
HAL Id: tel-04589657
https://theses.hal.science/tel-04589657

Submitted on 27 May 2024

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

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

Prise en charge de l’hypotension sous anesthésie par
développement d’un moniteur de mesure non invasive de

la pression artérielle et par l’élaboration d’un modèle
PK/PD de la noradrénaline

Jona Joachim

To cite this version:
Jona Joachim. Prise en charge de l’hypotension sous anesthésie par développement d’un moniteur
de mesure non invasive de la pression artérielle et par l’élaboration d’un modèle PK/PD de la no-
radrénaline. Cardiologie et système cardiovasculaire. Université Paris Cité, 2022. Français. �NNT :
2022UNIP5098�. �tel-04589657�

https://theses.hal.science/tel-04589657
https://hal.archives-ouvertes.fr


 

 

École doctorale Hématologie, oncogenèse et biothérapies (HOB, ED 561) 

Marqueurs cardiovasculaires en situation de stress (MASCOT, UMR_S 942) 

Doctorat en Biothérapies et biotechnologies 

Prise en charge de l'hypotension sous anesthésie par développement 

G¶XQ�PRQLWHXU�GH�PHVXUH�QRQ�LQYDVLYH�GH�OD�SUHVVLRQ�DUWpULHOOH�HW par 

l'élaboration G¶XQ�PRGqOH�3.�3'�GH�OD�noradrénaline 

 

Jona JOACHIM 

Thèse dirigée par : Pr Étienne GAYAT  

 Soutenue le 10 octobre 2022 

 JURY 

Benoit TAVERNIER PU-PH Université de Lille Examinateur 

Romain PIRRACCHIO  Full Professor Université de Californie à San Francisco Rapporteur 

Claire ROGER  PU-PH Université de Montpellier Rapporteur 

Valérie BILLARD PhD Université Paris-Saclay Examinateur 

Sandrine MILLASSEAU PhD Monde professionnel Examinateur 

Alexandre MEBAZAA  PU-PH Université Paris Cité Examinateur 

Étienne GAYAT PU-PH Université Paris Cité Directeur 



1 

REMERCIEMENTS 

-¶DLPHUDLV�LFL�DGUHVVHU�PHV�VLQFqUHV�UHPHUFLHPHQWV�� 

Au Docteur Fabrice Vallée qui a cru à mon projet et sans qui cela n'aurait pas été possible. 
Merci de mettre le côté humain au premier plan au quotidien dans ce monde où le côté 
technique a souvent tendance à l'emporter. 

Au Professeur Gayat pour son soutien sans faille et son accompagnement quotidien. 

Au Professeur Mebazaa pour sa confiance et pour son soutien tout au long de mon parcours. 

A Marc Lavielle pour son aide précieuse et son expertise dans la modélisation PK/PD qui a 
largement contribué à ce travail. 

$� O
pTXLSH� 0�',6,0� SRXU� P
DYRLU� DFFXHLOOL� j� 6DFOD\� HW� P
DYRLU� redonné goût aux 
mathématiques. 

Au Professeur Pirracchio pour son enseignement transversal et son don de synthèse. 

Au Docteur Millasseau pour ses précieux conseils et son expertise technique dans le domaine 
du monitorage. 

Aux Professeurs Tavernier et Roger et au Docteur Billard pour avoir accepté de faire partie de 
mon jury et P¶DYRLU�DLQVL�IDLW�bénéficier de leur enseignement et leurs expertises. 

¬�WRXWH�O¶pTXLSH�GX�GpSDUWHPHQW�G¶$QHVWKpVLH-RéDQLPDWLRQ�GH�O¶K{SLWDO�/DULERLVLqUH�TXL�P¶a 
accompagné sur ce chemin. 

Au Lariboisière Temple Orchestra pour tous les bons moments passés ensemble. 

À mes deux petits garçons qui P¶DSSRUWHQW�EHDXFRXS�GH�MRLH�DX�TXRWLGLHQ, qui font tout très 
bien et qui grandissent très vite. 

À ma femme Victoire pour avoir cru en moi et SRXU�P¶DYRLU�DLGp�VXU�OH�FKHPLQ�PDOJUp�OHV�
épreuves pendant ces années tumultueuses. Merci de toujours être là, pour ton amour sincère 
et pour ta fidélité. 

À ma famille et ma belle-famille  

Finalement la question est là : est-FH�TX¶HQ�GpYHORSSDQW�GH�SOXV�HQ�SOXV�QRWUH�
appareillage nous pouvons arriver à éliminer le facteur humain, ou est-ce que 
nous ne faisons que le reculer ? 

Ernest Kern, 1955 



2 

RESUME 

Prise en charge de O
K\SRWHQVLRQ�VRXV�DQHVWKpVLH�SDU�GpYHORSSHPHQW�G¶XQ�PRQLWHXU�

GH�PHVXUH�QRQ�LQYDVLYH�GH�OD�SUHVVLRQ�DUWpULHOOH�HW�SDU�O
pODERUDWLRQ�G¶XQ�PRGqOH�3.�3'�

de la noradrénaline 

/¶K\SRWHQVLRQ�DUWpULHOOH� VRXV�DQHVWKpVLH� �HQ�DQJODLV��©,QWUD2SHUDWLYH�+\SRWHQVLRQª� ,2+) est un 
SKpQRPqQH� IUpTXHQW�� 'HV� pWXGHV� UpFHQWHV� RQW� LGHQWLILp� O¶,2+� FRPPH� UHVSRQVDEOH� GH� GRPPDJHV�
P\RFDUGLTXHV�� G¶LQVXIILVDQFH� UpQDOH� DLJXs�� G¶K\SRSHUIXVLRQ� FpUpEUDOH� DXJPHQWDQW� DLQVL� OD� PRUEL-
mortalité post-opératoire. La population de patients devient de plus en plus âgée et de plus en plus 
IUDJLOH��RU�OHV�SDWLHQWV�OHV�SOXV�IUDJLOHV�VRQW�OH�SOXV�H[SRVpV�DX�ULVTXH�G¶,2+�HW�VRQW�FHX[�TXL�OD�WROqUHQW�
OH�PRLQV�ELHQ�FHV�pSLVRGHV��,OV�VRQW�H[SRVpV�j�XQH�PRUELGLWp�DFFUXH��GHV�GpIDLOODQFHV�G¶RUJDQHV�HW�GHV�
complications post-opératoires qui peuvent avoir des séquelles à long terme dans de nombreux cas. Il a 
pWp�PRQWUp�GDQV�OD�OLWWpUDWXUH�TX¶XQH�SULVH�HQ�FKDUJH�DJUHVVLYH�GH�FHWWH�K\SRWHQVLRQ�SHUPHW�G¶pYLWHU�XQ�
certain nombre de complications post-opératoires. En eIIHW��OD�JUDYLWp�GHV�VRXIIUDQFHV�G¶RUJDQHV�HVW�j�OD�
IRLV� OLpH� j� OD� SURIRQGHXU� GH� O¶K\SRWHQVLRQ�FRPPH� j� OD� GXUpH� G¶K\SRWHQVLRQ��8Q� WUDLWHPHQW� DYHF� XQ�
REMHFWLI�GH�SUHVVLRQ�DUWpULHOOH�SHUPHW�G¶HQ�UpGXLUH�O¶H[SRVLWLRQ��/HV�PR\HQV�WKpUDSHXWLTXHV�HIILFDFHV�
pour traiter cette hypotension existent, notamment avec les médicaments vasopresseurs, et la mise en 
°XYUH�GH�FHWWH�SULVH�HQ�FKDUJH�j�ODUJH�pFKHOOH�VH�WUDGXLUDLW�VDQV�GRXWH�SDU�XQ�EpQpILFH�GH�VDQWp�SXEOLTXH��
1RXV�DYRQV�FHSHQGDQW�LGHQWLILp�GHX[�IUHLQV�j�O¶DSSOLFDWLRQ�GH�FHWWH�SULVH�HQ�FKDUJH�DXMRXUG¶KXL��G¶XQ�
F{Wp�XQ�PDQTXH�GH�PRQLWRUDJH�TXL�VRLW�j�OD�IRLV�ILDEOH�HW�QRQ�LQYDVLI�HW�GH�O¶DXWUH�F{Wp�O¶DEVHQFH�G
RXWLOV�
permettant de personnaliser le traitement de l'hypotension. 

/D�JUDYLWp�GH�O¶K\SRWHQVLRQ�pWDQW�GRVH�dépendante, le monitorage joue un rôle clé. Un brassard à 
WHQVLRQ�SHUPHWWDQW�XQH�PHVXUH�GLVFRQWLQXH�VHPEOH�DXMRXUG¶KXL� LQVXIILVDQW�HW�XQ�PRQLWRUDJH�FRQWLQX�
paraît nécessaire. Il ne paraît cependant pas raisonnable de proposer systématiquement un monitorage 
invasif pour des patients sans pathologie sévère sous-jacente pour des chirurgies de risque faible ou 
intermédiaire. Par conséquent, le monitorage doit être continu et non-invasif. Nous avons mis au point, 
en se basant sur des mécanismes physiologiques, uQH�VpULH�G¶DOJRULWKPHV�SHUPHWWDQW�O¶HVWLPDWLRQ�HQ�
temps réel, battement par battement, de la pression artérielle moyenne en utilisant le monitorage 
standard préexistant, notamment la photopléthysmographie, permettant de cette manière une utilisation 
systématique sans surcoût. 

/H�WUDLWHPHQW�GH�O¶K\SRWHQVLRQ�VRXV�DQHVWKpVLH�HVW�DXMRXUG¶KXL�ODUJHPHQW�EDVp�VXU�GHV�PpGLFDPHQWV�
vasopresseurs. Parmi ceux-Oj�� OD�QRUDGUpQDOLQH�GLOXpH� IDLEOHPHQW�GRVpH�V¶HVW� WUqV� UDSLGHPHQW�pWDEOLH�
comme un standard de facto sur les 5 GHUQLqUHV�DQQpHV��&HSHQGDQW��O¶XWLOLVDWLRQ�GH�FH�PpGLFDPHQW�Q¶HVW�
SDV�WRXMRXUV�DLVpH��(Q�HIIHW��LO�V¶DJLW�G¶XQ�PpGLFDPHQW�SXLVVDQW�DYHF�XQH�GHPLH�YLH�FRXUWH�HW�XQH�IHQrWUH�
WKpUDSHXWLTXH�pWURLWH��/¶DEVHQFH�GH�VWDQGDUGLVDWLRQ�TXDQW�j�O¶XWLOLVDWLRQ�SHXW�H[SRser à des accidents 
G¶XWLOLVDWLRQ�HW�OD�JUDQGH�YDULDELOLWp�LQWHULQGLYLGXHOOH�UHQG�GLIILFLOH�O¶DMXVWHPHQW�GH�OD�GRVH�QpFHVVDLUH��
Nous avons développé un modèle pharmacocinétique/pharmacodynamique (PK/PD) permettant un 
calcul de dose individualisé par patient et pouvant servir de base pour une administration en objectif de 
FRQFHQWUDWLRQ��/¶DGPLQLVWUDWLRQ�GH� OD�QRUDGUpQDOLQH�HQ�REMHFWLI�GH�FRQFHQWUDWLRQ�HVW�XQH�PpWKRGH�GH�
choix pour uniformiser et simplifier les prises en charge tout en évitant des erreurs de dose et des 
fluctuations. 

/¶LQFRUSRUDWLRQ�GH�FHV�GHX[�PRGqOHV��O¶XQ�GH�PRQLWRUDJH��O¶DXWUH�GH�WUDLWHPHQW�SKDUPDFRORJLTXH��
HQ�ERXFOH�IHUPpH�SRXUUDLW�j�WHUPH�DXWRPDWLVHU�OD�SULVH�HQ�FKDUJH�GH�O¶K\SRWHQVLRQ�VRXV�DQHVWKpVLH� 

 

Mots clés: Anesthésie, Hypotension, Monitorage, Intelligence artificielle, PK/PD  
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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 SHUVSHFWLYH�WUDQVODWLRQQHOOH�GH�FH�WUDYDLO�GH�WKqVH�G¶XQLYHUVLWp�HVW�OD�PLVH�DX�SRLQW�G¶XQ�

appareil permettant l'administration automatisée de médicaments vasoconstricteurs comme la 

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

Ce projet se déroule sur plusieurs étapes qui pour la plupart ont progressé de manière 

conjointe sur la durée de la thèse. Dans cette thèse, nous décrirons surtout les deux premières 

étapes du projet, à savoir 1/ OD�PLVH�DX�SRLQW�HW�OD�YDOLGDWLRQ�G¶XQH�PpWKRGH�GH�PRQLWRUDJH�QRQ�

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 thèse se décompose en quatre parties: 

- Une première partie G¶LQWURGXFWLRQ�UDSSHODQW�OH�FRQWH[WH�HW�OD�UDLVRQ�GH�OXWWHU�FRQWUH�OHV�

épisodes hypotensifs au bloc opératoire. 

- Nous détaillerons dans un deuxième partie notre solution de monitorage non-invasif de 

OD�SUHVVLRQ�DUWpULHOOH�PR\HQQH��OH�3OHWKR0$3���HQ�UHYHQDQW�VXU�O¶DQDO\VH�GHV�SURSULpWpV�

physiologiques du signal de photopléthysmographie (PPG) et la raison pour laquelle 

nous avons développé cette solution et quelles sont nos avancées actuelles. 

- Dans une troisième partie��QRXV�GpWDLOOHURQV�O¶pWXGH�FOLQLTXH��1RU3KDUP��D\DQW�FRQGXLW�

au développement du modèle PK/PD de la noradrénaline à faible concentration (parfois 

désignée sous le terme babynoradrénaline). 

