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Abstract (French)

L’état de choc est une forme d’insuffisance circulatoire aigué qui est associée a une inadéquation
entre le transport artériel en oxygene et la consommation tissulaire en oxygéne aboutissant a
une hypoxie tissulaire. Une reconnaissance précoce et une réanimation adéquate de
I’hypoperfusion tissulaire revétent une importance particuliere dans la gestion du choc, afin
d’éviter le développement d'hypoxie tissulaire et la progression vers la défaillance multi-

viscérale.

Le transport artériel en oxygene (DO;) aux tissus est déterminé par les mécanismes de convection
et diffusion. La capacité de I'organisme a ajuster I'extraction d'oxygéne (ERO2) en réponse aux
changements de DO; est crucial pour maintenir constante la consommation tissulaire en oxygene
(VO2). La capacité d'augmenter I'ERO; est le résultat de la régulation de la circulation sanguine
régionale et I'activation simultanée des facteurs centraux et locaux. L'endothélium joue un role
crucial dans I'adaptation de I'apport en oxygene aux besoins tissulaires dans les situations de
baisse aigué de |'oxygénation tissulaire. Lorsque le DO; est gravement compromis, une valeur
critique de DO; est atteinte en dessous de laquelle le VO, diminue et devient dépendant du DO,
entrainant une hypoxie tissulaire. Les différents mécanismes d’hypoxie tissulaire sont
circulatoires, anémiques et hypoxiques, caractérisés par une DO, diminuée mais une capacité
préservée d’augmentation de ERO;. L'hypoxie cytopathique est un autre mécanisme d'hypoxie
tissulaire d(i a des altérations dans la respiration mitochondriale que I'on peut observer dans des

conditions septiques avec une DO; globale normale.



Chez les patients en insuffisance circulatoire aigué, I'un des objectifs du traitement est
d’augmenter le débit cardiaque. L'objectif en est d’améliorer I'apport en oxygene aux tissus et
de corriger le déséquilibre entre la demande et le transport en oxygene. Cependant, aucune
valeur absolue du débit cardiaque ou de DO, ne peut étre définie, car leur valeurs adéquates
dépendent essentiellement des besoins tissulaires en oxygéne a un instant donné. La valeur
adaptée du débit cardiaque est celle qui assure un débit d'oxygéne qui répond a la demande
métabolique. Ainsi, tout traitement visant a modifier le débit cardiaque, tel qu’un remplissage
vasculaire ou l'utilisation d’agents inotropes, doit étre déterminé par |'évaluation de I'adéquation

entre la demande et le transport en oxygene.

Pour évaluer cette adéquation entre DO; et VO, I'examen clinique a encore une valeur limitée.
La diurése peut refléter la perfusion rénale, mais de nombreux autres facteurs peuvent I'altérer
au cours des états de choc. De plus, la présence d'une insuffisance rénale antérieure modifie
I'interprétation et le diagnostic de la nécrose tubulaire aigué. Les signes d'hypoperfusion cutanée
comme les marbrures ont été corrélées a une diminution de I'oxygénation tissulaire et a une
mortalité augmentée chez les patients en état de choc septique. Cependant, la présence des
marbrures n’est pas constante chez les patients en insuffisance circulatoire aigué, puisque
seulement la moitié des patients en choc septique présentent des marbrures. Un temps de
recoloration élevé, suggérant une diminution de perfusion tissulaire, a été associé, chez les
patients en insuffisance circulatoire aigué, a une mortalité plus élevée que chez les patients avec
un temps de recoloration normal. Néanmoins, seulement 30% des patients en état de choc
septique avaient un temps de recoloration élevé. Un taux de lactate sanguin élevé est souvent

reconnu comme un marqueur d’activation de métabolisme anaérobique (dépendance VO,/D0O,)
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et donc d’hypoxie tissulaire. Cependant, le lactate sanguin peut augmenter en raison de
nombreux mécanismes non liés a I'oxygénation tissulaire, ce qui conduit a de faux positifs. De
plus, la concentration de lactate dans le sang dépend de I'équilibre entre la production et la
clairance du lactate, de sorte que le retard requis par son métabolisme empéche I'utilisation du
lactate en tant que marqueur en temps réel du métabolisme tissulaire. Ainsi, étant donné le
caractere non spécifique de I'élévation du taux de lactate, I'hyperlactatémie n'est pas un facteur
discriminant dans I'établissement de la cause de l'insuffisance circulatoire. Récemment, il a été
démontré qu’une stratégie de réanimation visant a normaliser le temps de recoloration cutané
était associée a une réduction de dysfonction d’organe qu’une approche visant a normaliser ou

a diminuer le taux de lactate chez les patients en choc septique.

Plusieurs techniques ont été proposé pour détecter et monitorer les situations d’hypoperfusion
ou d’hypoxie tissulaire comme le « Laser Doppler Flowmetry », le « Orthogonal polarization
spectral (OPS ) » et le « Sidestream Dark Field (SDF) ». Chaque technique a ses avantages et ses
inconvénients, mais le facteur limitant majeur est le besoin des appareils spécifiques qui ne sont
pas disponibles dans de nombreux services de réanimations et leurs utilisations sont limitées a

la recherche clinique.

La saturation veineuse mélée en oxygéne (SvO) a été proposée comme un marqueur indirect
d’oxygénation tissulaire. La SvO; refléte la balance entre DO; et VO.. Il a été démontré qu'une
optimisation précoce de I'hémodynamique en utilisant un protocole de réanimation visant a
augmenter la saturation veineuse central en oxygene (ScvO2) > 70% était lié a une réduction
importante de la mortalité chez les patients en choc septique. Cependant, trois grandes études

multicentriques n'ont démontré aucun bénéfice de cette approche thérapeutique ciblée précoce.
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Néanmoins, la conception de ces essais ne visait pas a répondre a la question de savoir si une
cible ScvO,> 70% était efficace pour réduire la morbidité et la mortalité. Dans ces mémes études,
les valeurs moyennes initiales de ScvO, étaient déja au-dessus de 70%. Ainsi, ces résultats
n'indiquent pas que les cliniciens doivent cesser de surveiller la ScvO, et d’ajuster la DO; en
optimisant les niveaux de ScvO,, en particulier chez les patients en état de choc septique avec
une ScvO; basse, qui sont les plus a risque de mortalité. D'autre part, la normalisation de ScvO;
peut ne pas exclure une hypoperfusion tissulaire persistante et I'évolution vers un
dysfonctionnement multi-organe et la mortalité. Dans des conditions septiques, des valeurs de
ScvO; normales ou élevées pourraient étre dues a I'hétérogénéité de la microcirculation générant
un shunt capillaire et/ou une atteinte mitochondriale responsables de perturbations de

I’extraction d'oxygéne tissulaire.

Dans ce contexte, les indices dérivés de la pression partielle du sang artériel et du sang veineux
central ou mixte en dioxyde de carbone (CO;) ont été proposés pour surmonter les limites des
variables précédentes afin d'indiquer I'adéquation de l'apport et des besoins en oxygene. Le
gradient veino-artériel de PCO; est la différence de pression partielle de CO; entre le
compartiment veineux mélé ou veineux central (APCO;) et le compartiment artériel. Plusieurs
études ont montré I'utilité de ce gradient a détecter les situations d’hypoperfusion tissulaire chez
les patients en insuffisance circulatoire aigué méme avec une ScvO; normale (> 70%). Le rapport
de APCO; sur la différence artérioveineuse de contenu en oxygeéne (APCO2/A0Q,), considéré
comme le reflet du quotient respiratoire, a été démontré comme étant un indice qui permet de

prédire de facon fiable 'activation du métabolisme anaérobique et donc la présence d’hypoxie
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tissulaire. Cependant les résultats ne sont pas trés clairs chez les patients apres chirurgie

cardiaque notamment ceux qui ont le recours a une circulation extracorporelle.

D’un autre co6té, il a été mis en évidence que I'augmentation de APCO; et la diminution de la
ScvO; lors d’une épreuve de ventilation spontanée prédit de fagon fiable I’échec de I'extubation
chez les patients en ventilation mécanique invasive. En effet, les changements de ces paramétres
durant une épreuve de ventilation spontanée reflétent l'incapacité du débit cardiaque a
s’adapter a I'augmentation de la consommation d’oxygéne induite par la ventilation spontanée.
Cette analyse multiparamétrique (APCO; et ScvO;) était plus prédictive que chaque paramétre
pris séparément et que les parametres non métaboliques comme les critéeres échographiques et
le pro-BNP. Aussi, il a été démontré que les changements de APCO; et ScvO; aprés un
remplissage vasculaire pourraient prédire I'augmentation du débit cardiaque induite par le

remplissage vasculaire.

Il existe plusieurs limitations a 'utilisation des variables dérivées du CO; qui sont essentiellement
liées a la relation entre le contenu de CO; et la PCO». En effet, plusieurs facteurs peuvent affecter
cette relation notamment l'acidose métabolique, la concentration d’hémoglobine, et la
saturation veineuse en oxygene. Ces facteurs peuvent changer le APCO; indépendamment du
changement de la perfusion tissulaire. Aussi, les variations aigués de la PCO; induites par des
changements aigus de la ventilation alvéolaire peuvent aussi modifier le APCO; indépendamment
du débit cardiaque. Le clinicien doit connaitre ces limitations afin de pouvoir interpréter ces

parameétres de facon appropriée.
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Il semble donc que I'intégration des parametres métaboliques ScvO,, APCO,, et APCO,/A0; dans
la réanimation précoce des patients en état de choc septique offre des possibilités intéressantes
d’optimisation hémodynamique, mais nécessite des travaux de validation clinique a travers des
études randomisées contrélées multicentriques pour préciser les modalités d’utilisation de ces

parameétres.

