drug solution, we were able to
calculate precisely the amount which was administered to the patient. For each patient, the
exact amount of Norepinephrine administered (converted to nmol) was considered for
analysis.



Supplement 4: PK and PD model illustrations
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Supplementary Figure 1: “Three compartment pharmacokinetic model”
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Supplementary Figure 2: “Resistor-inductor-capacitor (RLC) electric model”

Supplement 5: Supplementary tables

PK model fit results

Compartments  AIC

BIC

BICc -2LL

Model 1 2547 2561
Model 2 2450 2469

Model 3 2285 2313
Supplementary Table 1: “Information criteria for PK model fits”

2579 2527
2494 2422
2341 2245



PKPD model fit results

Model AIC BIC BICc  -2LL
Emax Hill 18679 18716 18791 18625
Windkessel 19192 19229 19303 19138

BSMM 18666 18714 18813 18596
Supplementary Table 2: “Information criteria for PKPD model fits”

Emax Hill covariates

Parameter Covariate f

SO age 1.32
Tlag height 2.27
ka height 1.43
V1 LBM 1.78
EO age -0.27
Emax sex -0.55
n age 0.96

Supplementary Table 3: “Emax Hill model covariates and weights”

Windkessel covariates

Parameter Covariate f

SO age 2.31
Tlag height 2.61
ka height -0.39
EO age -0.5
w LBM 1.14

Supplementary Table 4: “Windkessel model covariates and weights”



Supplement 6: “Undershoot” after bolus
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Supplementary Figure 3: “Example of an individual patient who displays marked mean blood
pressure undershoot of 8 mmHg after bolus administration of 10ug norepinephrine tartrate.
The blue dots represent actual measured MAP values. The Emax Hill model (purple curve) is

unable to account for the undershoot and infers an incorrect value for EQ in order to fit the
data.”



Supplement 7: Raw data

Norepinephrine blood concentration for all patients
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Supplementary Figure 4: “Raw values of measured plasma concentration of norepinephrine
(nmol/L) in all patients as a function of time.”



MAP for all patients
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Supplementary Figure 5: “Raw values of measured mean arterial blood pressure (mmHg)
in all patients as a function of time.”



Supplement 8: Observation vs Prediction

Plasma concentration from PK model
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Supplementary Figure 6: “Observation vs. Prediction plots comparing PK model predictions
to actual measured plasma concentration for individual fits and population predictions.”



Effect from PKPD models

Empirical Model Mechanism-based Model
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Supplementary Figure 7: “Observation vs. Prediction plots comparing PKPD model
predictions to actual measured mean arterial blood pressure for individual fits and
population predictions. Results are shown for the Empirical Emax model and the

Mechanism-based Windkessel model.”



Supplement 9: Residuals

PK model Residuals
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Supplementary Figure 8: “PK model population weighted (PWRES) and individual
weighted (IWRES) residual plots as a function of time and predicted values.”



PKPD model Residuals
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Supplementary Figure 9: “PKPD model population weighted (PWRES) and individual
weighted (IWRES) residual plots as a function of time and predicted values.”



Supplement 10: Visual predictive checks (VPC)

PK model prediction-corrected VPC

Prediction corrected y1

Supplementary Figure 10: “PK model Visual predictive checks (VPC). Prediction intervals
for the 50th percentile are represented in pink. Prediction intervals for the 10t and 90t
percentile are represented in blue.”



PKPD model prediction-corrected VPC

Empirical Model Mechanism-based Model

Supplementary Figure 11: “PKPD model Visual predictive checks (VPC). Prediction
intervals for the 50th percentile are represented in pink. Prediction intervals for the 10th
and 90t percentile are represented in blue.”



Supplement 11: Individual PK fits
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Supplementary Figure 12: “Raw data for norepinephrine plasma concentrations as a
function of time (blue dots) as well as individual PK model fits (purple curves) for all
patients in the study cohort.”