- Enfin, nous examinerons dans une quatrième partie les perspectives qui pourraient 

conduire à une administration automatisée de la noradrénaline au bloc opératoire pour 

prévenir et traiter les épisodes hypotensifs. 
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CHAPITRE 1: Hypotension au bloc opératoire 

/¶K\SRWHQVLRQ�VRXV�DQHVWKpVLH�JpQpUDOH 

La problpPDWLTXH�GH� O¶K\SRWHQVLRQ� VRXV� DQHVWKpVLH� HVW� DXVVL� YLHLOOH� TXH� O¶DQHVWKpVLH�

elle-PrPH�HW�SHXW�rWUH�UHWUDFpH�MXVTX¶j�O¶qUH�GH�O¶DQHVWKpVLH�DX�FKORURIRUPH�HW�j�O¶pWKHU��(OOH�

Q¶D�SDV�WRXMRXUV�pWp�UHFRQQXH�FRPPH�QpIDVWH��&¶HVW�DLQVL�TXH�(UQHVW�.HUQ�pFULW�HQ��953 dans 

XQ�WUDLWp�VXU�O¶©�K\SRWHQVLRQ�FRQWU{OpH�ª�[6] TXH�³OD�GLPLQXWLRQ�GH�OD�WHQVLRQ�DUWpULHOOH�HQWUDvQH�

DXWRPDWLTXHPHQW� XQH� GLPLQXWLRQ� GX� VDLJQHPHQW� DUWpULHO´�� ,O� UDSSRUWH� TXH� ³OD� SOXSDUW� GHV�

auteurs considèrent qu'une tension artérielle systolique comprise entre 50 et 70 mmHg est à la 

IRLV� HIILFDFH� HW� VDQV� GDQJHU´��&HSHQGDQW�� GpMj� j� FHWWH� pSRTXH�� OHV� OLPLWHV� GH� FHWWH� SUDWLTXH�

VHPEOHQW�pYLGHQWHV��(Q�HIIHW��.HUQ�UDSSRUWH�XQ�³SRXUFHQWDJH�G
pFKHFV�TXL�RVFLOOH�HQWUH�����HW�

���´�� ³/H� VDLJQHPHQW� YHLQHX[� >���@ n'est pratiquement pas affecté, il peut même [...] être 

DXJPHQWp´��'HV�HIIHWV�GpOpWqUHV�PDMHXUV�VRQW�UHPDUTXpV��HQ�HIIHW�³OD�VDWXUDWLRQ�GX�VDQJ�YHLQHX[�

GLPLQXH� GH� ���� j� ���� SDU� UDSSRUW� DX� FKLIIUH� QRUPDO´�� 8Q� DXWHXU� ³UDSSRUWH� GHX[� DUUrWV�

cardiaques [...] qX
LO�DWWULEXH�j�XQH�LVFKpPLH�FRURQDULHQQH´�HW�³>���@�LO�HVW�SRVVLEOH�TXH�WRXV�OHV�

FDV�PDOKHXUHX[�Q
DLHQW�SDV�pWp�SXEOLpV´��.HUQ�FRQFOXW�VRQ�H[SRVp�DYHF�EHDXFRXS�GH�YLJLODQFH�

et contre-LQGLTXH� QRWDPPHQW� OD� SUDWLTXH� GH� O¶K\SRWHQVLRQ� FRQWU{OpH� FKH]� OHV� SDWLHQts 

FRURQDULHQV��LQVXIILVDQWV�UHVSLUDWRLUHV�HW�UpQDX[��OHV�SDWLHQWV�VRXIIUDQW�GH�PDODGLH�G¶$GGLVRQ� 

6L� OD�QDWXUH�GHV�HIIHWV�GpOpWqUHV�GH� O¶K\SRWHQVLRQ�pWDLW�FRQQXH�GDQV� OHV�DQQpHV�������

QRXV�DYRQV�DXMRXUG¶KXL�XQH�PHLOOHXUH�QRWLRQ�GH�OD�JUDYLWp�HW�GH�OD�IUpTuence de ces effets. En 

HIIHW�� O¶K\SRWHQVLRQ� DUWpULHOOH� SHURSpUDWRLUH� HVW� XQH� FRPSOLFDWLRQ� IUpTXHQWH� GH� O¶DQHVWKpVLH�

générale et entraîne une augmentation notable de la morbi-mortalité. Cela a été démontré plus 

UpFHPPHQW�SRXU�OH�ULVTXH�G¶LQVXIILVDQFH�UpQDOH�DLJXs��GH�GRPPDJH�P\RFDUGLTXH��G¶DFFLGHQW�

vasculaire cérébral ischémique et de mortalité post-opératoire [7±11]. /¶DVVRFLDWLRQ� HQWUH�
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O¶K\SRWHQVLRQ�DUWpULHOOH�HW�OHV�FRPSOLFDWLRQV�SRVW-opératoires semble à la fois dose-dépendante 

et temps-dépendante [7]. 

 &HSHQGDQW��LO�Q¶H[LVWH�SDV�j�FH�MRXU�GH�GpILQLWLRQ�SUpFLVH�GH�FHWWH�K\SRWHQVLRQ��,O�VHPEOH�

que des valeurs de pression artérielle moyenne (PAM) inférieure à 65 millimètres de mercure 

�PP+J��PDMRUHQW�OH�ULVTXH�GH�G\VIRQFWLRQ�G¶RUJDQH�SRVW-opératoire [12]. Une exposition de 

FRXUWH�GXUpH��GqV���PLQXWHV��j�FH�QLYHDX�G¶K\SRWHQVLRQ�HQWUDvQH�XQ� surrisque significatif de 

complications post-opératoires.  

 Le niveau de PAM à cibler pour chaque patient est difficile à évaluer. La tendance 

actuelle est à individualiser nos prises en charge pour chaque patient et ainsi à proposer une 

anesthésie « sur-mesure » [12].  &¶HVW�SRXU�FHV�UDLVRQV�TXH�OHV�UHFRPPDQGDWLRQV�DFWXHOOHV�VRQW�

HQ�IDYHXU�G¶XQH�SULVH�HQ�FKDUJH�SUpFRFH�GH�WRXW�pSLVRGH�K\SRWHQVLI�GXUDQW�OD�FKLUXUJLH��8Q�HVVai 

UDQGRPLVp� D� G¶DLOOHXUV� UpFHPPHQW� PRQWUp� O¶HIILFDFLWp� G¶XQH� VWUDWpJLH� G¶RSWLPLVDWLRQ� GH� OD�

pression artérielle peropératoire [13]. Cette prise en charge devra bien évidemment être adaptée 

et ajustée à chaque patient en fonction de son risque. 

Les étiologLHV�GH�O¶K\SRWHQVLRQ�DUWpULHOOH�DX�EORF�RSpUDWRLUH�VRQW�PXOWLSOHV��/¶RULJLQH�

peut être secondaire à une baisse du tonus sympathique induite par les produits anesthésiques 

ou due à une hypovolémie, une hémorragie, une dysfonction myocardique voire un sepsis. 

/¶pWLRORJLH�OD�SOXV�IUpTXHPPHQW�REVHUYpH�DX�EORF�RSpUDWRLUH�HVW�XQH�EDLVVH�GX�WRQXV�YDVFXODLUH�

due DX[�PpGLFDPHQWV�K\SQRWLTXHV�HW�PRUSKLQLTXHV�XWLOLVpV�j�O¶LQGXFWLRQ�HW�HQ�HQWUHWLHQ�ORUV�GH�

O¶DQHVWKpVLH��$�FHWWH�EDLVVH�GX�WRQXV�DUWpULRODLUH�SHXW�V¶DMRXWHr une baisse du retour veineux et 

DLQVL�XQH�EDLVVH�GX�GpELW�FDUGLDTXH��2Q�SDUOH�DLQVL�G¶K\SRWHQVLRQ�LQGXLWH�SDU�O¶DQHVWKpVLH�RX�

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. 
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*HVWLRQ�GH�O¶K\SRWHQVLRQ�HQ�SUDWLTXH�FOLQLTXH 

Comme indiqué plus haut, l'hypotension au bloc opératoire est secondaire à des 

mécanismes sous-jacents multiples et complexes : vasoplégie due à la sympatholyse [14] et à 

une diminution des catécholamines circulantes [15] induite par les agents par les agents 

anesthésiques, l'hypovolémie et la dysfonction myocardique. 

Les stratégies actuelles de restauration de la pression de perfusion pendant l'anesthésie 

générale sont basées sur l'expansion volumique et/ou l'administration intravasculaire 

l'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 

SRXU�FRUULJHU�O¶K\SRWHQVLRQ�VRQW�O¶pSKpGULQH��OD�SKpQ\OpSKULQH et la noradrénaline. 

/¶XWLOLVDWLRQ�GH�O¶pSKpGULQH�HVW�OLPLWpH�SDU�VRQ�HIIHW�WDFK\FDUGLVDQW�HW�OD�WDFK\SK\OD[LH�TXL�

limite la dose cumulée utilisable en pratique. La phényléphrine est largement utilisée pendant 

l'anesthésie, souvent en relais de l'éphédrine, mais cette utilisation a été récemment remise en 

question [18, 19]. En effet, les effets physiologiques documentés sur le débit cardiaque et la 

postcharge ventriculaire gauche peuvent être néfastes. De plus, la phényléphrine peut être 

responsable de bradycardie par l'activation du baroréflexe [20] et l'altération de la fonction de 

la fonction ventriculaire gauche [21, 22]. 

Durant ces dernières années, la noradrénaline gagne une place de choix dans le traitement 

GH� O¶K\SRWHQVLRQ�DUWpULHOOH� LQGXLWH�SDU� O¶Dnesthésie [23], DYHF�QRWDPPHQW� O¶DYqQHPHQW�GH� OD�

noradrénaline diluée, communément appelée « babynoradrénaline », permettant une utilisation 

HQ�EROXV�HW�HQ�SHUIXVLRQ�FRQWLQXH�VXU�GHV�YRLHV�G¶DERUG�FODVVLTXHV��YRLH�YHLQHXVH�SpULSKpULTXH���

En effet, Wuethrich et al. ont montré que la perfusion continue peropératoire de noradrénaline 
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j�IDLEOH�GRVH�FKH]�GHV�SDWLHQWV�j�KDXW�ULVTXH��SRXYDLW�OLPLWHU�O¶H[SDQVLRQ�YROXPLTXH�SHQGDQW�

une chirurgie majeure [24, 25]. De plus, quelques d'études suggèrent un effet bénéfique de la 

noradrénaline à faible concentration par rapport aux autres vasopresseurs pour contrôler 

l'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 délétères des vasopresseurs intraveineux, il faut noter 

O¶DXJPHQWDWLRQ� GH� OD� ULJLGLWp� DUWpULHOOH�� O¶DXJPHQWDWLRQ� GX� WUDYDLO� GX� P\RFDUGH�� HW�

potentiellement la diminution du volume systolique et de la compliance artérielle. Ces 

altérations du couplage artériel du ventricule gauche pourraient être associées à des résultats 

défavorables [28±30]. Une étude récente a montré qu'un bolus de 5 µg de noradrénaline 

administrée dans une voie veineuse périphérique peut traiter en toute sécurité l'hypotension 

DUWpULHOOH� JpQpUDOH� DYHF� XQH� PRLQGUH� GLPLQXWLRQ� GX� YROXPH� G¶pMHFWLRQ� V\VWROLTXH� HW� XQH�

moindre augmentation de la rigidité artérielle, par rapport à la phényléphrine [31]. Ainsi, une 

faible dose de noradrénaline pourrait représenter une alternative tout à fait concevable pour 

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

Le monitorage non invasif de la pression artérielle 

&RPPH�H[SRVp�SUpFpGHPPHQW�� OD�GXUpH�GH� O¶H[SRVLWLRQ�j� O¶K\SRWHQVLRQ est directement 

corrélée au risque de complications post-RSpUDWRLUHV��&H�IDLW�SODLGH�HQ� IDYHXU�G¶XQH�PHVXUH�

continue de la pression artérielle en per-opératoire, en particulier pour les patients à haut risque 

cardio-vasculaire.  

Le monitorage de la pression artérielle fait évidemment partie des prérequis à la conduite 

G¶XQH�DQHVWKpVLH��/H�PRQLWRUDJH�PLQLPXP�GXUDQW�O¶DQHVWKpVLH�HVW�UpJOHPHQWp�HQ�)UDQFH�SDU�OH�

code de la santé public [32] et doit comporter notamment le contrôle continu du tracé ECG, de 
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la saturation du sang en oxygène par photopléthysmographie et la surveillance de de la pression 

DUWpULHOOH��³VRLW�QRQ�LQYDVLYH�VRLW� LQYDVLYH��VL� O
pWDW�GX�SDWLHQW� O
H[LJH´��(Q�SUDWLTXH�FRXUDQWH��

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 à un retard diagnostic et de prise en charge 

GHV� pSLVRGHV� DLJXV� G¶K\SRWHQVLRQ��0rPH� V¶LO� H[LVWH� GHV� GLVSRVLWLIV� QRQ� LQYDVLIV� GH�PHVXUH�

continue de la pression artérielle, les éWXGHV�G¶LQWHUFKDQJHDELOLWp�DYHF�OHV�WHFKQLTXHV�LQYDVLYHV�

QH�SHUPHWWHQW�SDV�GH�FRQFOXUH�j�O¶LQWHUFKDQJHDELOLWp��'HV�pWXGHV�VRQW�HQ�FRXUV�SRXU�PHVXUHU�

O¶LQWpUrW� GH� VWUDWpJLHV� GH� FRUUHFWLRQ� GH� O¶K\SRWHQVLRQ� VXU� FHV� WHFKQLTXHV� QRQ-invasives et 

devraient apportHU�GHV�pOpPHQWV�QRXYHDX[�GDQV�XQ�DYHQLU�SURFKH��'¶LFL�Oj��XQ�SDQHO�G¶H[SHUWV�

a récemment proposé de recommander le recours à un monitorage continu invasif de la pression 

artérielle chez les patients à risque modéré ou élevé [12]. 
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CHAPITRE 2: Le PlethoMAP 

3OHWKR0$3�HVW�OH�QRP�TXH�QRXV�DYRQV�GRQQp�j�O¶LQQRYDWLRQ�PDLQWHQDQW�EUHYHWp�FRQVLVWDQW�

HQ�XQ�DOJRULWKPH�G¶HVWLPDWLRQ�FRQWLQXH�GH�OD�SUHVVLRQ�DUWpULHOOH�PR\HQQH�j�SDUWLU�GX�VLJQDO�GH�

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 

SDUWLFXOLqUHPHQW�O¶LQGLFH�GH�SHUIXVLRQ�GpULYp�GH�FH�VLJQDO�DYHF�VHV�applications cliniques.  

Introduction 

Le signal de photopléthysmographie (PPG) est utilisé depuis des décennies pour surveiller 

OD�VDWXUDWLRQ�HQ�R[\JqQH��&¶HVW�XQ�RXWLO�QRQ�LQYDVLI��SHX�FR�WHX[��VLPSOH�HW�UDSLGH�j�XWLOLVHU��/H�

monitorage hémodynamique à partir de ce signal est actuellement peu exploré mais a bénéficié 

G¶XQ�UHJDLQ�G¶LQWpUrW�FHV�GHUQLqUHV�DQQpHV��QRWDPPHQW�HQ�DQHVWKpVLH��PpGHFLQH�SpULRSpUDWRLUH�

HW�VRLQV�LQWHQVLIV��/¶LQGLFH�GH�SHUIXVLRQ��3,��FRQVWLWXH�XQ�RXWLO�SURPHWWHXU�SRXU�OH�FOLQLFLHQ� 

Principe de la pléthysmographie et calcul du PI 

Le principe de photopléthysPRJUDSKLH��33*��HVW�EDVp�VXU�OD�PHVXUH�LQGLUHFWH�G¶XQ�YROXPH�

WLVVXODLUH�SDU�OHV�YDULDWLRQV�G¶DEVRUSWLRQ�GH�OD�OXPLqUH (Figure 1). Une source lumineuse émet 

un rayonnemHQW� GRQW� O¶LQWHQVLWp�� DSUqV� DYRLU� WUDYHUVp� XQ� WLVVX�� HVW� WUDQVIRUPpH� HQ� FRXUDQW�

électrique par une photodiode.  
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'HX[�ORQJXHXUV�G¶RQGHV�VRQW�XWLOLVpHV�SRXU�OD�33*��OD�OXPLqUH�URXJH��GRQW�O¶DEVRUSWLRQ�HVW�

influencée par le rapport entre oxyhémoglobine et désoxyhémoglobine, et qui sert donc à 

calculer la SpO2. La lumière infrarouge est peu influencée par ce rapport mais permet de 

détecter le caractère 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. 

$SUqV�WUDQVIRUPDWLRQ�GH�O¶LQIOX[�OXPLQHX[�HQ�FRXUDQW�pOHFWULTXH�SDU�OD�SKRWRGLRGH��OD�SDUWLH�

pulsatile du signal apparaît sous forme de courant alternatif (CA) et la partie non pulsatile sous 

IRUPH�GH� FRXUDQW� FRQWLQX� �&&���/¶LQGLFH� GH� SHUIXVLRQ� �3,�� GX� VLJQDO� GH� 33*� UHSUpVHQWH� OH�

rapport entre la composante pulsatile et la composante non pulsatile du signal infrarouge 

2+�:¨; �L �srr� �
%#

%%
 

Une augmentation du PI correspond donc à une augmentation relative de CA par rapport à 

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.  