Mots-Clés : Hypoxie tissulaire; oxygénation tissulaire; transport artérielle en oxygéne;
consommation tissulaire en oxygéne ; extraction d’oxygéne ; insuffisance circulatoire aigue;
choc septique ; saturation veineuse en oxygene ; gradient veino-artériel de PCO;; rapport de
gradient veino-artériel de PCO; sur la différence artérioveineuse de contenu en oxygéne ;
guotient respiratoire ; effet Haldane; monitorage de la microcirculation; complications
postopératoires.
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Abstract (English)

Acute circulatory failure is associated with an inadequacy between arterial oxygen delivery (DO3)
and oxygen consumption (VO3) that, if left untreated, leads to tissue hypoxia and, ultimately,
multi-organ failure. Tissue oxygenation is adequate when tissue oxygen demand is met. When
DO; is severely compromised, a critical DO> level is reached, below which VO, falls and becomes
dependent on DO;, leading to tissue hypoxia. The different mechanisms of tissue hypoxia are
circulatory, anemic, and hypoxic, characterized by reduced DO; but with a preserved capacity to
increase oxygen extraction. Cytopathic hypoxia is another tissue hypoxia mechanism caused by
impairment of mitochondrial respiration and can be observed in septic conditions with normal
overall DO,. Rapid detection of tissue hypoperfusion and tissue hypoxia is crucial for early
management to increase the likelihood of survival. Also, monitoring the effectiveness of
treatments is essential to ensure the appropriateness of the management. Different parameters
and tools were proposed for this purpose. This review describes the advantages and limitations
of these tools with a focus on the carbon dioxide (CO;) and oxygen-derived variables approach
(metabolic approach) to detect and monitor the treatments of tissue hypoperfusion/tissue

hypoxia in patients with acute circulatory failure.

Key-words: Tissue hypoxia; oxygen delivery; oxygen consumption; oxygen extraction; tissue
oxygenation; acute circulatory failure; septic shock; veinous oxygen saturation; veinous-to-
arterial PCO, difference; veinous-to-arterial PCO; difference over difference in oxygen content
ratio; respiratory quotient; postoperative complications; microcirculation monitoring.
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Introduction

A shock is a form of acute circulatory failure which is associated with an imbalance between
arterial oxygen transport (DO2) and oxygen consumption (VO3), resulting in tissue hypoxia [1].
Early recognition and adequate resuscitation of tissue hypoperfusion are of particular
importance in the management of shock to prevent the development of tissue hypoxia and

progression to multi-organ failure.

In patients with acute circulatory failure, one of the goals of treatment is to increase cardiac
output. This aims to improve the oxygen supply to the tissues and correct the imbalance between
oxygen demand and supply [2]. However, no absolute values of cardiac output or DO can be
defined since their adequate values depend essentially on the oxygen requirements of the tissue.
The correct value of cardiac output is that which ensures an oxygen flow that meets the metabolic
demand. Thus, any treatment aimed at modifying cardiac output, such as fluid replacement or

inotropes, must be determined by assessing the adequacy between oxygen demand and supply.

The clinical examination still has a limited value in assessing the adequacy between DO; and VO..
Urine output may reflect renal perfusion, but many other factors may alter its value in shock
states. In addition, it depends on the presence or absence of previous renal failure, and it can no
longer be used as an indicator of renal perfusion in acute tubular necrosis [3]. Different tools exist
to detect and monitor tissue hypoperfusion or tissue hypoxia. However, most of them require
specific devices and are used for research purposes. The metabolic approach is based on carbon
dioxide (CO,), and oxygen (O2) derived variables such as venous to arterial partial pressure in CO;

(PCO,) difference (APCO3) [4] and APCO; over the difference between arterial and venous O3
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content (APCO,/AQ:3) ratio [5] have been proposed to assess the adequacy between oxygen
intake and requirements and to guide the hemodynamic management in acute circulatory failure

patients [6].

In this work, the first section reviewed the concept of DO, the relationship between VO, and
DO,, the mechanisms of tissue oxygen alterations, and different therapeutic approaches. The
second section described the various tools of tissue perfusion/oxygenation monitoring and their
limitations. The third section presented the metabolic approach for tissue oxygenation
monitoring in patients with acute circulatory failure. Finally, the last section reviewed the

different perspectives of the metabolic approach and its limitations.
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First Part

Pathophysiology of altered
tissue oxygenation



I. Background

Vital cellular activities, including deoxyribonucleic acid (DNA) and protein synthesis, need energy,
which is mainly derived from the breakdown of adenosine triphosphate (ATP) [7]. Aerobic ATP
production happens in the mitochondria through oxidative phosphorylation, which is generated
by the electron transport chain, in which the final electron acceptor is oxygen [8]. Therefore, a
constant oxygen supply is required to support vital cell functions. DO; is the total amount of
oxygen delivered to the tissues per minute. The end goal of DO; is to meet the oxygen needs of
the cells. During DO; reduction, VO, remains constant due to the progressive increase the oxygen
extraction (ERO3). The ability of the body to increase ERO; is the result of the regulation of the
circulation and the effects of the simultaneous activation of both central and local factors. The
endothelium plays a crucial role in matching tissue oxygen supply to demand in conditions of an
acute decline in tissue oxygenation. When DO; falls below a critically low value (DOxcrit), VO3
begins to fall and becomes dependent on DO;, leading to tissue hypoxia and anaerobic
metabolism. Also, if oxygen utilization by the cell is altered, cellular VO, may drop, leading to
tissue hypoxia.

There are three mechanisms of tissue hypoxia based on the DO, determinants: (1) hypoxic
hypoxia where the arterial oxygen pressure is inadequately low; (2) anemic hypoxia where
hemoglobin level is inadequately low; or (3) ischemic hypoxia where cardiac output is
inadequately low. These mechanisms are characterized by a diminished DO, but preserved
capacity of increasing ERO,. Cytopathic hypoxia is another tissue hypoxia mechanism that is
caused by impairment in mitochondrial respiration with normal overall DO;. Alterations in ERO;

due to microcirculatory impairments with decreased functional capillary density and increased
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heterogeneity between the areas with large intercapillary distance leading to the development
of tissue hypoxia can be observed in sepsis situations.

In the below manuscript [9], we reviewed the concept of oxygen delivery, the relationship
between oxygen consumption and delivery, tissue oxygen alterations' mechanisms, and different

therapeutic approaches.
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ARTICLE INFO ABSTRACT
Article history: Oxygen is needed to generate aerobic adenosine triphosphate and energy that is required to support vital
Available online cellular functions. Oxygen delivery (DO>) to the tissues is determined by convective and diffusive
processes. The ability of the body to adjust oxygen extraction (ERO;) in response to changes in DO, is
Keywords: crucial to maintain constant tissue oxygen consumption (VO,). The capability to increase ERO, is the
Tissue hyp?"'a result of the regulation of the circulation and the effects of the simultaneous activation of both central
Oxygen delivery and local factors. The endothelium plays a crucial role in matching tissue oxygen supply to demand in

Oxygen extraction

: situations of acute drop in tissue oxygenation. Tissue oxygenation is adequate when tissue oxygen
Oxygen consumption P Y& Vg q Vgl

Microcirculation
Cytopathic hypoxia
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demand is met. When DO, is severely compromised, a critical DO, value is reached below which VO, falls
and becomes dependent on DO, resulting in tissue hypoxia. The different mechanisms of tissue hypoxia
are circulatory, anaemic, and hypoxic, characterised by a diminished DO, but preserved capacity of

increasing ERO,. Cytopathic hypoxia is another mechanism of tissue hypoxia that is due to impairment
in mitochondrial respiration that can be observed in septic conditions with normal overall DO,. Sepsis
induces microcirculatory alterations with decreased functional capillary density, increased number of
stopped-flow capillaries, and marked heterogeneity between the areas with large intercapillary distance,
resulting in impairment of the tissue to extract oxygen and to satisfy the increased tissue oxygen
demand, leading to the development of tissue hypoxia. Different therapeutic approaches exist to
increase DO, and improve microcirculation, such as fluid therapy, transfusion, vasopressors, inotropes,
and vasodilators. However, the effects of these agents on microcirculation are quite variable.
© 2022 Société francaise d'anesthésie et de réanimation (Sfar). Published by Elsevier Masson SAS. All
rights reserved.
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1. Introduction

Important cellular processes, ranging from deoxyribonucleic
acid (DNA) and protein synthesis, require energy primarily
obtained from the degradation of adenosine triphosphate (ATP)
to form adenosine diphosphate (ADP) and inorganic phosphate (Pi)
[1]. Aerobic generation of ATP occurs in the mitochondria through
oxidative phosphorylation. This is a complex reaction powered by
the proton gradient across the mitochondrial inner membrane,
which is generated by the electron transport chain (mitochondrial
respiration), in which the final electron acceptor is oxygen (Fig. 1)
[2]. Therefore, a steady supply of oxygen is needed to generate the
energy required to support vital cellular functions. If oxygen
availability is limited or oxygen utilisation by the cell is altered,
cellular oxygen consumption may fall, leading to organ dysfunc-
tion. Vital cellular functions can no longer be sustained, and
irreversible impairments may develop if the situation persists.
Moreover, tissue hypoxia occurs when tissue cells have abnormal
oxygen utilisation, resulting in anaerobic metabolism [3].
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Tissues have no storage system for oxygen. Thus, it is essential
to maintain adequate oxygen supply to the cells and conserve their
oxygen utilisation capacity to preserve organ function and avoid
tissue hypoxia and death. We herein review the concept of oxygen
delivery, the relationship between oxygen consumption and
oxygen delivery, the mechanisms of tissue oxygen alterations,
and different therapeutic approaches.