Supplement 12: Individual BSMM PKPD fits
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Supplementary Figure 13: “Raw data for mean arterial blood pressure as a function of time
(blue dots) as well as individual BSMM PKPD model fits (purple curves) for all patients in
the study cohort.”



ANNEXES 2: autres documents li€s au travail de these

Annexe 2.1 Etude IOCENE: Estimation de la pression artérielle moyenne

Cette étude mathématique de 1’algorithme PlethoMAP a été réalisée par le cabinet Iocene

suite a notre demande pour vérifier nos modélisations mécanistiques.
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1. Contexte

Ce document constitue le rapport correspondant la prestation « algorithme d'estimation
de la pression artérielle moyenne ».
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3. Calcul de la PAM

Le signal PAM présentant des pics non interprétés, nous commenc¢ons par recalculer la
valeur de la pression moyenne artérielle a partir du signal ABP pris a une fréquence de
125Hz. Pour ce faire nous proposons trois calculs différents :
- PAM_max: Pression moyenne calculée a partir du signal ABP en prenant des
intervalles entre deux valeurs de pression maximale
- PAM_min: idem mais en considérant les cycles entre deux valeurs de pressions

minimales
- PAM_filt : Pression moyenne évaluée en filtrant le signal ABP grace a un filtre
Butterworth d'ordre 2 e 1Hz.

Intervalle pris en compte
pour le calcul de
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La Figure ci-dessous présente la comparaison des 3 PAM calculés avec le signal PAM
brut. On constate que les trois signaux calculés donnent des valeurs cohérentes entre
elles mais distinctes de la PAM brute. Pour la suite, nous utiliserons le signal PAM_FILT
qui nécessite moins de temps de calcul.

-
D
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4. Analyse des données

La méthode proposée pour estimer la PAM consiste a :
- Supposer une relation linéaire entre la PAM et la dicrote (DIC)
- Recaler ce coefficient linéaire a toutes les 5 minutes (en supposant que I'on dispose
d'une mesure de la pression artérielle moyenne au brassard toutes les 5
minutes).

Afin de comprendre le rdle particulier joué par la dicrote, on propose d'utiliser cette
méme méthode a partir dune autre composante du signal issu du
photopléthysmographe : la moyenne du signal (calculé comme précédemment a partir
d'un filtre butterworth d'ordre 2 et de fréquence de coupure 0.1Hz).

La Figure ci-dessous présente les résultats obtenus. En bleu, I'estimation du signal a
partir la PPGmoyenne et en rouge a partir de la dicrote.

Conclusion ?
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On suppose que la PAM peut étre estimée sous la forme :

PAM, ,=a+bPPG.+c PPG,,

Le signal PPG pouvant correspondre soit a la dicrote soit a la moyenne de la PPG. On
décompose le signal issu de la PPG en une partie basse fréquence, PPG g et une partie

haute fréquence : PPG.. On considere un filtre butterworth d'ordre 2 et de fréquence
de coupure 0.08Hz (voir ci-dessous la représentation des signaux filtrés).

PPG .= Filtre| PPG |
PPG ;= PPG— Filtre (PPG)

-
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1. Contexte

Ce document constitue le rapport correspondant la prestation « algorithme d'estimation
de la pression artérielle moyenne ».

La pression artérielle moyenne doit étre surveillée durant une anesthésie et maintenue
entre certaines bornes. La méthode la plus simple est d'utiliser un cathéter pour avoir
acces a la pression artérielle. Cette méthode étant invasive, les médecins aimeraient
pouvoir parfois s'en dispenser, en particulier, lorsque le patient ne présente pas de
risque particulier.

L'idée serait de transposer I'analyse visuelle pratiquée aujourd’hui par les médecins en
I'absence de mesure de pression invasive. Elle consiste a suivre I'évolution de la pression
artérielle moyenne entre deux prises de pression au brassard a travers deux
indicateurs :

e La forme de l'onde de pression renvoyée par photo-pléthysmographie

e Lindice de perfusion renvoyé par ce méme appareil.