 

Figure 1 3ULQFLSH�GH�OD�SKRWRSOpWK\VPRJUDSKLH�HW�GX�FDOFXO�GH�O¶LQGLFH�GH�SHUIXVLRQ 
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'pWHUPLQDQWV�GH�O¶LQGLFH�GH�SHUIXVLRQ��3,� 

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

O¶KpPRG\QDPLTXH� V\VWpPLTXH� �FRPSOLDQFH� DUWpULHOOH�� UpVLVWDQFHV� YDVFXODLUHV� HW� YROXPH�

d'éjection systolique), les propriétés du tissu et du UpVHDX� YDVFXODLUH� ORFDO� �YDULDEOHV� G¶XQ�

SDWLHQW� j� O¶DXWUH�� RX� HQFRUH� OH� EUXLW� HQYLURQQDQW� �OXPLqUH��PRXYHPHQW��� /H� VLWH� GH�PHVXUH�

LQIOXHQFH�pJDOHPHQW�O¶DVSHFW�GH�OD�FRXUEH�HW�OD�YDOHXU�GX�3,��(QILQ��OH�WUDLWHPHQW�GX�VLJQDO��HW�

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

 

 

Figure 2 'pWHUPLQDQWV�GH�O¶LQGLFH�GH�SHUIXVLRQ�HW�VLWXDWLRQV�FOLQLTXHV�FRXUDQWHV 

 

Indications cliniques 

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

En anesthésie on peut citer : 
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- /¶HVWLPDWLRQ� GH� O¶HIILFDFLWp� G¶XQH� DQHVWKpVLH� ORFRUpJLRQDOH� �O¶DXJPHQWDWLRQ� GX� 3,�

permettant de détecter la vasodilDWDWLRQ�LQGXLWH�SDU�O¶LQKLELWLRQ�GX�WRQXV�V\PSDWKLTXH� 

- La prédiction des variations hémodynamiques induites par une anesthésie neuro-axiale 

(le PI de base permettant de détecter les patients ayant un faible tonus sympathique et 

GRQF�j�SOXV�KDXW�ULVTXH�G¶K\SRWHQVLRQ�DUWpULHOOH�DSUqV�UDFKLDQHVWKpVLH� 

- /D�GpWHFWLRQ�G¶XQH�GRXOHXU�VRXV�DQHVWKpVLH�DX�EORF�RSpUDWRLUH�HW�HQ�VRLQV�LQWHQVLIV��OD�

baisse GX�3,�DSUqV�XQ�VWLPXOXV�GRXORXUHX[�pWDQW�OLp�j�O¶DXJPHQWDWLRQ�GX�WRQXV�YDVFXODLUH�

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 façon indépendante) 

(Q�VRLQV�LQWHQVLIV�HW�PpGHFLQH�G¶XUJHQFH, on retrouve : 

- /¶XWLOLVDWLRQ�GX�3,�FRPPH�UHIOHW�GH�OD�PLFURFLUFXODWLRQ�ORFDOH 

- /¶XWLOLVDWLRQ� GX� 3,� FRPPH� RXWLO� SURQRVWLF� HQ� UpDQLPDWLRQ� DYHF� SOXVLHXUV� pWXGHV�

rétrospectives montrant une corrélation entre le PI et le taux de survie 

- /¶pWXGH�GHV�FKDQJHPHQWV�GX�3,�HQ�UpDFWLRQ�j�OD�FKDOHXU��SHUPHWWDQW�GH�GLVFULPLQHU�OHV�

altérations de microcirculation au cours du choc septique 
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Figure 3 5pVXPp�GH�O¶XWLOLWp�FOLQLTXH�GH�O¶LQGLFH�GH�SHUIXVLRQ 
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Du signal de photopléthysmographie à la pression artérielle 

moyenne: le concept du PlethoMAP 

Dans un article publié dans British Journal of Anaesthesiology [2], nous avons rapporté le 

concept du PletKR0$3�EDVp�VXU�OHV�YDULDWLRQV�GH�O¶LQGLFH�GH�SHUIXVLRQ�HW�GH�O¶RQGH�GLFURWH�GH�

la PPG pour suivre les variations de la pression artérielle moyenne en continue au bloc 

opératoire. 

Introduction 

3OXV�GH���PLOOLRQV�G¶DQHVWKpVLHV�JpQpUDOHV�VRQW�SUDWLTXpHV�SDU�DQ�HQ�)UDQFH��/¶K\SRWHQVLRQ�

artérielle pendant l'anesthésie est un facteur de morbidité avec des conséquences à long terme 

potentiellement sévères. Le monitorage effectué en routine comprend une mesure de la 

saturation pulsée en oxygène par PPG digitale ainsi qu'une mesure discontinue, non invasive 

de la Pression artérielle (PA) par méthode oscillométrique. La prise discontinue de la PA, 

KDELWXHOOHPHQW� WRXWHV� OHV� �� PLQXWHV�� HQWUDvQH� XQ� ULVTXH� GH� PpFRQQDLVVDQFH� G¶pSLVRGHV�

G¶K\SRWHQVLRQ�DLQVL�TX¶XQ�UHWDUG�j�OHXU�SULVH�HQ�FKDUJH��/HV�GRQQpHV�GH�OD�33*�GpMj�HQ�SODFH�

SRXUUDLHQW�rWUH�XWLOLVpHV�SRXU�PRQLWRUHU�O¶pWDW�KpPRG\QDPLTXH�GHV�SDWLHQWV� 

&RQFHSW�SK\VLRORJLTXH�HW�EXW�GH�O¶pWXGH 

/¶R[\PpWULH�GH�SRXOV�FRQWLQXH�DX�EORF�RSpUDWRLUH�SHUPHW�GH�UHFXHLOOLr un signal de PPG, 

GRQW�RQ�SHXW�IDFLOHPHQW�GpULYHU�OD�KDXWHXU�GH�O¶RQGH�GLFURWH��',&SOHWK��PDLV�DXVVL�O¶LQGLFH�GH�

perfusion (PI) de façon non invasive et généralisable (Figure 4). DICpleth et PI étant corrélés 

DX�WRQXV�YDVFXODLUH��O¶REMHFWLI�GH�O¶pWXGH�pWDLW�G¶H[SORUHU�VL�O¶pYROXWLRQ�GH�',&SOHWK�HW�GX�3,�

SHUPHWWDLW� GH� SUpYRLU� OHV� pSLVRGHV� G¶K\SRWHQVLRQ� SUpRSpUDWRLUH�� ,O� pWDLW� DXVVL� TXHVWLRQ�

G¶DQDO\VHU�OHXU�YDULDWLRQ�Du cours de bolus de vasopresseurs. 
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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 

YDULDWLRQV�GH� OD�3$0�HW�GX�3,�pWDLW�GH������8QH�DQDO\VH�SDU�FRXUEH�52&�PRQWUDLW�TX¶XQH�

augmentation du PI de plus de 25% permettait de détecter une hypotension avec une sensibilité 

de 90% et une spécificité de 65%. 

 

Figure 5 A) variation médiane de la PAM et de DICpleth et B) variation médiane de la PAM et du PI 

GXUDQW�OHV����SUHPLqUHV�PLQXWHV�GH�O¶LQGXFWLRQ�DQHVWKpVLTXH 
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Conclusion 

DICpleth et PI, mesurés à partir du signal de PPG, peuvent être utilisés pour détecter les 

pSLVRGHV� G¶K\SRWHQVLRQ� DX� EORF� RSpUDWRLUH�/¶DQDO\VH� FRPELQpH� GH� OD� YDULDWLRQ� GH� FHV� GHX[�

indices peut représenter une nouvelle technique, simple et non-invasive, pour suivre les 

YDULDWLRQV�GH�SUHVVLRQ�DUWpULHOOH�DX�FRXUV�G¶XQH�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 °XYUH�SOXVLHXUV�DOJRULWKPHV�DXWRPDWLVpV�EDVpV�

sur le PI et DICpleth DILQ�GH�FRPSDUHU�OHXUV�SHUIRUPDQFHV�GDQV�O¶HVWLPDWLRQ�HQ�WHPSV�UpHO�GH�

la PAM. En effet, nous avons dans cette étude préliminaire décidé de tester trois algorithmes 

SHUPHWWDQW�GH�PDQLqUH�LQGpSHQGDQWH�G¶HVWLPHU�OD�3$0�j�SDUWLU�GH�OD�33*� 

Concept physiologique 

Les résultats cités ci-GHVVXV�REWHQXV�SDU�&RXWURW�HW�DO��PRQWUHQW�TX¶LO�H[LVWH�XQH�UHODWLRQ�

OLQpDLUH�HQWUH�OD�YDOHXU�GH�',&SOHWK�HW�OD�3$0�G¶XQ�F{Wp�HW�OH�3,�HW�OD�3$0�G¶XQ�DXWUH�F{Wp� 

Une relation linéaire entre deux paramètres peut être aisément décrite par la formule U� L

�#T�E �$, où y est la variable dépendant de x. A et B sont des paramètres. Dès lors, il est 

SRVVLEOH��HQ�VXSSRVDQW�\� �3$0�HW�[� �',&SOHWK�RX�[� �3,��G¶HVWLPHU�OHV�SDUDPqWUHV�$�HW�%�SDU�

régression linéaire. Il devient ensuite possibOH� G¶HVWLPHU� OD� 3$0�HQ� FRQQDLVVDQW� VHXOHPHQW�

DICpleth ou PI. 

1RXV�IRUPXORQV�O¶K\SRWKqVH�TX¶LO�VHUDLW�SRVVLEOH�G¶HVWLPHU�OD�3$0�HQ�WHPSV�UpHO�j�SDUWLU�

G¶XQH� PHVXUH� FRQWLQXH� GH� ',&SOHWK� RX� 3,� REWHQXH� SDU� DQDO\VH� GH� OD� 33*�� 'HV� PHVXUHV�
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intermittentes de PAM par le brassard serviraient pour calibrer la relation linéaire décrite ci-

dessus et calculer les paramètres A et B. 

Méthode 

Nous avons nommé PlethoMAP XQ� DSSDUHLO� �DLQVL� TXH� OHV� DOJRULWKPHV� TX¶LO� FRQWLHQW��

permettant d'estimer la PAM en continu à partir du signal de PPG. Cette estimation est réalisée 

j�SDUWLU�G¶XQH�FDOLEUDWLRQ�SUHPLqUH�GH�OD�3$0�SDU�XQ�EUDVVDUG�RVFLOORPpWULTXH��3$0RVF��SXLV�

G¶XQH�HVWLPDWLRQ�EDVpH�VXU�O¶DQDO\VH�GH�O¶RQGH�GH�SRXOV�GH�33*� 

8QH�DQDO\VH�GH�O¶RQGH�GH�SRXOV�EDVpH�VXU�OD�33*�D�pWp�PLVH�HQ�°XYUH��7URLV�DOJRULWKPHV�

différents ont été évalués pour estimer la PAM à partir de la PPG (Figure 6): deux basés sur la 

YDULDWLRQ�GH�OD�KDXWHXU�GH�O¶RQGH�GLFURWH�HW�XQ�VXU�OH�3,��/HV�YDOHXUV�HVWLPpHV�RQW�pWp�FRPSDUpHV�

aux mesures ponctuelles du tensiomètre (PAMosc) et à la pression artérielle invasive 

�3$0LQY���,O�HVW�j�QRWHU��TXH�OD�KDXWHXU�UHODWLYH�GH�O¶RQGH�GLFURWH�TXH�QRXV�QRPPRQV�',&SOHWK�

a été nommée NRA (pour notch relative amplitude) dans ce papier, pour la différencier de NAA 

(notch absolute amplitude). 
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Figure 7 &RPSDUDLVRQ�GH�O¶HVWLPDWLRQ�GH�OD�3$0�SDU�O¶DOJRULWKPH�3OHWKR0$3��HQ�EOHX��DX�JROG�VWDQGDUG�

invasif par cathéter artériel (en rouge). Les ronds violets désignent les meVXUHV�SDU�EUDVVDUG��/¶DLUH�YHUWH�

FRUUHVSRQG�j�O
HUUHXU�G¶HVWLPDWLRQ�LQVWDQWDQpH� 

Conclusion 

/
DOJRULWKPH� ��� FHOXL� EDVp� VXU� OD� KDXWHXU� DEVROXH� GH� O¶RQGH� GLFURWH� RX� 1$$�� SHUPHW�

O¶HVWLPDWLRQ�OD�PRLQV�ELDLVpH�SDU�UDSSRUW�DX�WHQVLRPqWUH�HW�j�OD�PHVXUH�LQYDVLYH� Une calibration 

UDSSURFKpH�SHUPHW�XQH�HVWLPDWLRQ�DYHF�XQH� IDLEOH�PDUJH�G¶HUUHXU��/¶HVWLPDWLRQ�GH� OD�3$0�

EDWWHPHQW�SDU�EDWWHPHQW�ORUV�GH�O¶DQHVWKpVLH�JpQpUDOH�j�SDUWLU�GH�OD�33*�SDUDvW�SRVVLEOH�DYHF�

une erreur moyenne acceptable de 11 mmHg. 

PlethoMAP : développements récents 

&HV�GpYHORSSHPHQWV�IRQW�SDUWLH�G¶XQ�DUWLFOH�DFWXHOOHPHQW�HQ�FRXUV�GH�UpGDFWLRQ� 
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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 paramètres DICpleth et PI obtenus à partir de celle-ci. Cependant, les 

DOJRULWKPHV�GpYHORSSpV�pWDLHQW�LQDSSURSULpV�SRXU�XWLOLVHU�GH�PDQLqUH�FRQMRLQWH�O¶LQIRUPDWLRQ�

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 reflète la 

rigidité artérielle et les résistances périphériques [33]. PI est une variable qui reflète la perfusion 

locale [1]. En effet, PI est une mesure directe de la partie pulsatile du signal de PPG, qui est 

XQH� PHVXUH� GX� YROXPH� DUWpULHO� DX� FRXUV� GX� WHPSV�� 3DU� FRQVpTXHQW� QRXV� GLVSRVRQV� G¶XQH�

variable qui estime les résistances artérielles et une variable qui estime le débit sanguin. La 

modélLVDWLRQ�OD�SOXV�VLPSOH�HW�OD�SOXV�LPPpGLDWH�HVW�O¶XWLOLVDWLRQ�GH�OD�ORL�G¶2KP�DSSOLTXp�DX[�

écoulement fluides: Â2� L �3 � 4, avec Â2, la pression de perfusion, Q le débit cardiaque et R, 

les résistances artérielles périphériques. Â2 équivaut à PAM - POD, POD étant la pression 

veineuse de l'oreillette droite. 

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

Iocène dont le rapport figure en annexe. 

De manière parallèle, 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 

SHXYHQW� rWUH� UpVXPpHV� DX[� VHXOHV� YDOHXUV� GH� ',&SOHWK� HW� 3,�� $ILQ� G¶H[WUDLUH� OH� SOXV�

G¶LQIRUPDWLRQ�SRVVLEOH�GX�VLJQDO�GH�33*��QRXV�DYRQV�GpFLGp�G¶XWLOLVHU�OHs évolutions récentes 

en apprentissage par réseaux de neurones. À 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 à toutes les utilisations modernes de reconnaissances 

G¶LPDJHV�PDLV�D�SOXV�UpFHPPHQW�pWp�XWLOLVp�SRXU�GHV�DSSOLFDWLRQV�VXU�VpULHV�WHPSRUHOOHV�[35]. 

8Q�GHV�DYDQWDJHV�VXSSOpPHQWDLUHV�GX�UpVHDX�GH�QHXURQHV�HVW�VD� IDFXOWp�G¶DSSUHQGUH�GHV�

GRQQpHV�GH�O¶HQVHPEOH�GH�OD�cohorte. Un réseau pré-entraîné peut par conséquent prédire la 

PAM sans passer par une phase de calibration par patient. 

Méthode 

Modèle naïf 

Un modèle naïf de référence a été utilisé pour comparer les performances du réseau de 

QHXURQHV��,O�V¶DJLW�G¶XQ�PRGqle qui prédit à chaque battement la valeur de PAM précédemment 

REWHQXH�SDU�EUDVVDUG��,O�V¶DJLW�Oj�G¶XQ�PRGqOH�TXL�UHIOqWH�OHV�FRQGLWLRQV�UpHOOHV�DX�EORF�RSpUDWRLUH�

quand le brassard est la seule source de monitorage pour la PAM. Ceci constitue une référence 

pour tester nos modèles, en effet, un modèle doit présenter une précision strictement supérieure 

au modèle naïf pour être pertinent. 