2. The concept of oxygen delivery

Oxygen delivery (DO,) is determined by cardiac output (CO),
haemoglobin concentration (Hb), and arterial oxygen saturation
(Sa0,) [4]. DO, can be calculated using the following formula:

DO, — Ca0, x CO x 10 — (1.34 x Hb x Sa0, + (0.003 x Pa0,))
x CO x 10

HE H*

[2H'+ 1/20,+ —_— H;O] x2

Electron Transport Chain

Fig. 1. Schematic representation of the mitochondrial oxidative phosphorylation. Electrons (e ) donated from the reducing agent, nicotine adenine dinucleotide (NADH),
move progressively from Complex | through Coenzyme Q to Complex 11l and then through cytochrome ¢ with oxygen (0, ) being the terminal acceptor at Complex IV. Electrons
donated from another reducing agent, flavin adenine dinucleotide (FADH;), move from Complex Il to Complex Ill by way of Coenzyme Q. This movement of electrons results in

a shift of protons (H") across the inner mitochondrial membrane into the inter

space by C 1,111, and IV generating the electrochemical gradient (energy)

necessary for FoF,ATPase to produce adenosine triphosphate (ATP) form adenosine diphosphate (ADP).
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Where Ca0. is the arterial oxygen content, Pa0- is the arterial
oxygen partial pressure, and 1.34 are the millilitres of oxygen
bound to 1g of Hb. Ca0, mainly depends on Sa0, and Hb
concentration, as the amount of dissolved oxygen in the blood is
minimal (0.003 mL of oxygen dissolved in 100 mL of blood for
1 mmHg of PO5). The level of Sa0; is determined by the oxygen-
haemoglobin dissociation curve (Fig. 2). Many factors such as
temperature, pH, carbon dioxide partial pressure (PCO;), and 2,3
diphosphoglycerate (2,3-DPG) affect the Hb affinity to oxygen.
These factors shift the oxygen-haemoglobin dissociation curve. A
right shift of the curve as seen in situations of fever, acidosis,
hypercapnia, or elevated 2,3-DPG indicates a decreased Hb
affinity for oxygen, which facilitates the release of oxygen to
the cells. The opposite changes in these factors induce a left shift of
the oxygen-haemoglobin dissociation curve indicating an in-
creased affinity of Hb for oxygen, but with reducing tissue oxygen
availability. From the DO, equation, it may appear that
manipulating Sa0; and Hb levels are as effective as manipulating
cardiac output (CO). However, Sa0; usually is close to 100%, and
Hb concentration cannot change acutely. Also, a decrease in Sa0,
or Hb concentration can be compensated for by an increase in CO,
while the reverse is not valid [5]. Therefore, DO; is fundamentally
dependent on CO, and Sa0, or Hb concentration levels have a
meagre contribution to DO, except in situations with extreme
hypoxaemia.

Diffusion is the mechanism by which oxygen is transferred
from blood to tissue cells. It is dependent on the gradient in
PO, between the capillary blood and mitochondria, and
the diffusion distance between vessels to cells. Diffusion
distance is determined by the capillary density and the
degree of tissue oedema (Fig. 3). Mathematical models of tissue
hypoxia show that the drop in cellular oxygen resulting from an
increase in intercapillary distance is more severe if the decrease
intissue DO, is caused by a fall in PaO; rather than a fall in flow or
Hb [6].

Left-shifted
(Increased affinity)
decreased temperature
decreased PCO,
Decreased 2-3DPG
Decreased H* (high pH)

—//-//
/

B

Oxyhemoglobin (% Saturation)

PO, (mmHg)

Fig. 2. Oxyhaemoglobin dissociation curve. The blue line shows the normal
standard curve. Conditions that shift the curve to the right (green curve) and
decrease the oxygen affinity are fever, hypercapnia, acidosis, and increased 2,3
diphosphoglycerate (2,3-DPG ). Conditions that shift the curve to the left (red curve)
and increase the oxygen affinity are hypothermia, hypocapnia, alkalosis, and

decreased 2,3-DPG.
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3. Relationship between oxygen consumption and oxygen
delivery

Global oxygen consumption (VO,) is the rate at which oxygen is
taken up from the blood and consumed by the tissues. VO, can be
derived from the CO and arterial and venous oxygen contents
(Cv0,) according to the Fick equation:

VO, = €0 x (Ca0,—Cv0,) = 10

Tissue oxygenation is adequate when tissue oxygen demand is
satisfied. The fundamental characterisation of the relationship
between VO, and DO, came from the findings of experimental
animal studies by Cain [7-9], and others [10-12]. Tissue VO, is
determined by cellular metabolic needs, and it is independent of
DO, over a wide range of values because compensatory
adjustments occur to satisfy the oxygen requirements of periph-
eral tissues. When DO- is acutely decreased by a drop in blood flow
(CO), Hb concentration, or Sa0, levels, the oxygen extraction
increases, and VO, can therefore be maintained stable for a long
time (supply-independency). It is only when DO, drops below a
critically low value (DO-crit) that VO, starts to decrease (supply-
dependency) (Fig. 4). At DOcrit, cells shift toward anaerobic
metabolism as reflected by the development of tissue metabolic
acidosis.

4. Physiology of tissue oxygen extraction

The oxygen extraction ratio (ERO-) is the proportion of arterial
oxygen that is removed from the blood as it passes the
microcirculation:

ERO, = VO, /DO;

Normal ERO, ranges from 0.25 to 0.3 [4].

The body adjusts ERO; in response to changes in DO, through
two complementary mechanisms that act to prevent the occur-
rence of tissue hypoxia. First, blood flow into organs is regulated by
the vascular tone of the vessels, including the arteriolar system
(flow-controlling vessels). These vessels are encircled by smooth
muscles that can constrict or dilate in response to different
stimulations [13]. Under normal conditions, blood flow to each
organ is paired to current demands such that each of them gets a
given fraction of whole-body DO,. However, when DO, is impaired,
blood flow is redistributed to metabolically active organs due to an
increase in sympathetically induced vasoconstrictor, preventing
“vascular steal” of blood flow overperfusing organs with relatively
low oxygen requirements [8,14,15]. Cain demonstrated that the
use of alpha-blockade with phenoxybenzamine attenuated the
increase in ERO,, indicating the importance of a strong vasocon-
strictor sympathetic tone to promote oxygen tissue extraction
during global tissue hypoxia in anaesthetised dogs [ 16,17]. Second,
even if arteriolar blood flow goes to the right organs proportionally
to their demands, there is no assurance that the capillary bed gets
this blood according to tissue requirements. Therefore, in reference
to the metabolic concept of microvascular regulation, tissues with
rather elevated metabolic rates induce metabolic vasodilation that
opposes the sympathetic vasoconstrictor tone, thus preventing the
imbalance between cellular oxygen supply and demand. Local
distribution of flow is determined downstream by precapillary
(distribution vessels) sphincters in tissues. Any condition with
decreased tissue PO, would induce a vascular dilation, increase the
perfused capillary density, and restore normal tissue oxygenation
[18-20]. In response to local tissue hypoxia, capillary recruitment
can reduce intercapillary spaces, thus permitting tissues to extract
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Fig. 3. Diagram showing the importance of tissue oedema in determining the capillary oxygen delivery and intracellular partial oxygen pressure (PO, ). Oxygen diffusion from
capillary red blood cells (RBC) to tissue cell mitochondria is determined by the oxygen gradient from RBC to mitochondria and the diffusion distance (d1 and d2) from RBC to
mitochondria. A, Blood flow though microcirculation under normal conditions with no tissue oedema. B, Blood flow though microcirculation under conditions with tissue
oedema and increased diffusion distance [d2] between capillary RBC and tissue cells mitochondria.

DO,Crit
l Supply-independency

Vo,

ERO,

Do,

Fig. 4. Relationship between oxygen delivery (DO, ) and oxygen consumption (VO,).
When DO, decreases, VO, remains constant over a wide range of DO, (supply-
independency, blue line) because of the increases in oxygen extraction (ERO, red
line). When DO, decreases further beyond a critical value DO, (DO, Crit), VO,
decreases along with the deceases in DO, (supply-dependency, green line), which
defines the occurrence of tissue hypoxia and the activation of anaerobic
metabolism.

oxygen effectively by reducing the capillary-to-cell diffusion
distance [21].

In situations of tissue hypoxia, there is an indication that
parenchymal cells generate high quantities of metabolites such as
lactate, hydrogen ions, adenosine, and potassium ions that
accumulate in the tissue. These cause vascular smooth muscle
to relax, probably through activation of ATP-sensitive K* channels,
leading to increased blood flow to the hypoxic tissue [22]. However,
this suggests that the cells need to experience some degree of
hypoxia before the organ blood flow is changed. Consequently,
other sources of control should exist. The endothelial cell is an
essential element of the microvascular system. It plays a crucial
function as a signal transducer of shear stress [23,24] and
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vasoactive agents [25], including catecholamines, acetylcholine,
prostaglandins, and others. In response to decrease in PO,,
endothelial cells release autacoid substances, including prostacy-
clin, nitric oxide (NO), and the endothelium-dependent hyper-
polarising factor that have strong vasodilator effects on the
vascular tone by stimulating soluble guanylate cyclase in vascular
smooth muscle directly [26-28]. Furthermore, it has been shown
that endothelial cells are implicated in tissue ERO, capability
[29]. An endothelial oxygen detector in the vessel would allow the
vasculature system to react quickly to a decline in arteriolar PO,
without the requirement for metabolites to accumulate, with the
inherent risk of hypoxia-induced cell injury. Therefore, endotheli-
um plays a crucial role in matching tissue oxygen supply to
demand in situations of acute drop in tissue oxygenation.

In summary, increased ERO; is the result of the regulation of the
circulation and the effects of the concomitant activation of both
central and local factors [8]. Central factors provoke a regional
redistribution of blood flow between organs via sympathetic
vasoconstrictor tone. In contrast, local factors cause an increase in
the density of perfused capillaries within tissues via vasodilator
tone after releasing vasodilating substances that are part of the
general response termed autoregulation [30]. Altered vascular
reactivity with an abnormal balance between vasoconstrictor and
vasodilator tone should, therefore, fail to control blood flow
distribution between and within tissues, favouring hyperperfusion
of some tissue beds at the cost of hypoperfused areas, with reduced
oxygen extraction capability.