L'idée n'est pas de remplacer cette analyse visuelle pendant les phases critiques, en
particulier, pendant linduction. L'idée est au contraire de disposer d'un systeme
complémentaire donnant 'estimation de la pression artérielle moyenne capable de lever
des alertes pendant les phases calmes ou I'anesthésie est en place.

PAM

Ce travail vient en complément de celui déja réalisé par Jona Joachim lors de sa these de
médecine visant a reconstituer la PAM a partir de la dicrote seule. Il s'agit ici de voir s'il
est possible d'améliorer cette reconstitution en exploitant également lindice de
perfusion.

Les analyses et traitements ont été réalisés a partir de 171 jeux de données acquis lors
d'interventions a I'hopital Lariboisiére. Seuls 22 jeux de données sont exploités ici.

2. Traitements proposés

L'objectif est d'arriver a reconstituer la PAM a partir de :
 |a pression a la dicrote
* l'indice de perfusion
* |a pression au brassard (par hypothése égale a la PAM mais prise a une fréquence
basse de l'ordre d’'une fois toutes les dix minutes).

o —
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Ona:
PAM =SV *HR*SVR

Avec:
e SV:stroke volume / volume sanguin éjecté par le coeur
* HR:fréquence cardiaque
e SVR: systemic vacular resistance

Nous allons utiliser les signaux dont nous disposons pour retrouver ces grandeurs.

Nous pouvons supposer que nous disposons de la fréquence cardiaque (soit qu'elle soit
fournie directement par un appareil de mesure, soit retrouvée grace a la périodicité des
autres signaux).

L'évolution de la dicrote est a limage de la résistance du systéme veineux. En effet, plus
le systeme veineux sera résistif, plus I'onde de retour sera d’amplitude importante.
Comme l'idée est de travailler a partir de la mesure fournie par le pléthysmographe, c'est
de la que nous tirons l'information sur la dicrote.
En effet, ce dernier nous fournit un signal O qui suit la forme de I'onde de pression.
Soit
dl-c_ Odic_odia

Osys_odia

Nous allons exploiter dic comme étant une image de R la résistance. Par définition dic
estunsignal entre O et 1.

Remarque : les valeurs Oy, O, et Oy, ont été identifiées a priori grace a un algorithme
ad-hoc écrit par Jona Joachim.

Nous allons utiliser l'indice de perfusion IP fournit par le pléthysmographe comme
image du débit sanguin.

L+1

1
Q Ini7p

=Qp

Les signaux de base (pression artérielle et onde de pression fournie par le
pléthysmographe) sont a 125Hz. En revanche, tous les signaux que nous allons
exploiter : dic, Q et freq sont des grandeurs qui ne sont définies que sur une période

cardiaque, de l'ordre de 1 Hz.

On recherche une observation de la pression artérielle moyenne, PAM , sous la forme :

lecene



PAM =a|Q »+B|ldic+pB | freq+ 5 (1)
Soit en développant :
154\M=al+a2 freq+a, freq.dic+a,freq.Q,+a.freq.Q . dic (2)
On cherche le vecteur de parametres v,=[a,a,a,a,a,],
PAM=A v,
Avec : A=|1freqfreq.dicfreq.Q freq.Q pdic].

Notons que les deux formes (1) et (2) ne sont pas équivalentes. Nous utilisons la forme
(2) car ses parametres sont simples a identifier par la méthode des moindres carrés (voir
ci-dessous).

Il est toutefois possible de mettre sous une forme factorisée la seconde expression :

o . a a.\ a.,a, a
PAM=aq.||dic+—2|[Q+—=|— 324+—2 freq+a,
as a a, O
. , . . a4, a4, . .
Les deux expressions sont équivalentes si : > +a_:0’ ce qui n'est pas vrai dans le
a; 5
cas général.

Supposons dans un premier temps que l'on dispose d'une mesure de la pression
artérielle. On cherche alors a trouver le meilleur jeu de parametres au sens des
moindres carrés.