Modèle mécanistique 

/H�PRGqOH�PpFDQLVWLTXH�HVW�EDVp�VXU�OD�ORL�G¶2KP�DSSOLTXpH�DX[�pFRXOHPHQW�IOXLGHV��Â2� L

�3 � 4��/H�GpELW�FDUGLDTXH�4�SHXW�rWUH�GpFRPSRVp�HQ�YROXPH�G¶pMHFWLRQ�V\VWROLTXH�GX�F°XU�

gauche (SV) et fréquence cardiaque (FC). De par nos recherches en physiologie, PI était 

considéré comme analogue au SV et DICpleth comme analogue à R. La variable PI ne pouvait 

rWUH� XWLOLVpH� WHOOH� TXHOOH� SDUFH� TX¶HOOH� SUpVHQWDLW� VRXYHQW� GHV� FKDQJHPHQWV� WURS� EUXWDX[� SDU�

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 mPI qui est une 
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linéarisation du PI selon la formule I2+ L HJ @sE 5

ÉÂ
A. Nous avons introduit les paramètres 

VXLYDQWV��.�UpJLW�O¶LQWHUDFWLRQ�HQWUH�69�HW�5����HVW O¶LQFHUWLWXGH�VXU�P3,����HVW�O¶LQFHUWLWXGH�VXU�

',&SOHWK�HW�/�HVW�O¶LQWHUFHSW�TXL�FRUUHVSRQG�j�O¶LQFHUWLWXGH�VXU�OD�32'� 

La formule finale obtenue est : 2#/ã L Ù:I2+�E �Ú;:&+%LHAPD�E �Û; �*4�E �Ü . Cette 

formule peut être linéarisée pour obtenir la formule linéaire: 

 2#/ã L =sE �=t�*4 E =u�*4�&+%LHAPD E =v�*4�I2+ E =w�*4�I2+�&+%LHAPD . 

&HWWH�IRUPH�SHUPHW�O¶HVWLPDWLRQ�GHV�SDUDPqWUHV�D��- a5 par des algorithmes de régression 

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

Modèle de réseau neuronal 

Nous avons construit un réseau de neurones profond avec des entrées hétérogènes. En effet 

les entrées sont la courbe de PPG avec un échantillonnage relativement élevé à 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 

FDSWHU�O¶LQIRUPDWLRQ�VXU�OHV�WHQGDQFHV�GHV�YDOHXUV�GH�3,�HW�+5�DX�FRXUV�GX�WHPSV��/HV�UpVHDX[�

de neurones ont été développés et entraînés avec la plateforme PyTorch Lightning [37]. La 

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

Principaux résultats 

Cent dix-QHXI�SDWLHQWV�RQW�pWp�LQFOXV�j�O¶K{SLWDO�/DULERLVLqUH��GRQW����HQ�FKLUXUJLH�GLJHVWLYH�

lourde et 89 en neuroradiologie de Janvier 2015 à Septembre 2018. La durée totale 

G¶HQUHJLVWUHPHQW�HVW�GH�����KHXUHV� 
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Les estimations obtenues avec le modèle naïf 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 OH�PRGqOH�PpFDQLVWLTXH�� O¶HUUHXU�

moyenne absolue obtenue était de 5,2 [3,2 ± 8,4] mmHg. La structure design du réseau de 

QHXURQHV�HW�O¶DMXVWHPHQW�GHV�K\SHUSDUDPqWUHV�HVW�HQFRUH�HQ�FRXUV��/HV�UpVXOWDWV�SUpOLPLQDLUHV�

montrent des valeurs de MAE du même ordre de grandeur que le modèle mécanistique (MAE 

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

Sur la courbe de PPG, le réseau de neurones accorde un poids particulièrement important à 

OD�UpJLRQ�DXWRXU�GH�O¶RQGH�GLFURWH�PDLV�pJDOHPHQW�DXWRXU�GX�SLF�V\VWROLTXH��&HFL�HVW�LOOXVWUp�j�

O¶DLGH�G¶XQH�FDUWH�GH�VDLOODQFH��HQ�DQJODLV�©�saliency map ») en Figure 9. Ces résultats sont en 

accord avec notre interprétation physiologique du signal de PPG. Un exemSOH�G¶HVWLPDWLRQ�GH�

O¶pYROXWLRQ�GH�OD�3$0�SDU�OH�UpVHDX�GH�QHXURQHV�HVW�SUpVHQWp�VXU�OD Figure 10. 

Conclusion 

Ces résultats montrent une amélioration nette du pouvoir prédictif à la fois du modèle 

mécanistique et du modèle neuronal comparé aux algorithmes simplistes de notre précédent 

SDSLHU��&HFL�PRQWUH�O¶LQWpUrW�GH�OD�PRGpOLVDWLRQ��DXVVL�ELHQ�PpFDQLVWLTXHV�TXH�VWDWLVWLTXH�GDQV�

la création du PlethoMAP. 
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Figure 8 Structure couche par couche du réseau de neurones 

 

 

Figure 9 ©�6DOLHQF\�PDS�ª�PRQWUDQW�OHV�]RQHV�G¶LQWpUrW�GpFRXYHUWHV�SDU�OH�UpVHDX�GH�QHXURQHV�VXU�OH�VLJQDO�

de PPG. Des couleurs plus claires sigQLILHQW�SOXV�G¶LPSRUWDQFH� 
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Figure 10 Comparaison des modèles sur un exemple de cas. En vert : mesure de référence obtenue par 

cathéter artériel invasif. En pointillée : modèle naïf. En orange : estimation par le modèle mécanistique. En 

bleu : estimation par le réseau de neurones profond. 
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CHAPITRE 3: Modèle PK/PD de la noradrénaline 

&RPPH�QRXV�O¶DYRQV�GpMj�GLW��QRWUH�REMHFWLI�HVW�GH�GpYHORSSHU�GHV�RXWLOV�G¶RSWLPLVDWLRQ�GH�OD�

SUHVVLRQ�DUWpULHOOH�DX�EORF�RSpUDWRLUH��/H�GpYHORSSHPHQW�G¶XQ�LQVWUXPHQW�FRPPH�OH�3OHWKR0$3�

SHUPHW� G¶HQYLVDJHU� G¶DYRLU� XQ� V\VWqPH� GH� FRUUHFWLRQ� GH� O¶K\SRWHQVLRQ� Hn temps réel, 

potentiellement automatisé et asservi à la mesure de la PAM pour tout patient passant au bloc 

RSpUDWRLUH��7RXWHIRLV��SRXU�FH�IDLUH��LO�HVW�LPSpUDWLI�G¶DYRLU�GHV�LQIRUPDWLRQV�SKDUPDFRORJLTXHV�

fiables du ou des médicaments couramment utilisé au EORF�RSpUDWRLUH�SRXU�WUDLWHU�O¶K\SRWHQVLRQ�

artérielle. Nous avons fait le choix de nous intéresser à la noradrénaline à faible concentration 

TXL�VHPEOH�GHYHQLU�OH�PpGLFDPHQW�GH�FKRL[�SRXU�OD�FRUUHFWLRQ�GH�O¶K\SRWHQVLRQ�DUWpULHOOH�DX�

bloc opératoire. 

Ainsi, Dans un article original, en cours de soumission, nous décrivons la mise au point une 

PRGpOLVDWLRQ� 3.�3'� GH� OD� QRUDGUpQDOLQH� IDLEOHPHQW� GRVpH� WHOOH� TX¶HOOH� HVW� XWLOLVpH� DX� EORF�

RSpUDWRLUH�SRXU�WUDLWHU�O¶K\SRWHQVLRQ�OLpH�j�O¶DQHVWKpVLH� 

Ce travail a égalePHQW�FRQGXLW�j�OD�WKqVH�GH�GRFWHXU�HQ�PpGHFLQH�DLQVL�TX¶DX�GLSO{PH�GH�

Master 2 de Thomas Lefèvre. 

Introduction 

Rôle de la noradrénaline 

/D�QRUDGUpQDOLQH�DSSDUWLHQW�DX�JURXSH�GHV�FDWpFKRODPLQHV��F¶HVW�XQH�PRQRDPLQH�QRQ�

substituée (Figure 11). Elle peut agir comme un neurotransmetteur, mais également comme 

XQH�KRUPRQH��RQ�O¶DSSHOOH�SDUIRLV KRUPRQH�GX�VWUHVV´��&¶HVW�FHWWH�IRQFWLRQ�KRUPRQDOH�TXL�YD�

nous intéresser dans ce travail. 
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En tant que neurotransmetteur, la noradrénaline est libérée par les neurones 

adrénergiques du système nerveux central, notamment le tronc cérébral. Elle est chargée de 

WUDQVPHWWUH�OHV�LQIRUPDWLRQV�VRXV�IRUPH�G¶LPSXOVLRQ�pOHFWULTXH�DX[�GLIIpUHQWHV�SDUWLHV�Gu corps 

HQ�UHODWLRQ�DYHF�O¶DQ[LpWp� 

En tant qu¶hormone��HOOH�HVW�V\QWKpWLVpH�GDQV�OHV�JODQGHV�VXUUpQDOHV�j�SDUWLU�GH�O¶DFLGH�

aminé nommé Tyrosine puis libérée dans le sang. Parmi ses fonctions hormonales, on peut 

mettre en avant la stimulation de la producWLRQ�G¶DGUpQDOLQH�GDQV� OH� FRUSV�� SURYRTXDQW�XQH�

DXJPHQWDWLRQ�GH�OD�YLJLODQFH�HW�GH�O¶DWWHQWLRQ�IRFDOLVpH��FH�TXL�SHUPHW�XQH�PHLOOHXUH�FDSDFLWp�

de réaction comportementale face à des événements potentiellement dangereux. 

 

Figure 11 Structure moléculaire de la noradrénaline 

Biosynthèse de la noradrénaline et distribution tissulaire 

La biosynthèse de la noradrénaline se fait dans les neurones post-ganglionnaires du système 

nerveux sympathique et dans les cellules chromaffines de la médullosurrénale (Figure 12). La 

voie métabolique conduisant à la synthèse de la noradrénaline est identique dans les deux lieux 

de synthèse, partant de deux acides aminés essentiels que sont la phénylalanine et la tyrosine. 

/¶pWDSH�OLPLWDQWH�HVW�FHOOH�TXL�WUDQVIRUPH�OD�W\URVLQH�HQ�'23$�SDU�OD�/-tyrosine hydroxylase. 

Secondairement, la DOPA est transformée en dopamine dans le cytosol. La noradrénaline est 
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quant à elle proGXLWH� j� SDUWLU�GH� OD�GRSDPLQH��(QILQ� O¶DGUpQDOLQH� HVW� SURGXLWH� j�SDUWLU�GH� OD�

noradrénaline dans les cellules chromaffines de la médullo-surrénale.  

 

Figure 12 Biosynthèse de la Noradrénaline 

 

La glande PpGXOORVXUUpQDOH�HVW�O¶RUJDQH�OH�SOXV�ULFKH�HQ�FDWpFKRODPLQHV��(OOH�FRQWLHQW�

EHDXFRXS�SOXV�G¶DGUpQDOLQH�TXH�GH�QRUDGUpQDOLQH��/HV�ILEUHV�SRVW-synaptiques sympathiques 

V\QWKpWLVHQW� GH� OD� QRUDGUpQDOLQH�� PDLV� SDV� G¶DGUpQDOLQH�� /HV� WLVVXV� j� IRUWH� LQQHUYDWLRQ�

s\PSDWKLTXH��F°XU�HW�YDLVVHDX[��FRQWLHQQHQW�GRQF�EHDXFRXS�GH�QRUDGUpQDOLQH��,OV�SHXYHQW�HQ�

RXWUH� IL[HU� OHV� FDWpFKRODPLQHV� FLUFXODQWHV� FRPPH� O¶DGUpQDOLQH��/H� FHUYHDX� HVW�� TXDQW� j� OXL��

EHDXFRXS�SOXV�ULFKH�HQ�QRUDGUpQDOLQH�HW�GRSDPLQH�HW�FRQWLHQW�WUqV�SHX�G¶DGrénaline. 
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Libération de la noradrénaline 

La libération de la noradrénaline, produite dans les neurones post-ganglionnaires, se fait 

SDU�H[RF\WRVH�VRXV�O¶HIIHW�GH�O¶LQIOX[�QHUYHX[�GX�V\VWqPH�V\PSDWKLTXH��&HWWH�OLEpUDWLRQ�HVW�VRXV�

la dépendance de la noradrénaline elle-PrPH�DLQVL� TXH�G¶DXWUHV�QHXURWUDQVPHWWHXUV�YLD�GHV�

récepteurs présynaptiques. &HUWDLQV� GH� FHV� UpFHSWHXUV� YRQW� VWLPXOHU� OD� OLEpUDWLRQ� ����

DGUpQHUJLTXHV���SHQGDQW�TXH�G¶DXWUHV�YRQW�O¶LQKLEHU��.��DGUpQHUJLTXHV��PXVFDULQLTXHV«���/D�

noradrénaline quL� Q¶HVW� QL� FDSWXUpH� QL� IL[pH� VXU� OHV� UpFHSWHXUV� SRVW-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 où 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 

/D� FRQFHQWUDWLRQ� SODVPDWLTXH� G¶XQH� VXEVWDQFH� HVW� OD� UpVXOWDQWH� G¶XQH� SDUW� GH� VD�

OLEpUDWLRQ�HW�G¶DXWUH�SDUW�GH�VD�FDSWXUH�SDU�OHV�WLVVXV�HW�GH�VRQ�FDWDEROLVPH� 

Dans les conditions de repos, les concentrations plasmatiques de noradrénaline sont faibles 

�PRLQV� GH� �� QPRO�/�� PDLV� HOOHV� SHXYHQW� V¶pOHYHU� HQ� FRQGLWLRQ� SK\VLRORJLTXH� �SDVVDJH� HQ�

SRVLWLRQ�GHERXW��HIIRUW��VWUHVV��SHXU�«��� 

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

noradrénaline endogène de la noradrénaline exogène. 
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Propriétés physicochimiques  

La noradrénaline est un neurotransmetteur de petit poids moléculaire avec un caractère 

hydrophile. Elle ne diffuse pas à travers les membranes cellulaires mais les traversent par 

exocytose ou par des transporteurs transmembranaires spécifiques. Elle interagit avec des 

UpFHSWHXUV�PHPEUDQDLUHV�TXL�DFWLYHQW�XQH�FDVFDGH�HQ]\PDWLTXH�j�O¶RULJLQH�G¶HIIHWV�FHOOXODLUHV��

organiques et systémiques. 