5. Mechanisms of tissue hypoxia

The method by which DO is altered determines the mechanism
of tissue hypoxia. According to the DO, formula, hypoxic hypoxia
(drop in Sa0,), anaemic hypoxia (drop in Hb), and circulatory
hypoxia (drop in CO) are the different pathophysiological
mechanisms of tissue hypoxia. It is not rare for such conditions
to be concomitantly seen in critically ill patients. Another proposed
mechanism to explain tissue hypoxia in situations of preserved
DO, is cytopathic hypoxia [31].
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5.1. Hypoxic, anaemic, and low flow tissue hypoxia

In normal conditions, tissue VO, is determined by cellular
metabolic requirements and is not influenced by the quantity of
oxygen delivered because of progressive increases in ERO,
[32,33]. When DO, is severely compromised, a critical DO, is
reached below which VO, falls and becomes dependent on DO,
(oxygen-supply dependency), resulting in anaerobic metabolism
activation [7], leading to severe acidosis and eventual cell death, if
not corrected. This is due to the fact that ERO, does not increase
proportionally to the decrease in DO,. This biphasic nature of DO,
and VO, has been observed in normal intestinal tissue and during
ischaemia. There is no one DO,crit value for the whole organism.
Each organ has its own DO,crit according to its capability of oxygen
extraction. Hence, tissue hypoxia is an earlier phenomenon in the
skin, whereas it is delayed in the brain and heart during reductions
in DO,.

Circulatory (hypovolaemic, cardiogenic, and obstructive types
of shock), anaemic and hypoxic tissue hypoxia are characterised by
a diminished DO, but preserved capacity of increasing ERO-,
(physiological oxygen supply dependency). In an experimental
study of splenectomised dogs that were made progressively
anaemic (reaching haematocrit as low as 10%) by replacement of
blood with colloid (anaemic hypoxia model), and another group
with progressive hypoxia (hypoxic hypoxia model) by breathing
air mixed with nitrogen (reaching oxygen inspired fraction as low
as 6%), Cain observed that excess lactate production appeared at
about the same level of DO, (DO,crit = 12 mL/kg/min) in both
models [34]. In a more detailed study with isovolumic haemodilu-
tion anaemic dogs and hypoxic hypoxia dogs, Cain observed that
VO, was limited at a higher mixed venous PO, level in the anaemic
model than in the hypoxic model (45 mmHg vs. 17 mmHg,
respectively). However, oxygen supply dependency occurred at the
same DOxcrit level (9.8 mL/kg/min) in both models [7]. Schwartz
et al. investigated the effects of haemorrhagic (hypovolaemic),
normovolaemic anaemia, and hypoxia models in dogs [35]. They
found that with progressively decreasing DO», ERO, increased to
the same extent in each model and continued to increase even after
reaching DO,crit and decreased only at very low DO, values in the
three experiments. There were differences in the haemodynamic
responses to the three types of decreases in DO,. Indeed, CO
increased in the anaemic model and greater rise in systemic and
pulmonary vascular resistances in the haemorrhagic model. In that
study, DOcrit level was also the same in the three models of tissue
hypoxia around 10 mL/kg/min, and the VO,/DO, dependency
phenomenon (precipitous drop in VO,) occurred only at near-
death [35].

Intestinal tissue oxygenation is relatively more resilient to
hypoxic hypoxia than to reduced blood flow (hypoxic ischaemia).
The ability to endure pure hypoxia is dependent on preserved
blood flow to intestinal tissues. Indeed, during progressive
ischaemia, in intact dog intestine, VO, decreased when DO,
reduced to 60% of its baseline value [36]. However, when DO, was
compromised by pure hypoxia, VO, did not fall and did not become
dependent on DO, despite a decrease to 36% of its baseline. ERO,
increased with decreasing DO, but did not reached a plateau,
suggesting no diffusion limitation. VO, stayed independent to a
very low level of DO, because the blood flow part of DO, was
maintained. Also, in another experimental study, VO, was found to
be independent of DO, in a pure hypoxic model, in fetal lamb
intestines, despite decreases in DO, to 43% of baseline [37]. The
capacity of the intestines to keep appropriate oxygenation in the
face of hypoxia might be explained in part by the strong
vasodilatory effects of hypoxia in the small bowel. It has been
shown that arterial hypoxia induces an increase in blood flow up to
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146% of control group in intestinal small bowel [38]. In an effort to
maintain adequate tissue oxygenation, ischaemic, anaemic, or
hypoxic intestinal tissue will react by modulating the blood flow
by acting on the local arteriolar tone [39,40] and by controlling the
pre-capillary sphincters, which allows to increase the number of
perfused capillaries in the surface area and decrease the capillary-
to-cell diffusion distance leading to increase in ERO,.

5.2. Altered tissue oxygen extraction

The reduced capability of oxygen extraction has been observed
in animal models of sepsis and septic patients. In a model of
haemorrhagic shock with stepwise decrease in DO,, DO,crit value
was high, and ERO, was low in the whole body of anesthetised dogs
that were challenged with either live bacteria or LPS [9,41]. This
suggests that sepsis caused by bacterial infection may induce
regional alterations in vascular tones. Several studies reported
impairments of contractile responses to «-adrenergic agonists
such as angiotensin Il and serotonin in vasculature tissue from
endotoxaemic animals [42-45]. It was reported that iNOS
inhibitors reinstate the contractile responses of the animals’
vessels to agonists [43]. These observations align with the
pathophysiologic hallmarks of sepsis in clinical and experimental
conditions, which is intense vasodilation with dysregulation of
blood flow distribution between organs. However, in vivo
endotoxaemic animal models, blocking iNOS failed to reinstate a
normal ERO,, and to improve survival [46,47]. Furthermore,
increasing a-adrenergic tones with treatments was not enough to
improve ERO, during septic shock [48]. These results suggest that
impaired vasoconstriction cannot entirely explain the altered ERO,
observed in septic shock, and derangements in vasodilator tones
should occur since a normal ERO, response results from an
adequate balance between vasoconstrictor and vasodilator tones.

Attenuated acetyl-choline-induced dilation in vascular rings
isolated from large arteries from endotoxaemic animals was
reported by many studies [44]. These observations suggest
impaired NO secretion by endothelial cells secondary to a defect
in the expression of the constitutive NOS isoform. This was also
demonstrated in the isolated small intestine arterioles after CLP of
rats [49]. Moreover, the density of tissue perfused capillaries
decreased, and the spatial distribution was more heterogeneous
with an increase in the number of capillaries with stop-flow and
large intercapillary distance in the skeletal muscles in rats that
were made septic by CLP [50]. In endotoxaemic pigs, gut capillary
transit-time heterogeneity significantly increased and was associ-
ated with lower critical ERO, than in control animals [51]. The
remaining functional capillaries compensate for the reduced
capillary density by delivering more oxygen to the adjacent tissue.
However, augmented oxygen flow heterogeneity apparently
impairs oxygen extraction by raising critical DO, and reducing
the critical ERO, [52]. Reactive hyperaemia is a test used to assess
an organ’'s maximal capacity to raise its blood flow when oxygen
demand has been maximally augmented. The rise in blood flow is
due to an increase in flow in the same patent capillaries and by
recruiting other capillaries [53,54]. This response is due to
vasoactive agents affecting the arteriole smooth muscle and those
acting through the arteriole endothelium [54,55]. Using laser
Doppler flowmetry, it has been shown that after stopping the leg
blood flow by inflating a pneumatic cuff, the reactive hyperaemia
was decreased in critically ill septic patients despite increase in
DO, of the whole body [56]. Possible mechanisms that might
explain these findings are impaired vascular reactivity to
vasodilate and microvascular obstruction limiting capillary
recruitment ability. Using orthogonal polarisation spectral imag-
ing technique to assess the sublingual microcirculation, De Backer
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et al. found that the density of all vessels was significantly
decreased, the proportion of perfused small vessels was signifi-
cantly reduced, and a more significant number of non-perfused
and intermittently perfused small vessels with a marked
heterogeneity between the areas in severe sepsis critically ill
patients compared to volunteers patients [57]. In a mathematical
model of the determinants of DO, and VO,, a rise in blood flow
heterogeneity was associated with a rise in DO,crit with decreased
ERO; [58].

Capillary recruitment resulting from local hypoxia can effi-
ciently decrease intercapillary space, thus permitting more tissues
oxygen extraction. Deranged ERO, abilities in sepsis might result
from a failure to adjust capillary density according to the local
oxygen supply to demand requirements.

5.3. Cytopathic tissue hypoxia

The classical mechanisms of tissue hypoxia (hypoxic hypoxia,
anaemic hypoxia, and stagnant hypoxia) were insufficient to
explain the reduced ATP biosynthesis and organ dysfunction in
sepsis. Thus, acquired intrinsic impairment in cellular respiration
was proposed as a potential mechanism that contributes to ATP
production derangement despite normal (or supranormal) PO,
values around mitochondria inside cells. This mechanism was
named “cytopathic hypoxia” by Mitchell Fink [59,60].