Soit J(v,) une mesure de l'erreur :
J(v)=> tPAM,(v,)—~PAM, Vil
k=1

On cherche les parameétres v, qui minimise J. Chaque échantillon est indexé par l'indice
k on suppose qu'il y a n indices.

Ona:
v,=|A"A] "A'B
Avec B=PAM .

La Figure ci-dessous compare les résultats obtenus avec cette méthode (P, ¢ et les
résultats obtenus en supposant que la pression artérielle peut étre considérée comme
une fonction affine de la dicrote (P4 ¢. On constate que la reconstruction est bien
meilleure avec la fréquence cardiaque et l'indice de perfusion.
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Dans la pratique, l'idée est justement de s'affranchir de la mesure de pression artérielle
invasive. Il n'est donc pas possible de I'exploiter. En revanche, il est possible de s'appuyer
sur les mesures de pression au brassard :
e Toutes les minutes pendant quinze minutes au démarrage pour initialiser le
systeme
* Puis toutes les dix minutes pour éviter les dérives.

Nous allons donc exploiter des informations.

e Nous allons donc calculer un premier jeu de parametres a partir des informations
de la premiére période de quinze minutes : V" (15 points)
e Puis nous allons exploiter les informations mesurées par le brassard depuis le

début de I'enregistrement pour calculer un v¥. (15 points + k points)

La Figure ci-dessous présente un exemple de résultats obtenus. La courbe en pointillés
correspond & l'estimation de la PAM réalisée en supposant que l'on connait le signal en
noir (pression artérielle moyenne de référence). La courbe en continue correspond a
l'estimation de la PAM réalisée en actualisant les parameétres v, & chaque nouvelle
mesure du brassard.

Cette facon de fonctionner, implique que toute nouvelle donnée a de moins en moins de
poids au fil du temps. C'est un inconvénient qui pourrait étre contourné en fixant une
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taille de fenétre. A l'inverse, il faut que cette fenétre soit d'une taille suffisante pour que
I'on puisse identifier les 5 parameétres.

art548 csv
! ! ! ! ! ! :
1051 ; ; ; ; ; — e
I ' I ' I ' best
from cuff
— cuff H
)
T
£ S S S -
£
c
=
S g5 4a¥. LA LA _
w
hed
- : A D
Y/ SRR } ————————— LT T R P I e e  EREEEEEEE —
L T T .
i iv“ i i i i i
0 500 1000 1500 2000 2500 3000

Temps [s]

v (P

a best

8
P[, Cuff(.’

Dans la suite, nous allons également calculer la PAM estimée seulement a partir de la
dicrote de la méme maniére mais en utilisant la formule suivante :

PAM  =b +b,dic

3. Résultats

La Figure ci-apreés présente les résultats obtenus. Pour chaque jeu de données (désigné
uniquement par son numéro) on présente la synthese des résultats obtenus en utilisant
seulement la dicrote (en rouge) ou la formule présentée précédemment (en bleu).

On constate :
e La médiane de l'erreur ‘Pest—Pref est plus basse de 1 a 2 mmHg lorsque l'on utilise
toute l'information (en bleu) plutdét que seulement la dicrote (en rouge)
e L'amplitude entre le 1°" quartile et le 3*™ est généralement similaire dans les deux
cas.

Notons que cette représentation ne rend pas vraiment compte de la performance de
I'algorithme, en effet :

locene



e La valeur max de l'erreur parait tres importante mais ce n'‘est dd qu'a des
problémes d’amplification du bruit, lié, entre autre, a l'identification de la dicrote

e L'amplitude entre le 1°" quartile et le 3*™ est plus caractéristique de la forme du
signal (trés plat pour le jeu de données 548 par exemple) que de la performance de
l'algorithme

e Cette visualisation ne permet pas de voir si les variations de la PAM estimée sont
bien cohérentes avec celle de la PAM réelle.

A,
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MAE Pw-P [mmHg]
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Le tableau suivant présente les résultats qualitatifs. A I'ceil on analyse si la qualité de la
reconstruction est correcte et si la reconstruction utilisant la fréquence cardiaque et
I'indice de perfusion est meilleure que celle utilisant la dicrote seule.