Une fois libérée dans la f�v����Çv���]�µ���}µ��o[�((������o[]v(oµÆ�v��À�µÆ�À]��o���}��v�]�o�

�[���]}v���� o[�v�� ���[]}v����o�]µuU� o��v}���� v�o]v����µ���o}������ o]����µÆ�� �����µ����}��-

synaptiques ôí� ��� t� ��� �]v�]� �}v��]�µ��� �� o�� ���v��µ��]}v� �µ� �]Pv�o� }µ� !tre recaptée en 

présynaptique par un transporteur membranaire sélectif NET pour être recyclée dans le neurone 

noradrénergique. Après passage dans la circulation systémique, la noradrénaline peut être 

captée par un récepteur ô2 de cellule non-neuronale, notamment les cellules musculaires 

lisses vasculaires��RX�VXELU�OH�PpWDEROLVPH�G¶pOLPLQDWLRQ�HQ]\PDWLTXH� 

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 très courte demi-vie. On peut décrire deux principaux 

compartiments différents dégradant la noradrénaline : 

/H�OLHX�GH�V\QWKqVH��F¶HVW-à-GLUH�O¶HVSDFH�LQWHU-synaptique où la noradrénaline est capturée 

par le neurone présynaptique et, est soit dégradée par la Monoamine oxydase (MAO), soit de 

QRXYHDX�H[FUpWpH�GDQV�O¶HVSDFH�LQWHU-synaptique [41, 42]. 
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La dégradation extraneuronale, où 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]. /D�&207��GRQW�O¶DFWLRQ�HVW�XQH�2-méthylation��V¶REVHUYH�GDQV�le cytosol. On 

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

Approximativement 90% des catécholamines endogènes sont éliminées dans les urines sous 

forme inactive [39]. /¶H[FUpWLRQ� GHV� PpWDEROLWHV� LQDFWLIV� VH� IDLW� SDU� OHV� UHLQV. Certaines 

REVHUYDWLRQV�H[SpULPHQWDOHV�IRQW�pWDW�G¶XQH�pOLPLQDWLRQ�SXOPRQDLUH� 

La noradrénaline exogène  

Aussi appelée molécule sympathomimétique, car elle se lie aux récepteurs du système 

nerveux sympathique et a un effet agoniste, la noradrénaline exogène possède les mêmes 

SURSULpWpV� TXH� VRQ� pTXLYDOHQW� HQGRJqQH� XWLOLVpH� HQ� WDQW� TX¶KRUPRQH�� (Q� UHYDQFKH�� VRQ�

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

Utilisation de la noradrénaline en pratique clinique  

La noradrénaline exogène possède les mêmes propriétés que son équivalent endogène 

XWLOLVpH�HQ�WDQW�TX¶KRUPRQH��(Q�UHYDQFKH��VRQ�FDWDEROLVPH�HVW�H[FOXVLYHPHQW�H[WUDQHXURQDO��

impliquant les MAO et les COMT. Les effets de la noradrénaline sont essentiellement 
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vasoconstricteurs veineux et artériel et, à moindre mesure inotrope positif, conduisant à 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 première intention dans 

les états de choc, une enquête 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]. (Q�������XQH�pWXGH�PHQpH�SDU�O¶pTXLSH�GH�'H�%DNHU�HW�DO�FRPSDUDQW�

la noradrénaline et la dopamine chez plus de 1000 patients en état de choc a montré une 

tendance à la diminution de mortalité à 28 jours en faveur de la noradrénaline et un nombre 

VLJQLILFDWLYHPHQW�SOXV�IDLEOH�G¶HIIHW�VHFRQGDLUH�HQ�IDYHXU�GH�OD�QRUDGUpQDOLQH�[46]. '¶DXWUH�SDUW��

une analyse en sous-groupes incluant les chocs cardiogéniques, mettait en évidence une 

mortalité à 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 bloF� RSpUDWRLUH�� O¶DQHVWKpVLVWH-réanimateur a le choix entre différents agents 

FDWpFKRODPLQHUJLTXHV� YDVRFRQVWULFWHXUV� DILQ� GH� WUDLWHU� O¶K\SRWHQVLRQ� DUWpULHOOH� LQGXLWH� SDU�

O¶DQHVWKpVLH�� 3DUPL� FHV� PpGLFDPHQWV�� OHV� WURLV� SULQFLSDOHPHQW� XWLOLVpV� VRQW� O¶pSKpGULQH� la 

phényléphrine et la noradrénaline. Durant ces dernières années, la noradrénaline gagne une 

SODFH� GH� FKRL[� GDQV� OH� WUDLWHPHQW� GH� O¶K\SRWHQVLRQ� DUWpULHOOH� LQGXLWH� SDU� O¶DQHVWKpVLH�� DYHF�

QRWDPPHQW�O¶DYqQHPHQW�GH�OD�QRUDGUpQDOLQH�GLOXpH�RX�©�%DE\QRUDGUpQDOine » [31] permettant 

XQH�XWLOLVDWLRQ�HQ�EROXV�HW�HQ�SHUIXVLRQ�FRQWLQXH�VXU�GHV�YRLHV�G¶DERUG�FODVVLTXHV��YRLH�YHLQHXVH�

SpULSKpULTXH���'H�SOXV��OD�QRUDGUpQDOLQH�SHUPHW�G¶DXJPHQWHU�OD�SUHVVLRQ�DUWpULHOOH�DYHF�XQ�HIIHW�

limité sur la baisse du débit cardiaque, en comparaison avec la phényléphrine, permettant ainsi 
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GH�SUpVHUYHU�OD�SHUIXVLRQ�G¶RUJDQH�[26]. /¶pSKpGULQH�TXDQW�j�HOOH�Q¶HVW�SDV�XWLOLVpH�HQ�SHUIXVLRQ�

FRQWLQXH�HQ�UDLVRQ�G¶XQH�WDFK\SK\OD[LH��OD�UHQGDQW�LQHIILFDFH�DX-GHOj�G¶XQH�FHUWDLQH�GRVH� 

Ces résultDWV�HW� O¶pYROXWLRQ�GHV�SUDWLTXHV�H[SOLTXHQW�TXH�OD�QRUDGUpQDOLQH��GLOXpH�HW�j�

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

Modèle pharmacocinétique / pharmacodynamique (PKPD) de la 

noradrénaline en anesthésie  

La dose nécessaire de noradrénaline pour restaurer la pression artérielle ainsi que sa 

GXUpH�G¶DFWLRQ�HVW�YDULDEOH�VHORQ� OHV�SDWLHQWV��$ILQ�GH�SHUPHWWUH�XQH�VWDELOLWp�GH� OD�SUHVVLRQ�

DUWpULHOOH��LO�HVW�QpFHVVDLUH�GH�SRXYRLU�FRQWU{OHU�ILQHPHQW�O¶administration de noradrénaline et 

GH�O¶DGDSWHU�DX[�FDUDFWpULVWLTXHV�GX�SDWLHQW��$�O¶KHXUH�DFWXHOOH��SHX�GH�WUDYDX[�VH�VRQW�LQWpUHVVpV�

j� O¶pODERUDWLRQ� G¶XQ� PRGqOH� SKDUPDFRFLQpWLTXH� �� SKDUPDFRG\QDPLTXH� �3.3'�� GH� OD�

noradrénaline. 

/H� GpYHORSSHPHQW� G¶XQ� PRGqOe PKPD nécessite une étude clinique incluant une 

DGPLQLVWUDWLRQ�VWDQGDUGLVpH�GH�QRUDGUpQDOLQH��O¶DQDO\VH�HW�OD�PRGpOLVDWLRQ�GH�OD�YDULDELOLWp�GDQV�

OD� SRSXODWLRQ� pWXGLpH�� O¶DQDO\VH� GH� O¶HIIHW� GX� PpGLFDPHQW� HW� GHV� GRVDJHV� SODVPDWLTXHV� GX�

médicament en question, ici la noradrénaline. Le but de cette étude était de développer un 

modèle PK/PD qui pourrait permettre la perfusion à objectif de concentration de la 

QRUDGUpQDOLQH�FKH]�O¶KRPPH�DILQ�GH�FRUULJHU�O¶K\SRWHQVLRQ�VRXV�DQHVWKpVLH�DX�EORF�RSpUDWRLUH� 

Matériel et Méthodes 

&HWWH�pWXGH�D�pWp�HIIHFWXpH�GDQV�OH�GpSDUWHPHQW�G¶DQHVWKpVLH-UpDQLPDWLRQ�GH�O¶K{SLWDO�

/DULERLVLqUH�j�3DULV��HQWUH�QRYHPEUH������HW�PDUV������� ,O�V¶DJLVVDLW�G¶XQ�WUDYDLO�SURVSHFWLI�
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PRQRFHQWULTXH�HW�QRQ�UDQGRPLVp��&RPLWp�G¶pWKLTXH���&33�6XG-Ouest NOR-PHARM : 1-17-42 

avec inscription à ClinicalTrials��1&7����������/HV� SDWLHQWV� pWDLHQW� LQIRUPpV� DYDQW� O¶DFWH�

FKLUXUJLFDO�TX¶LOV�SDUWLFLSDLHQW�DX�SURWRFROH�HW�GHYDLHQW�VLJQHU�XQH�IHXLOOH�GH�FRQVHQWHPHQW� 

Timing des dosages 

'X�IDLW�G¶XQH�FRQQDLVVDQFH�OLPitée sur la pharmacocinétique de la noradrénaline au bloc 

RSpUDWRLUH��OHV�WLPLQJV�GHV�GRVDJHV�SRXU�O¶DQDO\VH�GX�EROXV�HW�GH�OD�SHUIXVLRQ�FRQWLQXH�VH�EDVHQW�

sur des données de pharmacologie générale. En ce qui concerne le bolus, la demi-vie très courte 

(2-3min) et les nombreuses voies de dégradation nous ont amené à décider du protocole de 

prélèvement exposé ci-GHVVRXV��/¶DQDO\VH�GX�EROXV�pWDLW�REWHQXH�j�O¶DLGH�GH���SUpOqYHPHQWV�

UpDOLVpV�j�7��GX�EROXV�MXVWH�DYDQW�O¶DGPLQLVWUDWLRQ�SXLV�7����7����7���HW�7����Vecondes. 

&RQFHUQDQW�O¶DGPLQLVWUDWLRQ�HQ�SHUIXVLRQ�FRQWLQXH��O¶pWDW�GH�OD�FRQQDLVVDQFH�DFWXHOOH�IDLW�

pWDW�G¶XQH�SKDUPDFRFLQpWLTXH�DYHF�XQH�pOLPLQDWLRQ�UDSLGH���-��PLQXWHV��G¶RUGUH���RX�VXSpULHXU�

[47]. /RUV� G¶XQH� SHUIXVLRQ� FRQWLQXH�� OH� WHPSV� QpFHVVDLUH� SRXU� atteindre 50% du plateau 

correspond à une demi-vie [48]. Par conséquent, à partir de 3 demi-vies nous serons à 88% du 

plateau. 

/¶DGPLQLVWUDWLRQ�GH�OD�QRUDGUpQDOLQH�VH�IDLVDLW�VXU�XQH�YRLH�YHLQHXVH�SpULSKpULTXH�GpGLpH�

DYHF�OH�URELQHW�G¶DGPLQLVWUDWLRQ�SODFp�au plus près du cathéter et un rinçage 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 

SUpFLVLRQ�G¶Xn dixième de millilitre grâce au logiciel InfuPy que nous avons développé [49]. 

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

prélèvement situé au plus près 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 

/H�ODERUDWRLUH�GH�ELRORJLH�PpGLFDOH�GH�O¶K{SLWDO�/DULERLVLqUH��3U�Callebert), possédant 

une expertise quant au dosage des catécholamines plasmatiques et urinaires, a été consulté en 

amont et son accord a été obtenu quant à sa participation au projet nous permettant ainsi 

G¶REWHQLU�VDQV�GLIILFXOWp�XQ�GRVDJH�SODVPDWLTXH�GH�QRUDGUpQDOLQH�ORUV�GH�QRV�LQFOXVLRQs. 

Les prélèvements étaient recueillis dans des tubes héparinés ou EDTA sur glace et 

envoyés immédiatement au laboratoire. Le refroidissement immédiat des prélèvements 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 à haute performance (HPLC) 

couplée à une détection électrochimique. Avant la séparation chromatographique, la 

QRUDGUpQDOLQH� HVW� H[WUDLWH�GX�SODVPD�SDU� DEVRUSWLRQ� VpOHFWLYH� VXU� O¶K\GUR[\GH�G¶DOXPLQLXP��

$SUqV� pOXWLRQ� DFLGH�� O¶éluat HVW� LQMHFWp� VXU� XQ� V\VWqPH� +3/&� PXQL� G¶XQH� FRORQQH�

(Chromosystems, Gräfelfing, Germany) et une phase mobile dédiée au dosage des amines 

biogènes. Ce système (Coularray, ESA) permet une séparation spécifique et une quantification 

fiable de la noradrénaline dans le plasma. 

Modèle PK 

La concentration plasmatique de la noradrénaline en fonction du temps était décrite en 

utilisant des modèles mamillaires. Des modèles de 1, 2 et 3 compartiments étaient testés. Le 

modèle à 3 compartiments permettait les meilleures performances. Les modèles mamillaires 

sont formalisés grâce à des équations différentielles qui décrivent les lois de diffusion qui 
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UqJQHQW�HQWUH�OHV�FRPSDUWLPHQWV��/D�FRQFHQWUDWLRQ�GX�FRPSDUWLPHQW�FHQWUDO��&F��VHUW�G¶HQWUpH�

pour le modèle 3'� HW� H[SOLTXH� O¶HIIHW� VXU� OD� SUHVVLRQ� DUWpULHOOH�� /H� V\VWqPH� G¶pTXDWLRQV�

différentielles qui définit le modèle est le suivant: 

 

La concentration plasmatique peut alors être obtenue par: 

 

/H�PRGqOH�j���FRPSDUWLPHQWV�TXH�QRXV�DYRQV�DQDO\Vp�pWDLW�FRPSRVp�G¶XQ�FRPSDUWLPHQW�

FHQWUDO� TXL� FRUUHVSRQG� DX� SODVPD� HW� G¶XQ� FRPSDUWLPHQW� SpULSKpULTXH� TXL� FRUUHVSRQG� j� XQ�

compartiment tampon possiblemHQW�UHSUpVHQWDWLI�GH�O¶HQGRWKpOLXP� 

Le compartiment dépôt servait à modéliser la convection de la noradrénaline injectée alors 

TX¶HOOH�V¶KRPRJpQpLVH�GDQV�le plasma après administration intraveineuse. 

Ac, Ap et Ad représentent respectivement la dose de noradrénaline dans le compartiment 

FHQWUDO�� SpULSKpULTXH� HW� GpS{W�� /D� FRQVWDQWH� G¶DEVRUSWLRQ� GX� FRPSDUWLPHQW� $G� YHUV� OH�

compartiment Ac est proportionnelle à #@	����pWDQW�XQ�SDUDPqWUH�GX�PRGqOH��N����N���HW�ND�

représentent respectivement les constantes de diffusion du compartiment central vers le 

compartiment périphérique et du compartiment dépôt vers le compartiment central. k10 est la 

FRQVWDQWH�G¶pOLPLQDWLRQ��&HQGR�HVW�OD�FRQFHQWUDWLRQ�EDVDOH�SK\VLRORJLTXH�GDQV�OH�SODVPD�DYDQW�

administration exogène. Vc est le volume du compartiment central. 
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Figure 13 Structure du modèle PK 

Modèles PKPD 

Modèle empirique 

L'une des familles de modèles de pharmacodynamie les plus courantes est celle des modèles 

Emax. Cette famille de modèles décrit l'effet (E - ici la pression artérielle moyenne) en termes 

d'effet basal lorsqu'aucun médicament n'est présent (E0), d'effet maximal lorsque des doses 

croissantes de médicament ne peuvent pas entraîner une augmentation supplémentaire de l'effet 

(Emax), et de EC50, la concentration de médicament qui entraîne un effet à mi-chemin entre 

E0 et Emax. Ces paramètres du modèle sont utilisés pour paramétrer une courbe de réponse 

sigmoïde. 

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

Ce modèle peut être formulé de la façon suivante: 
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En utilisant l'analogie électronique-hydraulique et en prenant en compte les conditions 

initiales, cette équation peut être réécrite comme suit : 

 

E est la pression artérielle moyennH��0$3���&�HVW�OD�IUpTXHQFH�QDWXUHOOH�QRQ�DPRUWLH����HVW�

le rapport d'amortissement. 

Modèle de mélange 

Afin d'examiner s'il existe des sous-populations d'individus dont les réponses sont décrites 

par le modèle Emax ou le modèle Windkessel, nous avons utilisé un modèle de mélange entre 

sujets (BSMM). Dans ce modèle, chaque patient peut se voir attribuer un modèle structurel, 

Emax ou Windkessel, selon le modèle qui décrit le mieux la réponse du patient. Une probabilité 

p est estimée comme étant la proportion de patients décrits au mieux par le modèle Emax. Le 

modèle 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 

Modèle PK 

Les trois modèles ont été ajustés individuellement. Le modèle 3 montre un critère 

d'information minimal (AIC, BIC) et présente la meilleure performance pour expliquer la 

pharmacocinétique de la noradrénaline dans notre population.  