The evidence supporting the concept of cytopathic hypoxia
came from a considerable body of experimental studies in the
context of sepsis with tissue PO, measurements [1,61-66]. For
example, in a model of septic peritonitis with cecal ligation and
puncture (CLP) in rats, the mean skeletal PO, was not different
between the resuscitated septic animals and in the normal controls
[1]. Also, in anesthetised pigs that were challenged with
lipopolysaccharide (LPS), the mucosal PO, significantly increased
after restoring CO with fluid resuscitation [62]. Furthermore, the
PO, distribution in skeletal muscle was shifted to supranormal
values in patients with septic shock, whereas it was shifted to low
values in cardiogenic shock patients as expected [64]. These data
suggest that tissue PO, levels are normal/high in resuscitated
septic patients. In addition, several studies demonstrated that
mitochondrial function is deranged in animals with sepsis
[67,68]. Indeed, the hepatocytes’ VO, was significantly less when
the hepatocytes were isolated from septic rats than from non-
septic control rats [67]. Also, the amount of VO, was significantly
lower inileal mucosa tissue from endotoxaemic rats that was given
LPS compared with control rats [68]. These findings support the
concept of impaired cellular oxygen use in sepsis condition with
normal/high PO, levels. Interestingly, the ileal mucosa VO, rate
was preserved when LPS challenged rats were administered with
aminoguanidine to block the inducible nitric oxide synthase
(iNOS), suggesting that the occurrence of cytopathic hypoxia in
endotoxaemic rats needs iNOS-dependent NO production.

Aerobic production of ATP happens in mitochondria through
oxidative phosphorylation (Fig. 1). The reduced forms of nicotine
adenine dinucleotide (NADH) and flavine adenine dinucleotide
(FADH,) are generated during glycolysis and the tricarboxylic acid
cycle (TAC) in cells are oxidised by molecular oxygen. The energy
liberated by the process is used to actively pump protons from the
mitochondrial matrix into the intermediate space creating an
electrochemical gradient across the inner mitochondrial mem-
brane. This gradient pushes hydrogen ions through the FoF;ATPase
mitochondrial enzyme that catalyses the phosphorylation of ADP
to form ATP (Fig. 1).

Several different but jointly potential mechanisms might
participate in the occurrence of cytopathic hypoxia in sepsis.
These mechanisms include the inhibition of pyruvate dehydroge-
nase (PDH) by activation of PDH kinase [69-72], limiting the
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delivery of pyruvate into the mitochondrial TCA leading to excess
pyruvate accumulation and increased lactate production that is not
related to impaired DO, [70]. NO-induced inactivation of cyto-
chrome a,a3 is another possible mechanism of sepsis-mediated
cytopathic hypoxia. Sepsis is associated with increased iNOS
synthesis that results in increased generation of NO. Experimental
data showed that NO generated endogenously is able to cause
reversible inactivation of the enzymatic activity of cytochrome
a,a3, which is the terminal complex of the mitochondrial electron
transport chain, leading to mitochondrial dysfunction [72-
74]. Acute inflammatory states, including sepsis and ischemia/
reperfusion, are appropriate situations where NO reacts with
oxygen anion (0,-) to form a potent oxidising and nitrosating
agent, which is peroxynitrite (ONOO-) [75-77]. It has been shown
that ONOO- inhibits different components of the mitochondrial
function, including the mitochondrial FoF,ATPase that drives
phosphorylation of ADP to produce ATP and the mitochondrial
enzyme complexes | and Il that are involved in electron transport
[78] (Fig. 1). In a rat animal model, endogenous generation of
ONOO- following in vivo LPS injection resulted in mitochondrial
respiration dysfunction in the rat diaphragm [79]. The most
important mechanism contributing to cytopathic tissue hypoxia in
sepsis is the poly-ADP-ribosyl polymerase (PARP-1), a nuclear
enzyme involved in various cellular functions, including DNA
repair, replication, and cellular apoptosis [80-82]. PARP-1 is
activated by single-strand breaks in nuclear DNA, leading to the
degradation of NAD" [83], and resulting in NAD"/NADH depletion
in cells. Consequently, PARP-1 activation can result in a severe
derangement of oxygen utilisation by cells, leading to cytopathic
hypoxia. In acute inflammation conditions, reactive oxygen species
such as ONOO- can activate PARP-1 by inducing single-strand
breaks in nuclear DNA [84]. Incubation of human enterocytic cells
with cytokines (tumour necrosis factor-a, interleukin-1 3, and
interferon-y) reduced VO, that was measured directly using an
oxygen-sensitive optode by 50% [85]. Interestingly, this phenom-
enon was entirely reversible when cytokines were removed. Also,
PARP-1 knockout mice were resistant to the lethal LPS effects
[86,87]. Moreover, blocking PARP-1 using a pharmacological agent
increased survival in a porcine model of lethal bacterial peritonitis
[88].

6. Therapeutic approach
6.1. Fluid therapy

Fluid infusion continues to be an indispensable part of the
management of all types of shock. Originally held for hypo-
volaemic conditions, and to some degree septic shock, cardiogenic
shock also requires fluid infusion as the vasoconstrictive state
leads to extravasation of fluid into the interstitium. Thus,
treatment of cardiogenic shock using careful fluid administration
has become a standard, even in the presence of cardiogenic
pulmonary oedema [89,90].

The goal of volume expansion is to increase CO and improve
tissue perfusion. This implies correcting the oxygen accessibility in
the microcirculation after microcirculatory hypoperfusion in shock
states [91]. Thus, this means that adequate tissue perfusion should
guarantee an adequate supply of oxygen to the tissue cells.

Fluid therapy can enhance the microcirculation if administered
in a timely manner and in suitable quantities. Fluids improved
microvascular perfusion by increasing the proportion of perfused
small vessels and small vessels density, thus reducing perfusion
heterogeneity in septic patients [92,93]. Importantly, improve-
ment in microcirculation was mainly observed when fluid was
given early (within 24 h) whereas late administration (after 48 h)
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did not ameliorate the microvascular perfusion [92]. Also, the
microcirculatory effects of volume expansion were relatively
independent of systemic effects [92,93]. Interestingly, in preload-
dependent patients, organ dysfunction improved only in those
who improved their microcirculation in response to fluid
administration [94]. However, excessive fluid resuscitation might
be harmful by inducing tissue oedema and increasing the distance
between capillaries and cells, resulting in a decrease in oxygen
diffusivity (Fig. 3). Several experimental and clinical studies have
demonstrated the detrimental effects of aggressive fluid adminis-
tration on the outcome of sepsis [95-106]. It is unknown how
much fluid should be given. The latest version of the Surviving
Sepsis Campaign (SSC) guidelines still recommending the admin-
istration of 30 mL/kg of intravenous crystalloid fluid to be given
within the first 3 h of resuscitation in septic patients with signs of
tissue hypoperfusion [107]. However, many experts have questio-
ned this approach as a fixed dose of 30 mL/kg was based upon a
low quality of evidence, and as “one size does not fit all,” initial
fluid resuscitation should be individualised to each patient's needs
[107-109]. Thus, fluid administration should be guided by
dynamic tests (based on heart-lung interaction) [110-112],
passive leg raising test [113,114], end-expiratory occlusion test
[115], mini-fluid challenge techniques [116-118], or hypoperfu-
sion parameters [119,120]. In situations of tissue hypoperfusion,
fluid resuscitation should only be given to fluid responsive patients
(preload-dependent) in order to avoid fluid accumulation [121].

In this regard, fluid withdrawal by administration of diuretics
resulted in improved microvascular perfusion by decreasing
interstitial oedema, and thus, increasing the diffusive capacity of
the microcirculation by increasing its functional capillary density
[122]. Multiple trials showed the feasibility of a restrictive fluid
approach in the early phase of resuscitation of septic shock
patients with suggestions toward benefit with fluid restriction in
some studies [ 123-127]. However, these studies were not powered
to identify differences in patient-centred outcomes. The ongoing
Crystalloid Liberal or Vasopressors Early Resuscitation in Sepsis
(CLOVERS) trial and the Conservative vs. liberal fluid therapy in
septic shock (CLASSIC) trial will shed some light to this issue
[128,129].

6.2. Blood transfusion

A sufficient number of RBC should reach the microcirculation in
order to increase the oxygen carrying capacity of blood and
improve tissue oxygenation. To obtain this, resuscitation should
achieve an adequate amount of Hb-loaded red blood cells (RBC)
entering the microcirculation to meet the tissue cells’ metabolic
requirements since Hb concentration is the main factor of oxygen
availability [130]. Therefore, the idea of sufficient tissue perfusion
should enclose the RBC's convection entering the microcirculation
and attain an adequate density of RBC-filled capillaries to
guarantee the equally important diffusion of oxygen from the
RBCs to the tissue cells [ 13]. These two features of tissue perfusion
would be more appropriately combined into one variable, which is
called tissue RBC perfusion. This theory reflects the necessity of
having a sufficient capillary haematocrit and functional capillary
density (diffusion capacity) integrated with adequate convection
or RBC flow in the microcirculation [131].

RBC transfusion improved the sublingual microcirculation by
significantly increasing the proportion of perfused vessels and the
functional capillary density, and by significantly decreasing the
blood flow heterogeneity in haemorrhagic shock patients [132]. In-
terestingly, these observed effects of transfusion on microcircula-
tion were independent of the Hb level or the systemic effects
[132]. However, in septic patients, RBC transfusion improved
microvascular perfusion only in those with altered capillary
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perfusion at baseline [ 133]. In another study performed in critically
ill patients, RBC transfusion improved the microvascular perfusion
in patients with impaired microcirculation but had opposite effects
on patients with normal microcirculation before transfusion
[134]. Interestingly, RBC transfusion at both 75 g/L and 90 g/L of
Hb can ameliorate or damage the microvascular perfusion,
challenging the concept of arbitrary transfusion thresholds [134].

It remains a matter of debate when we should transfuse a
patient. The recent transfusion guidelines in non-bleeding
critically ill patients recommend adopting a restrictive transfusion
approach (Hb threshold of 70 g/L) over a liberal transfusion
approach (Hb threshold 90 g/L) in the majority of critically ill
patients with non-bleeding anaemia, except in patients with an
acute coronary syndrome where a liberal transfusion strategy (Hb
threshold of 90100 g/L) is preferred to a restrictive strategy (Hb
threshold of 70 g/L) [107,135]. No recommendations were made
for elderly and oncologic or haemato-oncologic critically ill
patients or for those undergoing extracorporeal membrane
oxygenation [135].