On constate que sur les 22 jeux analysés :
¢ Qualité de reconstruction

0 13 ont une qualité de reconstruction trés satisfaisante (++)
o 18 ont une qualité de reconstruction assez satisfaisante (+ et ++)

e Meilleur que la dicrote seule

o 8 sont bien meilleurs (++)
o 16 sont notablement meilleurs (+ et ++)

Qualité
reconstructio  Meilleur que Explications
n dicrote seule ? Observation

art725 ++ +
abp691 ++ ++
art32 ++ + Un pic non expliqué
art52 ++ ++ Un creux non expliqué
art600 ++ -
art548 ++ =

Pic et creux non
art599 - = expliqué

Pic et creux non Pb identification
art392 - = expliqué dic.
abp226 + + oscillations

Dicrote non

abp251 - = non expliqué interprétable
art612 - + non expliqué Absence d'info IP
art63 + +
art69 ++ +
art722 ++ ++
art73 ++ ++ Un creux non expliqué
abp758 + =
art239 ++ ++
abp783 ++ ++

gros creux non Dicrote non
art257 + + expliqué interprétable
art36 ++ ++

pics non expliqués a la
art761 ++ + fin

Cause non

art9 + ++ creux non expliqué identifiée

A,
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En bleu apparaissent les jeux de données pour lesquels la concordance est
particulierement bonne.

A linverse en orange apparaissent les jeux pour lesquels il y a peu de concordance et
pour lesquels cela s'explique par un probléme de fond : absence de données sur l'indice
de perfusion ou signal de pléthysmographie inexploitable.

Reprenons la forme factorisée de la PAM estimée :

2

__ . a a;\ a,a, a
PAM=aq,||dic+—2||Qp+=|——=2+2|freq+a,
as a a, O

Considérons les coefficients v, correspondant au cas optimal ou l'on a utilisé la PAM
réelle pour identifier les coefficients. La Figure ci-dessous présente ['‘évolution des
coefficients pour les différents jeux de données.

a

Coefficients v

725 691 32 52 600 548 599 392 226 251 612 63 69 722 73 758 239 783 257 36 761 9

On constate :
* Que les coefficients sont fortement variables d'un jeu a l'autre
e Que les coefficients changent de signe
e Que généralement :

o a>0
0 a,eta,sontde méme signe
0 a, eta.sont de méme signe (opposé a celui de a, eta,)

Utilisant les considérations de signes, il est possible de réécrire :

EA\M:H',—d((dic—b)(Q,P—c)+e)freq+a

o —a,a, a,
Aveca, b, c et d des constantes positives et €=—2+a—_
(e 5

Les termes peuvent s'interpréter ainsi :
e b et c correspondent a un offset
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e d correspond au facteur d'échelle global
e g correspond a l'offset sur la PAM

Le changement de signe de a;=+(—d signifie que la PAM est tantét une fonction
croissante en fonction de nos parametres tantdt décroissante. Ce point nécessiterait
d'étre éclairci d'un point de vue physiologique.

Sur la Figure ci-aprés présente |'évolution de ces parametres en fonction des jeux de
données. On constate que certains jeux de donnée ont des parameétres différents. Le jeu
69 en particulier pour lequel les résultats sont justement particulierement bons.

b (dic) [

i IR S N NN SN R R AN T T N NN N R

I [ L
25 691 32 52 600 548 599 392 226 251 612 63 69 722 73 758 239 783 257 36 761 9

(A S T NN NN R R [ S T S RN N

i i i i i i
725 691 32 52 600 548 599 392 226 251 612 63 69 722 73 758 239 783 257 36 761 9

i [ T T B i
25691 32 52 600 548 599 392 226 251 612 63

AN S RN NN SN SN S SN SN NN SN N SN S SN RN SN SR R R

100l
$25 691 32 52 600 548 599 302 226 251 612 63 69 722 73 758 230 783 257 36 761 O