Modèle PK/PD : 2 types de modèles 

Après avoir estimé les paramètres des modèles PK et PD individuellement et après avoir 

sélectionné les meilleurs modèles, nous avons effectué des estimations pour les modèles PKPD 

conjoints en utilisant les distributions de paramètres estimées précédemment comme valeurs 

initiales. 
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Nous avons d'abord testé le modèle Emax Hill. Lors d'une inspection visuelle, nous avons 

noté que la qualité de l'ajustement était globalement satisfaisante, mais que plusieurs patients 

présentaient un "undershoot" de la pression artérielle après l'administration en bolus de 

noradrénaline, comme le montre l'annexe supplémentaire 6. 

Cet effet, qui était notable chez certains patients mais pas chez tous, ne pouvait pas être 

modélisé à l'aide d'un modèle Emax classique, car ces modèles ne peuvent pas prédire la 

pression artérielle en dessous de la ligne de base (E0). Afin de modéliser le comportement 

observé chez certains patients, il est apparu nécessaire d'introduire un modèle de second ordre. 

Le modèle de Windkessel a été choisi comme modèle 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 modèle de mélange (BSMM) des modèles Emax et 

Windkessel a été testé afin d'affirmer l'existence de deux sous-populations différentes dans 

notre population d'étude. 
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CHAPITRE 4: Discussion et Perspectives 

Perspectives PlethoMAP 

Construction du prototype et brevet AP-HP 

Afin de concrétiser les travaux rpDOLVpV� DXWRXU� GH� O¶DOJRULWKPH�3OHWKR0$3�� QRXV� DYRQV�

construit un appareil prototype intégrant l'algorithme PlethoMAP et pouvant estimer la PAM 

en temps réel en situation clinique au bloc opératoire. 

 

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 

3$0�SDU�O¶DOJRULWKPH�3OHWKR0$3� 

/¶LGpH�GX�3OHWKR0$3�D�pWp�SURWpJpH�SDU�O¶$3-HP sous le brevet portant le numéro INPI 

17/62978 [4, 5]. Cette innovation a reçu le prix du Brevet Prometteur AP-HP 2021. 
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Amélioration du recueil systématisé 

À la suite de nos premières publications, alors que nous avions des besoins croissants de 

recueil de données en haute-fidélité pour procéder à des vérifications physiologiques et des 

calibrations de modèles, nous avons entamé une collaboration avec la société Philips pour tester 

HW� DLGHU� j� OD�PLVH� DX� SRLQW� G¶XQH� VROXWLRQ� GH� VWRFNDJH� KDXWH-fidélité et à large échelle des 

données des moniteurs patients (« scopes »). 

,O�V¶DJLW�GH�OD�VROXWLRQ�©�'DWD:DUHKRXVH�&RQQHFW�ª�FRPPHUFLDOLVpH�SDU�3KLOLSV��TXL�SHUPHW�

O¶HQUHJLVWUHPHQW�HQ�WHPSV�UpHO�GH�O¶HQVHPEOH�GH�GRQQpHV�SUpVHQWHV�VXU�OHV�PRQLWHXUV�SDWLHQWV��

à savoir les chiffres mais également les courbes en haute définition et les alarmes. Cela 

concerne également tous les appareils tiers qui peuvent être reliés au moniteur comme des 

ventilateurs, des moniteurs GH�GpELW�FDUGLDTXH�RX�G¶((*��GHV�SRXVVHV-seringues électriques ou 

encore des machines de dLDO\VH�RX�G¶(&02«�7RXWHV�FHV�GRQQpHV�VRQW�HQUHJLVWUpHV�GH�PDQLqUH�

synchronisée dans une base de données. 

-¶DL�pWp�GqV�OH�ODQFHPHQW�HQ�0DUV������OH�UpIpUHQW�WHFKQLTXH�j�O¶K{SLWDO�/DULERLVLqUH�SRXU�OD�

gestion de cette base de données. Nous avons progressivemHQW�DXJPHQWp�O¶pWHQGXH�GX�UHFXHLO�

pour couvrir actuellement 20 lits de blocs opératoires et maternité et 28 lits de soins intensifs 

et réanimation. Le tableau ci-GHVVRXV�UpVXPH�O¶HQYHUJXUH�GHV�GRQQpHV�UpFROWpHV�DYHF�SOXV�GH�

20 000 patients en chirurgie générale et plus de 3000 patients de réanimation recueillis en Mars 

2022. 
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UHTXLHUW� XQH� pWDSH�PDWKpPDWLTXH�SDUFH�TX¶LO� HVW� QpFHVVDLUH�G¶LQYHUse le modèle PK/PD. En 

effet, le modèle PK/PD permet de prédire les changements en concentration plasmatique ou de 

SUHVVLRQ�DUWpULHOOH�PR\HQQH��VDFKDQW�OD�GRVH�GH�QRUDGUpQDOLQH�DGPLQLVWUpH��/¶XWLOLVDWLRQ�HQ�HQ�

objectif de concentration nécessite de résoudre le problème inverse, à savoir quelle est la dose 

GH�QRUDGUpQDOLQH�j�LQMHFWHU�DILQ�G¶REWHQLU�OD�FRQFHQWUDWLRQ�SODVPDWLTXH�RX�O¶HIIHW�GpVLUp��/HV�

problèmes inverses représentent une branche intéressante des mathématiques et plusieurs 

approches peuvent être utilisées pour répondre à cette question. 

Entrainement temps réel 

Le modèle 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 paraît illusoire de vouloir prédire la pression artérielle 

XQLTXHPHQW�VXU�EDVH�GH� OD�GRVH�GH�QRUDGUpQDOLQH��8QH�PXOWLWXGH�G¶DXWUHV�IDFWHXUV�VRQW�ELHQ�

HQWHQGX�LPSOLTXpV��QRWDPPHQW�OD�GRVH�G¶K\SQRWLTXHV��OHV�FRPRUELGLWpV�GX�SDWLHQW��OD volémie, 

etc. On peut améliorer la prédiction si on tente de prédire des variations de pression artérielle 

plutôt que la valeur absolue. 

En revanche, les estimations sont excellentes lors de l'entraînement individualisé. Si on 

RIIUH�j�O¶DOJRULWKPH�GHV�pFKantillons précédents de monitorage et notamment sa réponse à la 

QRUDGUpQDOLQH��O¶HVWLPDWLRQ�GH�OD�SUHVVLRQ�DUWpULHOOH�SDU�OH�PRGqOH�3.3'�HVW�H[DFWH�j�O¶RUGUH�GH�

grandeur du mmHg. Il paraît tout à fait possible de nourrir en temps réel le modèle 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 à mesure que des informations supplémentaires sont 

GLVSRQLEOHV��/HV�DYDQFpHV�UpFHQWHV�VXU�O¶LQWHUFRQQH[LRQ�GX�PDWpULHO�PpGLFDO�UHndent ce type 

G¶DSSOLFDWLRQ�GH�SOXV�HQ�SOXV�UpDOLVWH� 

Asservissement aux hypnotiques 

,OV�H[LVWHQW�DXMRXUG¶KXL�GHV�PRGqOHV�3.3'�SRXU�OH�SURSRIRO�R��O¶HIIHW�SUpGLW�Q¶HVW�QRQ�SDV�

OD�VpGDWLRQ�PDLV�O¶HIIHW�VXU�OD�SUHVVLRQ�DUWpULHOOH�[58, 59]. Ainsi, il devient DXMRXUG¶KXL�SRVVLEOH�

G¶DQWLFLSHU�GHV�pSLVRGHV�G¶K\SRWHQVLRQ�DSUqV�DGPLQLVWUDWLRQ�GH�SURSRIRO�SDU�OD�PRGpOLVDWLRQ�

DYDQW�G¶DGPLQLVWUHU� OH�PpGLFDPHQW�DX�SDWLHQW��'¶DXWUHV�pWXGHV�VRQW�QpFHVVDLUHV�j�SOXV� ODUJH�

pFKHOOH�HW�QRWDPPHQW�HQ�pWXGLDQW�O¶LQWHUDFWLRQ�DYHF les opioïdes. Nous envisageons des études 

XOWpULHXUHV�GDQV�FH�VHQV�VXU�QRWUH�EDVH�GH�GRQQpHV��'qV�ORUV�TXH�O¶K\SRWHQVLRQ�HQJHQGUpH�SDU�



57 

O¶DQHVWKpVLH�GHYLHQW�SUpYLVLEOH��HW�FHOD�GH�PDQLqUH�LQGLYLGXDOLVpH�SRXU�OH�SDWLHQW�HQ�TXHVWLRQ��HW�

TXH�QRXV�GLVSRVRQV�G¶XQ�PRGqOH�3.3'�SRXU�OD�QRUDGUpQDOLQH��LO�GHYLHQW�SRVVLEOH�G¶DVVHUYLU�OD�

SHUIXVLRQ�GH�QRUDGUpQDOLQH�j�OD�SHUIXVLRQ�G¶K\SQRWLTXH�SRXU�SUpYHQLU�HQ�WHPSV�UpHO�OHV�HIIHWV�

G¶K\SRWHQVLRQ� DYDQW� TX¶LOV� QH� V¶LQVWDOOHQW�� SUpYHQDQW� DLQVL� O¶K\SRSHUIXVLRQ� HW� OD� PRUELGLWé 

DVVRFLpH�j�O¶K\SRWHQVLRQ� 

Boucle fermée 

8QH�DSSOLFDWLRQ�LQWpUHVVDQWH�HW�LQQRYDQWH�HVW�O¶DGPLQLVWUDWLRQ�GH�OD�QRUDGUpQDOLQH�HQ�ERXFOH�

IHUPpH��&H�W\SH�GH�GLVSRVLWLI�H[LVWH�GpMj�GDQV�OH�FRQWH[WH�G¶pWXGHV�FOLQLTXHV�[60] et a montré 

son efficacité dans les étXGHV� SUpOLPLQDLUHV� SRXU� WUDLWHU� O¶K\SRWHQVLRQ� DX� EORF� RSpUDWRLUH��

Cependant, les dispositifs existants ne disposent pas de modélisation PK/PD et procèdent à 

O¶pODERUDWLRQ� GH� OD� GRVH� GH� QRUDGUpQDOLQH� SDU� GHV� SKDVHV� LWpUDWLYHV� GH� WHQWDWLYHV� HW�

G¶REVHUYDWLRQ� &H�W\SH�G¶DSSURFKH�FRQGXLW�j�XQH�YDULDELOLWp�GH�OD�SUHVVLRQ�DUWpULHOOH�HW�XQ�UHWDUG�

SDU�UDSSRUW�j�O¶REVHUYDWLRQ�TXL�SHXW�SRWHQWLHOOHPHQW�rWUH�DPpOLRUp�SDU�OD�PRGpOLVDWLRQ�3.3'� 

/¶LGpH�ORJLTXH�GDQV�QRWUH�DSSURFKH�HVW�G¶XWLOLVHU�OH�3OHWKR0$3�FRPPH�PRQLWRUDJe pour la 

boucle fermée. Cela permettrait de réunir les travaux débutés lors de cette thèse pour aboutir à 

XQ�WUDLWHPHQW�DXWRPDWLVp�GH�O¶K\SRWHQVLRQ�VRXV�DQHVWKpVLH� 
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CONCLUSION 

/D�SULVH�HQ�FKDUJH�GH�O¶K\SRWHQVLRQ�VRXV�DQHVWKpVLH�UHSRVH�VXU�XQ�PRQLWRUDJH�fiable et une 

WKpUDSHXWLTXH� HIILFDFH� SDU� YDVRSUHVVHXUV�� /¶DVVRFLDWLRQ� GH� FHV� GHX[� pOpPHQWV� SDUDvW�

indispensable pour réduire la morbi-PRUWDOLWp� OLpH� j� O¶K\SRWHQVLRQ� GDQV� OD� SpULRGH�

périopératoire. 

Ce travail de thèse a permis de mettre au point un système de monitorage purement non-

invasif, basé sur une analyse innovante de signaux qui sont G¶RUes et déjà disponibles dans tous 

les blocs opératoires pour estimer en temps réel, battement par battement, la pression artérielle 

moyenne. Cette technique se base eQ�JUDQGH�SDUWLH�VXU�O¶DQDO\VH�GH�O¶RQGH�GH�SRXOV�REWHQXH�SDU�

la photopléthysmographie. La fiabilité du monitorage a été appréhendée dans deux publications 

HW� GHV� LQQRYDWLRQV� VXSSOpPHQWDLUHV� VRQW� HQ� FRXUV�� $XFXQ� PDWpULHO� VXSSOpPHQWDLUH� Q¶HVW�

nécessaire vu qX¶LO�V¶DJLW�SXUHPHQW�G¶XQH�DQDO\VH�ORJLFLHOOH��3DU�UDSSRUW�j�G¶DXWUHV�VROXWLRQV��

cela présente un avantage en termes de coûts et de déploiement dans des zones où il est difficile 

de mettre en place du matériel supplémentaire pour des raisons économiques ou logistiques. 

'H�FHWWH�PDQLqUH��FH�PRQLWRUDJH�UpSRQG�j�XQH�SUREOpPDWLTXH�JOREDOH��(Q�HIIHW��O¶K\SRWHQVLRQ�

VRXV�DQHVWKpVLH�SHXW�DYRLU�GHV�UpSHUFXVVLRQV�SRXU�WRXW�W\SH�G¶DQHVWKpVLH��PrPH�SRXU�GHV�DFWHV�

mineurs dans des lieux délocalisés. 

Ce travail a égalemeQW� SHUPLV� OD� PLVH� DX� SRLQW� G¶XQ� PRGqOH� SKDUPDFRPpWULTXH� GH� OD�

QRUDGUpQDOLQH� IDLEOHPHQW�GRVpH� WHOOH�TX¶HOOH�HVW�XWLOLVpH�DX�EORF�RSpUDWRLUH�SRXU� UHVWDXUHU� OD�

pression artérielle. Alors que la noradrénaline est connue dans le monde médical depuis plus 

de 80 ans, étonnement peu de travaux se sont intéressés à sa pharmacocinétique. Dans le 

WUDLWHPHQW� GH� O¶K\SRWHQVLRQ� VRXV� DQHVWKpVLH�� OD� SKDUPDFRFLQpWLTXH� HW� O¶HIIHW� SXLVVDQW� GH� OD�

QRUDGUpQDOLQH� VRQW� SDUWLFXOLqUHPHQW� DGDSWpV� SRXU� GHV� FRUUHFWLRQV� UDSLGHV� G¶K\SRSHUfusion 

G¶RUJDQHV� SRWHQWLHOOHPHQW� GpOpWqUHV�� &HSHQGDQW�� FHWWH� XWLOLVDWLRQ� QpFHVVLWH� GHV� SUpFDXWLRQV�

usage compte tenu de la fenêtre thérapeutique étroite et du ULVTXH�G¶DFFLGHQW��/¶XWLOLVDWLRQ�GH�

la noradrénaline sous perfusion à objectif de concentration semble être une solution idéale pour 

la gestion peropératoire et la médecine personnalisée au bloc opératoire dans le contexte 

G¶K\SRWHQVLRQ�OLpH�DX[�DQHVWKpVLTXHV�� 
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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 être maintenant réalisées. 
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aAP-HP, GH St-Louis-Lariboisière, Department of Anaesthesiology and Critical Care and Burn Unit, Paris, France
bUniversity Paris Diderot, France
cUMR INSERM 942, Institut National de la Santé et de la Recherche Médicale (INSERM), France
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1. Introduction

In the 1970s, following previous works, Takuo Aoyagi, who

passed away on the 18th 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

saturation, represents nowadays an interesting tool in haemody-

namic monitoring.