In critically ill bleeding patients, the recent guidelines of the
European Society of Intensive Care Medicine (ESICM) suggest
adopting a restrictive RBC transfusion threshold: 70 g/L vs. 90 g/L
for non-massive gastrointestinal bleeding, and 75-80 g/L vs.
100 g/L for non-massive bleeding after vascular surgery [136].

In a recent meta-analysis, RBC transfusions resulted in
significant increases in DO,, VO,, and venous oxygen saturation
and a significant decrease in ERO, without effects on CO [ 137]. Also,
recently, Fischer et al. demonstrated that an individualised RBC
transfusion strategy based on a central venous oxygen saturation
threshold of 70% resulted in a significantly lower transfusion rate
with no differences in postoperative morbidity or 6-month
mortality compared to liberal strategy in patients admitted to
intensive care unit after cardiac surgery with postoperative Hb less
than 90 g/L [138]. These findings suggest that the decision to
transfuse in critically ill patients should not be based on a Hb level
alone but also guided by oxygenation derived variables when it is
possible. Today, an acceptable strategy is that RBC transfusion can
be safely withheld when the Hb is > 90 g/L and should be
administrated when Hb is < 70 g/L. Transfusion decisions should
be individualised if the Hb is between these two values [90].

6.3. Vasopressors

Vasopressors are drugs used to increase arterial blood pressure
by peripheral vasoconstriction. Different vasopressor agents have
been proposed. Norepinephrine is a potent «-1 receptor agonist
and mild-moderate (-1 receptor agonist with minimal [3-2
receptor activity [139]. Its haemodynamic effects are dominated
by «-1 receptor-induced vasoconstriction and increased systemic
vascular resistance (SVR), which results in increased mean arterial
pressure (MAP) with minimal effects on heart rate and CO. At high
doses, norepinephrine may increase CO due to (-1 receptor
activation and increases in venous return mediated by rising in the
mean systemic filling pressure [140]. However, like a pure
vasoconstrictor, norepinephrine may decrease CO in untreated
hypovolaemia cases or in patients with cardiac dysfunction owing
to the potent rise in afterload. Nevertheless, many patients with
cardiogenic shock can keep CO during norepinephrine treatment
[141,142]. Dopamine exerts its effects in a dose-dependent
manner on dopamine-1, a-1, and [3-1 receptors. At lower doses,
dopamine induces vasodilation through dopamine-1 receptor
activity in the kidney, splanchnic, brain, and coronary circulation.
At higher doses, the activity of dopamine’s « receptor prevails,
which leads to vasoconstriction and increased SVR. Its 3-1 receptor
activity can cause dose-dependent arrhythmias [ 139]. Epinephrine
is a potent a-1 and [B-1 receptors agonists with stronger [3-2
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receptor activity than norepinephrine (Table 1). At low doses,
epinephrine activity is mainly related to its effects on 3-1 receptors
resulting in increased CO and heart rate with variable responses on
MAP. At higher doses, epinephrine infusion leads to an increase in
SVR, MAP, and CO [139]. Potential side effects of epinephrine
comprise arrhythmias and impaired splanchnic circulation
[143]. Phenylephrine is a pure «-1 receptor agonist with no 3-
1/B-2 receptors activity that increases arterial and venous
resistance. Vasopressin is a natural hormone with strong
vasoconstrictive effects. Its vasoconstrictor effects are due to
activation of V1a receptors on vascular smooth muscles, resulting
in increased SVR and MAP [139,144]. At high doses, vasopressin
has been associated with cardiac, digital, and splanchnic ischaemia
[145].

The updated version of the SSC guidelines continues to
recommend norepinephrine as the first-line vasopressor for septic
shock, and there is enough proof to back this recommendation
[107]. Norepinephrine is also the first-line vasopressor in most
types of shock, including cardiogenic shock [ 146]. Norepinephrine
improved microvascular perfusion when used to correct severe
hypotension by restoring a minimal perfusion pressure to organs
[147,148]. However, increasing MAP higher than 65 mmHg (75 or
85 mmHg) had variables effects on microvascular perfusion
[149,150]. Interestingly, increasing MAP with norepinephrine
improved microvascular perfusion only in patients with severe
impairment in sublingual microcirculation, whereas it was
detrimental in patients with close to normal baseline microcircu-
lation [150]. The SSC recommends targeting a MAP of 65 mmHg
during the initial resuscitation of septic shock [107]. Although the
optimal MAP target in shock states has been a subject of intense
research [151,152], no universally accepted value has been
recognised. Thus, target values of MAP should be personalised
for a given patient considering several factors, including history of
chronic hypertension, and persistent signs of tissue hypoperfusion
[153].

When to start norepinephrine is still a matter of debate. In the
past, vasopressor was administered only when it was deemed that
the patient was fluid unresponsive. However, even untreated
transient hypotension can be associated with organ dysfunction
[154] or increased mortality [155]. Early administration of
norepinephrine during resuscitation of severely hypotensive septic
shock patients increased CO through an increase in venous return
by enhancing the mean systemic filling pressure, and consequently
cardiac preload, and also by improving cardiac contractility [156-
158]. Early initiation of norepinephrine was associated with better
outcomes in septic shock patients. In a retrospective study that
included 213 septic shock patients, the 28-day mortality rate was
significantly higher when norepinephrine infusion was initiated
> 2 h after septic shock onset. Also, every 1-h delay in
norepinephrine starting during the first 6 h after septic shock
onset was associated with a 5.3% increase in mortality. Further-
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more, the duration of hypotension and norepinephrine require-
ments was significantly shorter in the early norepinephrine
initiation group [159]. A phase Il randomised controlled trial
(RCT) with 310 septic shock patients showed that early adminis-
tration of norepinephrine (median 1.5 h) was significantly
associated with higher shock control by 6 h [160]. In another
prospective study with propensity score-based analysis, early
administration of norepinephrine (within 6 h of septic shock
onset) was associated with significantly lower 24-h net fluid
balance and lower risk of death at day 28 with no significant
increase in acute renal failure or renal replacement therapy
requirements in 186 septic shock patients [161]. These results
were supported by the findings of a recent meta-analysis that
included 929 patients [162]. These results suggest that norepi-
nephrine might be used as an adjunct to fluids to increase CO and
MAP in hypotensive patients. However, large-scale RCTs are
required to confirm these findings. Also, the optimal timing of
norepinephrine initiation is yet to be determined.

Patients with more severe septic shock may require high doses
of norepinephrine due to down regulation of al-adrenergic
receptors. High dose norepinephrine may harm myocardial cells
and induce oxidative stress. Thus, a second vasopressor should be
added before patients develop refractory septic shock. In a meta-
analysis, the use of vasopressin was related to a reduction in the
need for renal replacement therapy, a tendency toward lower 90-
day mortality, but more complications such as digital ischaemia
[163]. The SSC guidelines suggest adding vasopressin when the
dose of norepinephrine is in the range of 0.25-0.5 p.g/kg/min
[107]. In cases of myocardial dysfunction, epinephrine is a
reasonable alternative [107].

Other novel vasopressor drugs (selepressin and angiotensin II)
have been developed recently [164-166]. Their potential indica-
tions in septic shock patients are still under investigation.

6.4. Inotropes

In septic shock patients with persistent signs of tissue
hypoperfusion after adequate fluid resuscitation and MAP and
myocardial dysfunction based on suspected or measured low CO
and elevated cardiac filling pressure, the SSC guidelines suggest
adding dobutamine to norepinephrine or using epinephrine alone
[107]. However, there are no RCTs that compared dobutamine to
placebo in these patients. A network meta-analysis found that the
combination of dobutamine and norepinephrine had no effect on
mortality when compared to no dobutamine [167]. Nevertheless,
none of the included trials directly compared the association of
dobutamine and norepinephrine to norepinephrine alone. Also,
there was no evidence to support the superiority of the
combination of dobutamine and norepinephrine over epinephrine
alone in terms of mortality [ 167]. The ongoing ADAPT multicentre
RCT (NCT04166331) will shed light on the efficacy of dobutamine

Table 1

Vasopressors and inotropes receptors potency.
Agents «-1 receptors B-1 receptors -2 receptors Dopamine-1 receptors Vasopressin-1a receptors
Dobutamine + bt +++ 0 0
Dopamine +++ o+t ++ 4t 0
Epinephrine b P 44+ 0 0
Milrinone 0 0 0 0 0
Levosimendan 0 0 0 0 0
Norepinephrine bt ot Yo 0 0
Phenylephrine et 0 0 0 0
Vasopressin 0 0 0 0 P

0: no significant receptor affinity; + through +++++: minimal to maximal receptor affinity.

28



J. Mallat, N. Rahman, F. Hamed et al.

as an adjunctive treatment in septic shock patients with septic
cardiomyopathy and tissue hypoperfusion.

Levosimendan is a calcium-sensitising drug with inotropic and
vasodilatory properties. In a meta-analysis of seven RCTs, no
significant difference in the mortality rate between levosimendan
and dobutamine was found in sepsis and septic shock patients
[168]. The SSC guidelines suggest against using levosimendan in
septic shock patients and cardiac dysfunction with signs of tissue
hypoperfusion despite adequate fluid resuscitation and MAP
[107].

In patients with cardiogenic shock, the first line inotropic agent
is dobutamine [146,169,170]. Levosimendan may be used in
cardiogenic shock patients already on chronic beta-blocker
therapy and in patients with cardiogenic shock with acute right
ventricular failure or pulmonary hypertension due to its positive
effects on pulmonary vascular resistance mediated by potent
phosphodiesterase-3 inhibition [146]. Milrinone, a selective
phosphodiesterase-3 inhibitor, and dobutamine had similar
effectiveness and safety profiles [171], but may be harmful in
ischaemic decompensated heart failure [172].