On constate que l'exploitation de la fréquence et de l'indice de perfusion permettent
d'améliorer les résultats obtenus avec la dicrote seule.



art52.csv: les deux estimations de la pression moyenne artérielle sont relativement
proches excepté lors de la montée trés rapide en pression (voir Figure ci-dessous, le
rectangle orange) qui ne s'explique qu'avec la fréquence cardiaque.

art52.csv
L. | peesessssssssiasassassziapntan s
: : Pfromcuﬁdic
R 1] S J __________________________ ______________________ Pfromcuﬂ
1 : ; —P
H H ref
i ' : ¢ Pon
00 | ---mmmmmmme e e oo T P
90

Pression [mmHg]

Temps [s] x10°

art52.csv

Temps [s] x10°

art36.csv: de la méme fagon le décrochement de la pression artérielle moyenne dans le
rectangle orange ne s'explique qu'avec l'indice perfusion.
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art36.csv

120 e i+
l : F,t‘romcuﬂdi(:
110 --mmmememeeas R S SRR Pfromcufr
: ; —P
ref
: H + F’cuﬂ

Pression [mmHg]

Temps [s]

art36.csv

I I I I
8000 10000 12000 14000 16000

Temps [s]

I I
0 2000 4000 6000

Sur le jeu de données art599.csv on constate que l'information est présente sur le signal
reconstruit de la PAM mais avec une amplitude qui semble insuffisante.

Lorsque l'on décide de changer la zone d'initialisation et de la situer autour de 8000s, on
obtient de bien meilleurs résultats.
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art599.csv

120 R T EE S S S b i e e edead st o |
: : : F)fromcuf‘ldic
110 _J ___________________________ L _________________ Pfromcuﬁ
: : : —FP
ref

Pression [mmHg]

50 i i i i
0 05 1 15 2
Temps [s] x10°
art599.csv
120 _"""""""'".'""""""""E """"""""" s ? S .’ """"""""""""""""""""
‘ : : : : Pfromcuﬁdic
: : : : : P
| H | ' ' from cuff
] I . A A oo N —p
ref
s = s : : $ o
L s e s s

Pression [mmHg]

| Il | 1 1 | Il
0 2000 4000 6000 8000 10000 12000 14000
Temps [s]

Sur le jeu de données art392.csv on constate que laugmentation de la pression
moyenne autour de 7500s n'est pas représentée. En analysant la forme de l'onde de
pression donnée par le pléthysmographe avant, pendant et apres la montée de
pression, on constate que la dicrote est sous évaluée aprés la montée de PAM (signal
rouge sur le 3*°™ graphique) ce qui correspond a la chute du signal vert sur le second
graphique.
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art392.csv

L i
; : : : . Pfrom cuff dic
' : : : P
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500 2000 4000 6000 8000 10000 12000
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art392 csv,
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Le jeu de données art257.csv présente une relativement bonne concordance excepté
autours de t=9000s ou l'estimation de pression chute de maniére trés importante a
I'inverse de la PAM réelle.

Cela peut s'expliquer par deux choses :
e La reconstruction de la PAM s'appuie essentiellement sur la fréquence, en l'utilisant
en miroir, or a t=9000s les deux vont dans le méme sens. Cela peut étre di au fait
que deux mécanismes se combattent

o L'augmentation du débit donc de la pression avec la fréquence cardiaque
o La régulation physiologique de la pression artérielle moyenne par la fréquence
cardiaque

Hypothése : Jusqu'a t=9000s la fréquence est interprétée comme contrant les
variations de la PAM alors que l'augmentation de la fréquence cardiaque a 9000s
correspond a un stimulus externe

e La dicrote est difficilement interprétable car la forme de londe issue du
pléthysmographe présente plusieurs oscillations. La détection de la dicrote
n‘accroche pas toujours la méme.

art257.csv
L I o e o e T—

from cuff dic

from cuff

ref
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art257 csv

i i I I! Il —freq
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