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
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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 PI 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

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, i.e., 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

Glossary of terms

PPG photoplethysmography

PI perfusion index

PVI pleth variability index

AC alternating current

DC direct current

SV stroke volume

MAP mean arterial pressure

ICU intensive care unit

ScvO2 central venous oxygen saturation

P(v-a)CO2 arteriovenous carbon dioxide gradient

PLR passive leg raising

CI confidence interval

Fig. 1. Principles of photoplethysmography and PI calculation.

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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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% � 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, PI 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

Table 1

Determinants of Perfusion Index and artifacts.

Physiological and pathophysiological determinants of Perfusion Index

Systemic factors Local factors

Factors influencing AC

� Volaemia and venous return* � Obliterant arteriopathy

� Diastolic function and inotropism* � Position of the limb in relation to the heart

� Valvulopathy* � Vascular compression

� Vascular tone*(sympathetic, parasympathetic and non-adrenergic/non-cholinergic tones) � Local temperature exposure

� Arterial stiffness* � Local arterial compliance

� Vasoactive and cardiac medications* � Local vascular tone

Factors influencing DC

� Vascular tone* (notably venous tone) � Position of the limb

� Volaemia* � Body position

� Vascular compression

� Soft tissues compression

� Local vascular tone

Artifacts that may influence AC and DC

� External light � Tissues and vascular extrinsic compressions

� Nail polish � 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.
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[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 PI 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 PI 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

Fig. 2. Determinants of PI and typical clinical situations.

PI 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.
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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, PI was used as an early indicator of regional anaesthesia

success, using PI 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. PI 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%

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. PI 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, Højlund 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 PI. On the contrary, induction of anaesthesia is

associated with severe drop in vascular tone. Both studies explored

two major determinants of PI, 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 PI 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 (i.e., capillary refill time > 2 s or central-to-toe

temperature difference � 7 8C). 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 PI 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% CI 0.84–0.98, 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

(ScvO2), lactate and arteriovenous carbon dioxide gradient (P(v-

a) CO2) [53]. Subgroup analysis suggested that PI (with a 0.6% cut-

off) could enable to detect patients with the worst prognosis

despite ScvO2 normalisation selecting them for adjunctive thera-

pies, notably targeting the microcirculation. This was confirmed in

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 PI value. PI 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. PI became

significantly different between survivors and non-survivors after

rewarming similarly to other microcirculation variable (i.e.,

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, i.e., 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 PI 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

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 PI, 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.

An interesting 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 PI 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,

M. Coutrot, E. Dudoignon, J. Joachim et al. Anaesth Crit Care Pain Med 40 (2021) 100964

7



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, ScvO2). 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 (i.e., 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, ScvO2, 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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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.
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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 (Dicpleth) 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 Dicpleth 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 e19% (sensitivity 79%; specificity 84%) and 51%

(sensitivity 82%; specificity 74%) for DDicpleth and DPI, respectively. There was no difference between the ROC of DDicpleth
and DPI (P¼0.22). Combining both DDicpleth and DPI further improved the hypotension detection power (AUC¼0.91) with a

sensitivity and specificity of 84%. MAP variations were correlated with DDicpleth and DPI during vasopressor infusion

(r¼0.73 and e0.62, 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.
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Haemodynamic stability is a major issue in the management

of patients during general anaesthesia. Anaesthetic drugsmay

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.1e4 These adverse events may induce higher post-

surgery mortality risk, result in extended hospital stay, and

are thus a source of higher hospital costs.5e7

Standard haemodynamicmonitoring 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.8,9

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.10,11 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.12

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.13,14 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 Dicpleth 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 Lariboisi�ere University

Hospital (Paris, France). The study has been approved by the

local ethics committee (n�CE SRLF 11e356). 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�1 and

5 mg ml�1, 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�1. Patients were then mechanically

ventilated with tracheal intubation via direct laryngoscopy

(end-tidal volume¼6 ml kg�1 of ideal body weight, PEEP¼5 cm

H2O, and ventilatory frequency and oxygen fraction to reach an

end-tidal CO2¼4.7 kPa and an O2 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 pressuremonitoring, 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 SpO2) 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.

Editor’s key points

� 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.

� 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.
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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.15

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 (fromnadir 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 DMAP, DDicpleth, and DPI during the in-

duction period as their relative variations (in percent) from

Fig 1. (a) Definition of Dicpleth and PI, and (b) an example of Dicpleth measurement on a real-life photoplethysmographic curve. Dicpleth,

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 c, amplitude of the steady-state component of the digital photoplethysmographic signal.
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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, Dicradial 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 Dicradial, from the height of the dicrotic notch to

the height of the systolic peak. In those patients, Dicpleth,

Dicradial, and their relative variations (DDicpleth and DDicra-

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 DMAP, and DDicpleth and DPI were calculated

during the induction period. Areas under the curve (AUC) of

the receiver operating characteristic (ROC) curve (with 95%

confidence interval [CI]) of DDicpleth and DPI to detect a hypo-

tensive episode were estimated and eventually compared us-

ing DeLong test. Youden method was used to determine the

optimal DDicpleth and DPI cut-off values to detect hypotensive

episodes. The ROC curve of the combination of DDicpleth and

DPI 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 DDicpleth and DPI 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 62.16 The secondary

objective was to evaluate the AUC of the ROC curve for the

combination of DDicpleth and DPI.

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 Dicpleth at baseline

before induction of anaesthesia were excluded from the

analysis.

Results

Subjects

FromNovember 2014 toMay 2015, 65 patients were included in

the study. Before induction of anaesthesia, Dicpleth 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).17

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

Themedian 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) mmHg 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. ThemeanMAP on the overall induction periodwas

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 DMAP, DDicpleth, and DPI over induction time is

described in Fig. 2. We found 89% concordance between

Table 1 Subjects characteristics. Data are expressed as mean
(25e75) inter-quartile or number and percentage. DAP, dia-
stolic arterial pressure; Dicpleth, 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 (yr) 54 (39e64)
BMI (kg m�2) 25 (21e28)
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 renineangiotensin
system

10 (16)

Calcium blockers 5 (8)
Procedures
Aneurism embolisation 47 (77)
Arteriovenous malformation
embolisation

12 (20)

Other 2 (3)
Baseline haemodynamic parameters
SAP (mm Hg) 127 (116e137)
DAP (mm Hg) 73 (66e80)
MAP (mm Hg) 86 (79e93)
HR (beats min�1) 67 (61e78)
Dicpleth 0.54 (0.45e0.65)
PI 1.7 (0.9e3.0)
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DDicpleth and DMAP, and 90% between DPI and DMAP

(Supplementary Fig. S1).

Diagnosis performances of DDicpleth and DPI for
detection of arterial hypotension

Figure 3 represents the ROC curves to assess DDicpleth and DPI

performances to detect hypotensive episodes. The diagnosis

performances values of DDicpleth and DPI are summarised in

Table 2. The best threshold value of DDicpleth and DPI for

detecting IOH were e19% and 51%, respectively. The AUC of

DDicpleth and DPI were not significantly different (P¼0.22).

Combining DDicpleth and DPI to detect hypotensive episodes

improved the detection performance with an AUC of ROC

curve (0.91 [95% CI: 0.88e0.95]; P<0.001) statistically better than

DDicpleth and DPI separately (P<0.001 and P¼0.026, 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

Fig 2. (a) Median DMAP and DDicpleth, and (b) median DMAP and DPI during induction of anaesthesia. DDicpleth, relative variation of Dicpleth
from baseline; DPI, relative variation of perfusion index from baseline; DMAP, relative variation of MAP from baseline. The figure repre-

sents DMAP and DDicpleth evolution during the 16 min period of induction of anaesthesia. Median MAP and Dicpleth variation from baseline

are represented at each minute (T‘x’, at ‘x’ min from T0) from the beginning of the induction (T0).
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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: e28% [e44; e13];

P<0.001). DDicpleth and DPI under the effect of vasopressors

were strongly related to DMAP (r¼þ0.73; 95% CI: 0.48e0.87;

P<0.001 and r¼e0.62; 95% CI: e0.81 to e0.32; P<0.001; respec-

tively) (Supplementary Fig. S4).

Evolution Dicpleth and Dicradial 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 Dicradial 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 Dicradial and their relative vari-

ations were strongly correlated during vasoconstrictor

administration (r¼0.87; 95% CI: 0.83e0.90 and r¼0.92; 95% CI:

0.85e0.95) (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. DMAP and DDicpleth vary in parallel during induction of

anaesthesia, whilst DMAP and DPI 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

DDicpleth and DPI 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.18 A linear rela-

tionship has been described between the central dicrotic notch

pressure and MAP.18 A similar relationship at the photo-

plethysmography level has been suggested between Dicpleth
and MAP.10 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.19 This suggests that Dicpleth could

Fig 3. Receiver operator characteristic curves for DPI and DDic-

pleth performance to detect intraoperative hypotension. ROC,

receiver operating characteristic; DDicpleth, relative variation of

Dicpleth; DMAP, relative variation of MAP; DPI, relative variation

of perfusion index.

Table 2 Diagnostic performances for DDicpleth, DPI, and DDicpleth and DPI 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; DDicpleth, relative variation of Dicpleth from baseline; DPI, relative variation of perfusion index from baseline

DDicpleth DPI DDicplethþDPI

AUC ROC 0.86 (95% CI: 0.83e0.88) 0.83 (95% CI: 0.80e0.86) 0.91 (95% CI: 0.88e0.95)
P-value <0.001 <0.001 <0.001
Threshold value (%) e19 51 NA
Sensitivity (%) 79 82 84
Specificity (%) 84 74 84
PPV (%) 79 71 79
NPV (%) 84 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, Dicpleth could be used to assess vascular tone and

MAP variations under vasoactive drug effect, as reported in

several previous studies.11,12 Our results confirm this hy-

pothesis, as we found a strong correlation between DDicpleth
and DMAP 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 colleagues14

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.20,21 PI

has also been described to increase with vasoconstriction

induced by central hypovolaemia during lower body negative

pressure.22 Themost available pulse oximeter in the operating

room already displays PI. Our results showed a negative cor-

relation between DPI and DMAP under vasopressors. DPI was

also accurate to detect IOH, but was probably less reliable than

DDicpleth 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.23,24 A study comparing the performance of

DDicpleth and DPI to detect hypotension based on accurate

continuousABP referencewould beuseful. 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 othermechanisms 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 resultmay 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.25,26

A number of factors are associated with hypotension dur-

ing induction of anaesthesia and the early intraoperative

period.27 The relative height of the dicrotic notch and the PI,

both measured from a standard pulse oximetry signal (pho-

toplethysmography signal), could be used 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  (MAPNRA), 
notch absolute amplitude  (MAPNAA) or PI  (MAPPI) 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 
to +29), − 1 mmHg (− 10 to +8) and − 3 mmHg (− 21 to +13) for  MAPNRA,  MAPNAA and  MAPPI 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  MAPNRA,  MAPNAA and  MAPPI respectively. When calibrated every 5 min,  MAPNAA showed a MAE of 6 mmHg [5 to 
9].  MAPNAA 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, 

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 
 (SpO2). 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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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 
(

PI =
AC

DC

)

 . 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 

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  MAPNRA,  MAPNAA or  MAPPI analysis, com-
bined with intermittent pressure cuff calibration.

Fig. 1  Photoplethysmography signal components and definition of studied parameters in waveform analysis
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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  (MAPNRA) and the 
other based on the NAA  (MAPNAA). The third was based 
on PI  (MAPPI).

2.1.1  Algorithm 1:  MAPNRA

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 

MAPNRA = k1 ⋅ NRA = k1 ⋅

Hdic−Hdia

Hsys−Hdia
,
 where k1 was a cali-

bration factor reevaluated after each brachial cuff 
measurement.

2.1.2  Algorithm 2:  MAPNAA

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 MAP

NAA
= k2 ⋅ NAA = k2 ⋅ Hdic, where k2 was 

a calibration factor reevaluated after each brachial cuff 
measurement.

2.1.3  Algorithm 3:  MAPPI

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 
(ln) allows to linearize the variations of PI. Since the ln 
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

PI
= 10 ⋅ k3 ⋅ ln

(

1

PI
+ 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 μg/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  EtCO2 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 

obtained from the formula MAE =
1

n
⋅

∑n

i=1
|MAPest

i
− MAPinv

i
|. 

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  (R2) was 0.34 for 
 MAPNRA, 0.84 for  MAPNAA and 0.47 for  MAPPI 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:  MAPNRA

In the 46 patients over the 613 intervals, the mean bias 
between and  MAPNRA 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

CVRF cardiovascular risk factors, ASA American Society of Anesthesia, HR heart rate, BIS bispectral index, EtCO
2
 end tidal  CO2

Patient demographics Median [IQR] or n (%)

Number of patients 46

Abdominal surgery 11 (24)

Neurosurgery 5 (11)

Neuroradiology 30 (65)

Male sex 16 (35)

Weight (kg) 64 [51 to 77]

Age (years) 46 [36 to 63]

Height (cm) 162 [159 to 175]

BMI (kg/m2) 23 [20 to 25]

HR  (min−1) 68 [59 to 75]

EtCO2 (mmHg) 34 [33 to 35]

BIS 37 [28 to 42]

ASA score I: 13 (28), II: 30 (65), III: 3 (7)

Cardiovascular risk factors n (%)

Age > 55 years 30 (65)

HTA 15 (33)

Smoking 16 (35)

Diabetes 6 (13)

Dyslipidemia 5 (11)

Coronary heart disease 1 (2)

Table 2  Summary of the comparison of estimated MAP against noninvasive oscillometric MAP

Median [IQR] or n

n 46

Total duration (h) 235

MAPcuff (mmHg) 73 [69 to 78]

MAPNRA Median [IQR] or bias (LOA)

NRA (%) 28 [22 to 34]

MAPNRA (mmHg) 71 [59 to 91]

Bias (mmHg) 1 (− 26 to 29)

MAPcuff − MAPNRA (mmHg) 2.1 [− 3.4 to 5.1]

MAPNAA Median [IQR] or bias (LOA)

NAA (–) 1644 [1528 to 1773]

MAPNAA (mmHg) 74 [68 to 80]

Bias (mmHg)  − 1 (− 10 to 8)

MAPcuff − MAPNAA (mmHg) 0.5 [− 2.1 to 2.1]

MAPPI Median [IQR] or bias (LOA)

PI (%) 4.6 [2.0 to 7.9]

MAPPI (mmHg) 77 [67 to 89]

Bias (mmHg)  − 3 (− 21 to 13)

MAPcuff − MAPPI (mmHg)  − 1.5 [− 6 to 0.6]
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The median difference between MAPcuff and  MAPNRA 
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:  MAPNAA

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

The median difference between  MAPNAA and MAPcuff 
was 0.5 mmHg [− 2.1 to 2.1].

The median value of the calibration factor k2 was 4.5 [4.3 
to 5.0] × 10−2.

Fig. 2  Scatter plots showing the raw relation between MAPcuff and  MAPNRA,  MAPNAA,  MAPPI respectively. Blue points represent raw paired 
measurements. The black dashed line represents a linear regression best fit

Fig. 3  Comparison of  MAPNRA 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

Fig. 4  Comparison of  MAPNAA and MAPcuff. Each blue ring rep-
resents the mean value for one patient. The ring size represents the 
number of individual measurements per patient

Fig. 5  Comparison of  MAPPI 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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3.2.3  Algorithm 3:  MAPPI

The mean bias between  MAPPI and MAPcuff was − 3 mmHg 
and the limits of agreement were − 21 to + 13  mmHg 
(Fig. 5).