6.5. Additional therapies
a) Corticosteroids

Corticosteroids enhance cardiovascular function by restoring
adequate blood volume through augmented mineralocorticoid
activity and by improving SVR, vascular contractile, and blood
pressure responses to al-agonists, an effect thatis partially linked
to endothelial glucocorticoid receptors [173]. A meta-analysis
that included 22 RCTs and 7297 septic shock patients, low dose of
corticosteroids accelerated the resolution of shock (mean differ-
ence: 1.52 days; 95% Cl: 1.71-1.32), reduced duration of invasive
mechanical ventilation (mean difference: 1.38 days; 95% Cl: 0.8-
1.96), and ICU stay (mean difference: 1.34 days; 95% Cl: 0.75; 95%
Cl: 0.17-1.34). However, low dose corticosteroids had no effect on
short- or long-term mortality. Also, the risk of experiencing any
adverse event was higher with corticosteroids [174]. The overall
quality of evidence was moderate. However, the experts judged
that the beneficial effects outweigh the undesirable effects. Thus,
the SSC guidelines suggest using low dose systemic corticoste-
roids in septic shock patients with ongoing requirements of
vasopressor treatment [107]. It is suggested to start intravenous
hydrocortisone at dose of 200 mg/day administered as 50 mg
every 6 horas a continuous infusion in septic shock patients with
norepinephrine dose > 0.25 pg/kg/min for at least 4 h after
initiation to maintain the target MAP [ 107]. However, the optimal
dose, timing of administration, and duration of corticosteroids
remain uncertain.

b) Vitamin C/vitamin B1

Vitamin C (ascorbic acid) has pleiotropic properties, including
antioxidant and anti-inflammatory effects. It acts as a cofactor in
the biosynthesis of norepinephrine and vasopressin, enhances
catecholamine sensitivity, and protects the microcirculation
[175,176]. Potential side effects of high doses of intravenous
vitamin C are oxalate nephropathy, and haemolysis in patients
with glucose-6-phosphate deficiency [ 175]. Vitamin B1 (thiamine)
is an essential cofactor in energy metabolism, and vitamin B1
deficit induces mitochondrial dysfunction and oxidative stress
[175]. Vitamin C and vitamin B1 are depleted in sepsis
[177,178]. Therefore, the supplementation of vitamin C and
vitamin B1 has been suggested as a therapy for improving organ
function in septic shock patients [179-181].
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Whether vitamin C, corticosteroids, and vitamin B1 alone or in
combination improve septic patients’ clinical outcomes has been a
topic of extensive investigation. In 2017, a single-centre retro-
spective before-after study found an impressive decrease in-
hospital mortality (odds ratio: 0.13; 95% Cl: 0.04-0.48), improved
organ function, and shorter duration of vasopressor treatment in
sepsis and septic shock patients who received the combination of
vitamin C, vitamin B1, and hydrocortisone compared to control
patients [182]. Following this study, 8 RCTs and many meta-
analyses of RCTs [183-188] were published with conflicting
results. All the meta-analyses showed that the combination of
vitamin C, vitamin B1, and hydrocortisone had no effect on sepsis
and septic shock mortality [183-188]. Also, most of the meta-
analyses reported either a significant reduction in organ dysfunc-
tion (SOFA score) or shorter duration of vasopressors or both in
septic patients who received these treatments than the control
group [183-186,188]. However, in most of the included RCTs [ 189~
195], the patients in the control group received placebo and a few
of them received hydrocortisone as co-intervention. Therefore,
these meta-analyses [183-186,188] cannot answer whether the
adjunction of vitamin C or vitamin B1 to hydrocortisone is superior
to hydrocortisone alone in terms of shock resolution or improve-
ment in organs function. The recent network meta-analysis [187]
did not find any evidence that the combination of vitamin C,
vitamin B1, and corticosteroids results in shorter vasopressors
treatment duration or reduction in organ dysfunction than
corticosteroids alone [187]. However, these results should be
interpreted with caution, as data for this comparison are scarce.
Until further evidence from ongoing RCTs, the SSC guidelines
suggest against using vitamin C in septic shock patients [107].

¢) Vasodilators

Vasodilator agents can play a role in manipulating the
microcirculation as the reduced vascular density and stopped-
flow capillaries can be due to exaggerated vasoconstriction. The
topical administration of acetylcholine, an endothelium-depen-
dent vasodilating agent, directly on the sublingual area, restored
the microvascular blood flow derangements by recruiting capillar-
ies of the sublingual microcirculation in septic patients [57]. Also,
the infusion of nitroglycerin intravenously improved the sublin-
gual microvascular flow in a small series of fluid resuscitated septic
shock patients [ 196]. However, these findings were not confirmed
by a randomised controlled trial that included 70 severe sepsis and
septic shock patients where the authors found no effects of
intravenous nitroglycerin on the sublingual microcirculatory blood
flow [197]. This observation may be due to the fact that the
sublingual microcirculation was minimally damaged at baseline
with a normal proportion of perfused capillaries, leaving no space
for further improvement [197]. In patients with circulatory shock
and persistent tissue hypoperfusion after 6 h of resuscitation, and
macrohaemodynamic stabilisation, the nitroglycerin infusion
improved the peripheral perfusion [198]. However, in a random-
ised trial that included 46 septic shock patients, after achieving
normal macrohaemodynamic targets, inhaled NO (40 ppm) did not
improve the sublingual microcirculation compared to placebo
[199]. Prostaglandin I, (PGIl,) analogs act as a potent arteriolar
vasodilator and have been used in critical limb ischaemia and
frostbite to improve tissue perfusion by restoring the microcircu-
lation. In an experimental sepsis model, lloprost, a PGl,-analog,
improved kidney perfusion and function [200]. In a case series
study of four septic shock patients with persistent signs of tissue
hypoperfusion (mottling skin and increased capillary refill time)
after optimising the macrocirculation, lloprost infusion resulted in
improved microvascular perfusion and almost complete resolution
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of hypoperfusion signs [201], suggesting promising findings.
However, clinical evidence is lacking, and Iloprost is currently
being investigated in a multicentre RCT (NCT03788837). Therefore,
until further evidence, vasodilating agents use cannot be
recommended. One of the reasons for this relative failure is the
absence of selectivity of these agents, which dilate both the non-
perfused and perfused vessels, resulting in unwarranted over
perfusion of some areas.

7. Conclusions

Under stable conditions of oxygen requirement, VO, can be
maintained despite a wide range of variation in DO, by adjusting
ERO, with different mechanisms, including the regulation of the
circulation and the endothelium effects. When DO, is severely
compromised, a critical DO, value is reached below which VO,
falls and becomes dependent on DO,, resulting in tissue hypoxia.
The different mechanisms of tissue hypoxia are circulatory,
anaemic, and hypoxic, characterised by a diminished DO, but
preserved capacity of increasing ERO,. Cytopathic hypoxia is
another mechanism of tissue hypoxia thatis due to impairment in
mitochondrial respiration that can be observed in septic
conditions with normal overall DO,. Altered tissue oxygen
extraction, caused by impaired systemic compensatory vasocon-
striction and microvascular reactivity to vasodilate with limited
capillary recruitment, is also reported in inflammatory situations
duetotherelease of vasoactive substances, and canresult in tissue
hypoxia by aninability to satisfy increased tissue oxygen demand.
Different therapeutic approaches exist to increase DO,, such as
fluid therapy, transfusion, and inotropes. Also, there is little
therapeutic ability to manipulate the other determinants of tissue
hypoxia. Vasopressors, corticosteroids, vitamin C, and vasodila-
tors were proposed to improve microcirculation. However, the
effect of these agents on microcirculation and clinical outcomes
are quite variable.
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Second Part

Limitations of tissue
oxygenation monitoring



I. Background

Resuscitation goals in shocked patients traditionally aim to normalize the systemic hemodynamic
variables and oxygenation (macrocirculation). While this approach is necessary, it might not
result in a parallel improvement of the microcirculation perfusion and restoration of tissue
oxygenation. Indeed, in conditions with damaged microcirculation, tissue hypoperfusion can
persist despite correcting the systemic hemodynamic variables by fluid resuscitation and
vasopressor drugs leading to tissue hypoxia and death. This situation is defined as a loss of
hemodynamic coherence. Many studies reported situations of a loss of hemodynamic coherence
where the perfusion of the microcirculation and tissue oxygenation did not improve after the
normalization of systemic circulation variables [10-14].

Resuscitation targeting microcirculatory and tissue oxygenation variables is needed to restore
the hemodynamic coherence and improve the organs’ function. However, this requires the use
of different specific technologies to be able to monitor tissue perfusion and oxygenation. This
section will discuss the different methods used for this purpose with their advantages and
limitations.

1. Near-Infrared Spectroscopy

Near-Infrared Spectroscopy (NIRS) is a system consisting of a light source, optodes for light
emission and reception, a processor, and a display system. NIRS technology used near-infrared
light (700-900 nanometers wavelengths) to measure chromophores (hemoglobin, myoglobin,
and cytochrome aa3) present in the sampled tissue. By choosing specific lengths, the impact of
myoglobin and cytochrome is minimized. Thus, NIRS measures the concentrations of

oxyhemoglobin and deoxyhemoglobin based on light attenuation using a predefined algorithm.
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Tissue oxygen saturation (StO;) is calculated from the fractions of oxyhemoglobin and
deoxyhemoglobin and displayed on the NIRS screen device [15]. By the Beer-Lambert law, the
NIRS signal is limited to vessels with a diameter <1 mm (arterioles, capillaries, and venules).
Skeletal muscle StO; is assumed to be a potential early sensor for occult hypoperfusion. The
thenar eminence is the primary area where StO; is measured, as this site is less affected by
subcutaneous fat thinness and edema [15]. In normal conditions, around 75% of blood in skeletal
muscle is venous; therefore, the NIRS StO2 value reflects mainly the venous oxygen saturation
rather than that of the tissue. StO; represents the balance between local oxygen supply and
consumption, and therefore, changes in StO; may be related to a change in microcirculatory
perfusion and/or variation in regional oxygen consumption [16].