The median difference between MAPcuff and  MAPPI 
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:  MAPNRA

Over the 170 h studied, the MAE between MAPinv and 
 MAPNRA 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:  MAPNAA

The MAE between MAPinv and  MAPNAA 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:  MAPPI

The MAE between MAPinv and  MAPPI 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)  MAPNAA seems to be the most efficient; (II)  MAPNAA 
predicts the value of the cuff MAP with a deviation of 
1 mmHg with recalibration every 5 min; (III) a non-invasive 

Fig. 6  Example of comparison between MAPinv and  MAPNAA 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 [− 3 to 5]

MAPNRA (mmHg) 69 [49 to 86]

MAE (mmHg) 20 [10 to 39]

MAE | 5 min (mmHg) 9 [7 to 18]

MAPNAA (mmHg) 71 [63 to 78]

MAE (mmHg) 11 [5 to 18]

MAE | 5 min (mmHg) 6 [5 to 9]

MAPPI (mmHg) 74 [61 to 86]

MAE (mmHg) 16 [9 to 24]

MAE | 5 min (mmHg) 10 [7 to 26]
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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  MAPNAA algorithm allows the small-
est bias among the three algorithms evaluated.  MAPNAA 
algorithm only considers the absolute value of Hdic without 
considering Hdia or Hsys, unlike the  MAPNRA algorithm. 
As  MAPNRA 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  MAPNRA as well as  MAPPI show pro-
portional bias in comparison to MAPcuff. Indeed,  MAPNRA 
and  MAPPI 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].

MAPPI algorithm also provided worse MAP estimation 
compared to the  MAPNAA 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,  MAPNAA 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 

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 Peñaz 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

MAPNAA 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   SpO2 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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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 
 
 
 

&RYHU�/HWWHU



 

 

 

���	������	����������	��� 
 

Manuscript Title:    Development of a pharmacokinetic-pharmacodynamic model for low dose pe-

ripheral norepinephrine during general anaesthesia. 

Author(s):    Jona Joachim MD; Fabrice Vallee PhD; Thomas Lefevre MD; Jacques Callebert PhD ; 

Etienne Gayat PhD ; Marc Lavielle PhD 

PLEASE NOTE: As an integral part of the online submission process, each manuscript must contain a 

declaration of interests from ALL authors. Corresponding authors are required to confirm whether 

they and/or their co-authors have any competing interests to declare, and to provide details of 

these. The corresponding author is required to complete and upload this Declaration of Competing 

Interests form when submitting a manuscript to BJA via our online submissions system (at 

https://www.editorialmanager.com/bja/default1.aspx). /�� ]�� �Z�� �}�����}v�]vP� �µ�Z}�[��

responsibility to ensure that all authors adhere to this policy.  

 

BJA requires disclosure by all authors of any financial interests or connections, direct or indirect, or 

other situations which may raise the question of bias in the work reported or the conclusions, 

implications, or opinions stated. When considering whether you should declare a competing 

interest or connection please consider the competing interest test: Is there any arrangement that 

would embarrass you or any of your co-authors if it was to emerge after publication and you had 

not declared it? 

If the manuscript is published, this declaration of competing interests information may be 

communicated in a statement in the published paper. If an author states that there are no 

competing interests then a statement to this effect may be included in the published paper.  

 

Please complete either section I or section II 

 

 

I. The corresponding author confirms on behalf of all authors that there have been no 

involvements that might raise the question of bias in the work reported or in the conclusions, 

implications, or opinions stated: 

 

Printed Name (corresponding author):    Click here to enter text. 

 

Signature:     

Date:    Click here to enter a date.   

&RQIOLFW�RI�,QWHUHVW



 

 

 

OR 

II. Conflict of interest statement declared by the corresponding author on behalf of all authors: 

 

 

Fabrice Vallée has received research support from Radiometer, Deltex Medical and Retia Medical 

dZ���µ�Z}��[ joint statement is as follows: 

 

Printed Name (corresponding author):   Dr Jona JOACHIM 

 

Signature: Dr Jona JOACHIM 

 

Date:   06/07/2022 

 

 

Pr Etienne Gayat has received consulting fees from Magnisense, research support from Sphingotec, 

Deltex Medical and Retia Medical. 

Pr Fabrice Vallée has received research support from Radiometer, Deltex Medical and Retia Medical. 

Fabrice Vallée, Etienne Gayat and Jona Joachim are coinventors for patents US2020390347A1 and 

US10653364B2 for inventions related to blood pressure monitoring. 

Drs Thomas Lefevre, Jacques Callebert and Marc Lavielle do not have any conflicts of interest to de-

clare. 

Example: Drs A & B have received payments and travel funding from [business name] for overseas 

lectures. Total funding: approximately [Amount]. Dr C holds stock in [business name], the makers 

of [product], and is currently conducting research sponsored by this company. Dr A is also a 

u�u����}(��Z������l���[��µ���µ�(}����µ�]v����v�u��X 



Development of a pharmacokinetic-pharmacodynamic model for low 

dose peripheral norepinephrine during general anaesthesia. 

 

Jona Joachim1,2, MD ; Fabrice Vallee1,2, PhD ; Thomas Lefevre2, MD ; Jacques Callebert1,3, 

PhD ; Etienne Gayat1,2, PhD ; Marc Lavielle4, PhD 

1 Université Paris Cité, INSERM, U942 MASCOT, F-75006, Paris, France. 

2 Department of Anaesthesiology, Burn and Critical Care, St-Louis-Lariboisière-Fernand Widal University 

Hospitals, F-75010, Paris, France.  

3 Service of Biochemistry and Molecular Biology, St-Louis-Lariboisière-Fernand Widal University Hospitals, F-

75010, Paris, France.  

4  Inria & CMAP, Ecole Polytechnique, CNRS, Institut Polytechnique de Paris, Paris, France. 

 

Running title: 

Towards target-controlled infusion for Norepinephrine. 

 
&RUUHVSRQGLQJ�DXWKRU�� 
 
Jona Joachim, jona@joachim.cc, Tel: +33 1 49 95 80 71 

Department of Anesthesiology, Burn and Critical Care, St-Louis-Lariboisière-Fernand Widal 

University Hospitals, 2 rue Ambroise Paré, 75010 Paris 

 
 
,I�DYDLODEOH�WKH����GLJLW�25&,'�RI�WKH�DXWKRUV 
-RQD�-RDFKLP����������������������� 
)DEULFH�9DOOpH���������������������� 
(WLHQQH�*D\DW��������������������� 

  

0DQXVFULSW &OLFN�KHUH�WR�YLHZ�OLQNHG�5HIHUHQFHV

 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 



�������ï������������� 

J.J., F.V., T.L. J.C., E.G., M.L. conception and design of research; J.J, T.L., and F.V. performed 

experiments; J.C. performed lab sample analysis, J.J., M.L and E.G. analyzed data; J.J., M.L., 

F.V and E.G. interpreted results; J.J., M.L. prepared figures; J.J. and M.L. drafted manuscript; 

J.J., F.V., T.L. J.C., E.G., M.L. edited and revised the manuscript; J.J., F.V., T.L. J.C., E.G., M.L. 

approved the final version of manuscript. 

 

Acknowledgments 

We thank anaesthetic nurses for their support in the conduct of the present study. 

 

Abbreviations 

PID controller: proportional�integral�derivative controller 

MAP: mean arterial blood pressure 

PK: pharmacokinetics 

PD: pharmacodynamics 

RLC circuit: circuit consisting of a resistor (R), an inductor (L), and a capacitor (C) 

EtCO2: end-tidal CO2 

mmHg: millimetres of mercury 

LBM: lean body weight 
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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 Lariboisière 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 mortality1�4. 

Peripherally administered low concentration norepinephrine has seen increased interest in 

recent years in the perioperative setting as well as in emergency departments5�9. 

Treatment of intraoperative hypotension with peripheral norepinephrine showed 

encouraging results in the reduction of organ damage10. As a result, peripheral 

Norepinephrine is rapidly becoming a standard of care around the world for treatment of 

hypotension in the perioperative and other settings11. 

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) controllers12, 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 Lariboisière 

University Hospital (Assistance publique-Hôpitaux 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 'P%16 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 

µg/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 µg 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 server14 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 prediction f: 1>O L B E := E > � B; � ó. 

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 used16. 

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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'%94, the drug concentration that results in an effect half way between '4 and 'àÔë. 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 equation17. This model can 

be formulated as follows: 

':P; L '4 E :'àÔë F '4; � %?
á

%?á E '%94á :s; 

The additional parameter J 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 

J is greater than 1, we see positively cooperative binding, meaning ligand binding increases 

affinity for further ligand binding. When J is less than 1, we see negatively cooperative 

binding, meaning ligand binding decreases affinity for further ligand binding. When J 

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 model18 since the beginning of the twentieth century. In the 

most general case, the Windkessel model is equivalent to an electric RLC circuit19, 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. 

���������������������ï�������������������������������á�������������������������������������������

equation of the system voltage: 

.%
@6

@P6
Q:P; E 4% @

@P
Q:P; E Q:P; L A:P; 

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

@6

@P6
' E tÞñ @

@P
' E ñ6' L I � %Ö :t; 

' is mean arterial blood pressure (MAP). ñ is the undamped natural frequency defined as 

ñ L 5

¾Å¼
. Þ is the damping ratio defined as Þ L 5

6
4§¼

Å
. It is possible to calculate the half-life 

of the effect as: ì L 6


 
. 

Equation 2 can be shifted in order to accommodate our initial conditions at time P L r 

when ' L '4 and %Ö L %4 resulting in equation 3 which is the final equation used for the 

model. 

@6

@P6
' E tÞñ @

@P
' E ñ6:' F '4; L I � :%Ö F %4; :u; 
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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 µg/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 

���������������������á���������������������������������������ò����������ó�������������������

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 ���2=N=I L ���2=N=Iãâã E Ú����%KR=N. 

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 ñ and lean body mass. 

Values for Ú 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 Ùs receptors due to excessive 

stimulation20 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 E0 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 J is equal to one. Forcing J 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 lately22. 
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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/l. 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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 Median [IQR] or n(%) 

GFR1 (mL/min) 100 [88 � 128] 

Hypertension 12 (41%) 

Smoking 8 (28%) 

Diabetes mellitus 5 (17%) 

Dyslipidaemia 6 (21%) 

Obesity 6 (21%) 

Chronic kidney disease 2 (7%) 

Prior Norepinephrine infusion 14 (48%) 

Norepinephrine Plasma Baseline2 (nmol/l) 1.24 [0.59 - 1.36] 

 

Table 2: Population parameters fitted for the PKPD mixture model 

Parameter Value Standard deviation 

C0 0.81 0.51 

Tlag 25.31 0.33 

ka 0.02 0.65 

V1 0.49 0.36 

k13 0.06 0.28 

k31 0.04 0.58 

k10 0.05 0.31 

Ú 1.21 0.28 

E0 57.09 0.22 

Emax 113.52 0.51 

EC50 15.7 0.59 

n 1.46 0.7 

ñ 1.01 0.2 

Þ 19.44 0.66 

m 2.12 0.4 

 

                                                        

1 Glomerular filtration rate (MDRD) 

2 results for patients without prior norepinephrine infusion 
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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 µg/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 µg/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, Gräfelfing, 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  

 

Supplementary Figure 1ã�ò���������������������������������������ó 

 

Supplementary Figure 2ã�ò��������-inductor-������������������������������ó 

Supplement 5: Supplementary tables 
PK model fit results 

Compartments AIC BIC BICc -2LL 

Model 1 2547 2561 2579 2527 

Model 2 2450 2469 2494 2422 

Model 3 2285 2313 2341 2245 
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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 

��������������������xã�ò����������������������������������������ó 

 

Emax Hill covariates 

Parameter Covariate Ú 

S0 age 1.32 

Tlag height 2.27 

ka height 1.43 

V1 LBM 1.78 

E0 age -0.27 

Emax sex -0.55 

n age 0.96 

��������������������yã�ò��������������������������������������ó 

 

Windkessel covariates 

Parameter Covariate Ú 

S0 age 2.31 

Tlag height 2.61 

ka height -0.39 

E0 age -0.5 

ñ LBM 1.14 

��������������������zã�ò���������������������������������������ó 

 





Supplement 7: Raw data 

Norepinephrine blood concentration for all patients 
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MAP for all patients 
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Supplement 8: Observation vs Prediction 

Plasma concentration from PK model 

 

Supplementary F������xã�òObservation vs. Prediction plots comparing PK model predictions 

to actual measured plasma concentration for individual fits and population predictions.ó 





Supplement 9: Residuals 

PK model Residuals 
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Supplement 10: Visual predictive checks (VPC) 

PK model prediction-corrected VPC 

 

��������������	������srã�ò���������������������ctive checks (VPC).  Prediction intervals 

for the 50th percentile are represented in pink.  Prediction intervals for the 10th and 90th 

percentile are represented in blue.ó 
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ANNEXES 2: autres documents liés au travail de thèse 

Annexe 2.1 Étude IOCENE: Estimation de la pression artérielle moyenne 

&HWWH�pWXGH�PDWKpPDWLTXH�GH�O¶DOJRULWKPH�3OHWKR0$3 a été réalisée par le cabinet Iocène 

suite à notre demande pour vérifier nos modélisations mécanistiques. 

  











































































































70 

Annexe 2.2 Développements informatiques 

Bibliothèque dwclib 

dwclib est une bibliothèque de programmation pour le langage de programmation Python 

qui permet une requête une analyse efficace de la base de données DataWarehouse Connect 

(DWC). Cette bibliothèque D�pWp�GpYHORSSpH�GDQV�OH�FDGUH�GH�FH�WUDYDLO�SRXU�SHUPHWWUH�O¶DQDO\VH�

des données biométriques qui permettant la calibration des algorithmes PlethoMAP et du 

modèle PK/PD de la noradrénaline. Le code source est disponible sous licence libre (open 

VRXUFH��j�O¶DGUHVVH�VXLYDQWH��https://framagit.org/jaj/dwclib 

Bibliothèque InfuPy 

InfuPy [49] est une bibliothèque de programmation pour le langage de programmation 

3\WKRQ� TXL� SHUPHW� G¶LQWHUIDFHU� OHV� SRXVVHV-seringues électriques. Cette bibliothèque a été 

développée dans le cadre de ce travail, notamment pour interfacer les seringues électriques 

dans le cadUH�GH�O¶pWXGH�1RU3KDUP�SRXU�PHVXUHU�SUpFLVpPHQW�OD�GRVH�GH�QRUDGUpQDOLQH�LQIXVpH��

/H� FRGH� VRXUFH� HVW� GLVSRQLEOH� VRXV� OLFHQFH� OLEUH� �RSHQ� VRXUFH�� j� O¶DGUHVVH� VXLYDQWH��

https://github.com/jaj42/infupy 

Bibliothèque physiocurve 

physiocurve est une bibliothèque de programmation pour le langage de programmation 

3\WKRQ�TXL�LQWqJUH�XQ�FHUWDLQ�QRPEUH�G¶DOJRULWKPHV�TXH�QRXV�DYRQV�GpYHORSSpV�SRXU�DQDO\VHU�

des courbes de signaux biométriques. Physiocurve intègre notamment les algorithmes pour 

DQDO\VHU�OHV�FRXUEHV�GH�33*�HW�GpWHFWHU�OHV�SRLQWV�G¶LQWpUrW�FRPPH�OH�SLHG�GH�O¶RQGH�HW�O¶RQGH�

dicrote. Cette bibliothèque forme un socle commun pour les analyses des courbes, notamment 

pour le modèle mécanistique PlethoMAP. Le code source est disponible sous licence libre 

�RSHQ�VRXUFH��j�O¶DGUHVVH�VXLYDQWH��KWWSV���IUDPDJLW�RUJ�MDM�SK\VLRFXUYH 

Logiciel GraPhysio 

GraPhysio est un logiciel que nous avons développé pour analyser visuellement des 

courbes de signaux biométriques. Le logLFLHO� SHUPHW� G¶DIILFKHU� GHV� VLJQDX[� UHFXHLOOLV��

notamment grâce à dwclib, de couper et fusionner certains signaux et de réaliser des opérations 

PDWKpPDWLTXHV�� GHV� LQWHUSRODWLRQV� RX� O¶DSSOLFDWLRQ� GH� ILOWUHV��GraPhysio intègre également 