StO; values were lower in septic patients compared to healthy subjects. However, considerable
overlap was observed between the two populations [17, 18]. These findings may be explained by
the heterogeneity of microcirculatory perfusion resulting in the co-occurrence of ischemic and
well perfused/highly oxygenated areas (microcirculatory shunting). However, some authors
reported that persistent low StO; values after initial fluid resuscitation were associated with
increased mortality [19, 20]. More utility can be derived from the analysis of changes in StO;
during a dynamic vascular occlusion test (VOT) that consists of applying an arterial occlusion
proximal to the NIRS probe until a pre-defined ischemic point is achieved, and then after the
occlusion is removed. An initial de-oxygenation slope (DeO;) is observed following ischemia and
has been suggested as an indicator of regional oxygen extraction. A re-oxygenation slope (ReO3)
is observed after the occlusion is unleashed, which has been suggested to reflect the endothelial

function as it depends on regional blood flow and capillary recruitment after the hypoxic stimulus
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[21]. Interestingly, a correlation between ReO; and perfusion pressure was reported, suggesting
that ReO; is derived from the interaction between the endothelium and regional perfusion
pressure [22].

VOT-derived variables have shown much better performance when considering prognosis than
the baseline StO,. Some studies observed that a slighter decrease in DeO,, which reflects
impairment in regional oxygen extraction, was associated with organ dysfunction and increased
mortality [23, 24]. Furthermore, decreased ReO; slope, which reflects vascular reactivity

derangements, was linked to increased mortality in septic shock patients (Figure 1) [17, 24-26].

Several methodological and technological limitations exist to the routine use of NIRS at the
bedside. NIRS requires a specific device that might not be routinely available in ICUs. Also, NIRS-
derived measurements are affected by adipose tissue thickness and the existence of edema.
Furthermore, baseline StO; values showed high variability among healthy subjects, which makes
NIRS a valuable device for trend monitoring rather than based on absolute StO, values.

Moreover, NIRS technology does not directly measure microcirculatory blood flow. In addition,
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different NIRS devices differ in some technological points and are not interchangeable.
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Figure 1. Distinct StO, patterns in response to a vascular occlusion test (VOT) in healthy subjects
and septic shock. Figure A shows a normal StO; response to a VOT, whereas figure B shows an
impaired response in a septic shock patient. Note that, independently of the baseline absolute
StO; value, the response to ischemia is different. The DeO; slope is slower, and a longer period is
needed to reach a predetermined ischemic threshold. The vascular reactivity is also altered,
resulting in a slower StO; recovery rate (ReOz) and a blunted hyperemic response before
returning to baseline St0; [24].

2. Laser Doppler Flowmetry

Laser Doppler Flowmetry (LDF) is a non-invasive method that continuously measures the

microvascular blood flow in different types of tissue, including muscle, skin, and intestine. The

principle of this technique is to measure the doppler shift, which is the change in frequency that

laser light experiences when it reflects off moving objects, such as red blood cells. LDF operates
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by lighting the tissue under examination with a monochromatic laser probe. Laser light is
delivered fiber-optically and diffusely scatters through tissue, some reflecting back with no
change in wavelength and some encountering moving red blood cells undergo a Doppler shift
that is also detected by the monitor. As a result, LDF provides an output signal proportional to
the microcirculatory blood flow [27] (Figure 2). Depending on the device, LDF can be used to
evaluate blood flow in muscle and gastric, rectal, and vagina mucosa [28, 29]. However, as a non-
invasive measurement of peripheral blood flow, its use is restricted to the skin [27].

LDF has been helpful in assessing endothelium-dependent vascular responses in the skin
microcirculation during reactive hyperemia after transient ischemia obtained arterial occlusion
with a cuff positioned around the arm [30]. The rate of flow restoration is primarily determined
by the capacity of the microvasculature to recruit arterioles and capillaries. The ascending slope
after transient occlusion is a marker of endothelial reactivity and consequently can be utilized as
a substitute for the functional integrity of the microvasculature [31, 32]. A decreased hyperemic
response was observed in septic patients, and a link between changes in vasculature tone and
severity of sepsis was also reported [33-35]. Furthermore, restoration of vasoreactivity in septic
patients assessed by LDF appears to be linked with a better outcome [34]. The capacity of LDF
to assess altered skin perfusion in sepsis could be of clinical utility for the early detection of
microcirculatory disorders in high-risk patients.

Scanning laser Doppler and reflection-mode confocal laser scanning microscopy are attractive
developments, as they both can visualize the field of interest and allow semi-quantitative

assessment of perfusion heterogeneity. With a confocal technique, vessel density, diameter, and
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blood flow measurements can be obtained. Due to the device's size, it can currently only be used
on humans to study skin blood flow.

LDF technique has numerous limitations. It provides blood flow measurements in relative units;
thus, only relative changes from baseline can be evaluated. Also, this technique cannot consider
the microvascular heterogeneity as the device measures the average blood flow in all vessels (at
least 50 vessels, including arterioles, capillaries, and venules of variable size, direction, and

perfusion) of the sampling volume.

Tissue cells

Red Blood Cell

Ded

Figure 2. Principle of Laser Doppler Flowmetry. red light is emitted from a light source; if the light
beam is scattered-off of stationary tissue or cells, there is no shift in the light spectrum. If,
however, the light hits a moving cell in a blood vessel there is a shift in the light spectrum of the
scattered light according to the Doppler flowmetry.
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3. Videomicroscopic imaging techniques
Orthogonal polarization spectral (OPS) and sidestream darkfield (SDF) are two video-microscopic
imaging methods incorporated into handled microscopes that can be employed to directly assess
the microcirculation at the bedside. After applying a light source on a surface, the light reflects
off the deeper layers of tissue, delivering trans-illumination of the superficial layers of tissue (thus
restricting its use to organs or tissue surfaces covered by slim layers of epithelium). As the
selected wavelength (530 nm) is absorbed by the hemoglobin, red blood cells look like black/gray
bodies streaming inside capillaries (absorbed light) over a white tissue environment (reflected
light). Hence, only functional capillaries (with red blood cells flow) will be seen as opposed to
nonfunctional capillaries (with no red blood cells flow). In OPS, an externally filtered light source
illuminates the organ surface with linearly polarized light and reflected light is stopped by an
orthogonally polarized analyzer [36, 37]. OPS devices are no longer commercially available. The
SDF technique uses pulsed green light, and illumination is achieved by surrounding the tip of the
light guide with light-emitting diodes creating dark-field illumination [38]. Both devices provide
good-quality images of microvascular vessels filled with red blood cells. However, SDF delivers a
more precise visualization of capillaries, with more sharp and less granular images than OPS [38].
These techniques can only be used on organs that are covered by a thin layer of epithelium. In
the sublingual area, which has been the most studied area, capillaries and venules of different
sizes (2—3 um) can be visualized; arterioles are usually not seen because they are situated in
deeper layers. Red blood cells are recognized as black bodies, and tissue perfusion can be
characterized in individual vessels. Microcirculatory image analysis has been challenging,

primarily due to hardware limitations but also because different scoring systems have been
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suggested. According to the second expert consensus conference [39], the microcirculation
analysis report should evaluate microvascular blood flow, vascular density, and perfusion
heterogeneity. Microcirculatory perfusion is evaluated by assessing the microvascular flow index
(MFI) and the proportion of perfused vessels (PPV). Vascular density, which is related to the
diffusion distance of oxygen between the red blood cells and the tissue cells, is evaluated by
assessing the functional capillary density (FCD), including total vessel density (TVD) and perfused
vessel density (PVD). Notably, tissue perfusion depends on FCD and blood flow (reflected by MFI).
Lastly, heterogeneity of perfusion is reflected by PPV in the examined area and the heterogeneity
index in the studied organ. Evaluating perfusion heterogeneity is a crucial key aspect of assessing
the shunted fraction in septic shock [40]. Most of these variables are quantitative, except for the
flow-related parameters, which are semi-quantitative but have nonetheless been shown in the
literature to be sensitive enough to assess microcirculatory performance.

A significant reduction in vessel density and a rise of non-perfused/under-perfused vessels were
observed in the sublingual microcirculation in the early period of sepsis and septic shock patients
compared to the control group [11, 41]. Also, increased heterogeneity of blood flow and vascular
density between concurrent areas was reported in those studies. Furthermore, these
derangements were more pronounced in non-survivors, and the speedy recovery of these
microcirculatory alterations following interventional treatment was also linked to improved
outcomes, including mortality [10, 41, 42]. On the contrary, the persistence of these
microcirculatory derangements beyond the first 24 hours was strongly and independently
associated with mortality related to circulatory failure in the initial stage and to multi-organ

failure in the late stage [43].
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Handheld videomicroscopes present several limitations. Optimal sublingual videomicroscopy is
only possible in cooperative or sedated patients. It is also not feasible to evaluate the sublingual
microcirculation in patients treated with non-invasive mechanical ventilation. Furthermore,
motion artifacts can also change the quality of the recorded video and make image analysis more
complex, making stable video recording imperative. In addition, avoiding excessive pressure
while applying the videomicroscope to the tissue surface is essential, as this can impair flow in
the microvessels and result in underlining microcirculatory perfusion [39].

Moreover, the microcirculation cannot be monitored continuously with a videomicroscope, and
recorded video clips should be analyzed offline. However, with the introduction of a third-
generation portable video microscope called Cytocam (Incident Dark Field) Imaging [44], a real-
time bedside examination of microcirculation is available with a reasonable agreement with
traditional image analysis (Figure 3) [45]. A point of care microcirculation (POEM) 5-point-scoring
system for real-time assessment of sublingual microcirculation was introduced by Naumann et
al. [46]. These authors demonstrated that the POEM scoring system could be used at the bedside
to assess sublingual microcirculatory flow and heterogeneity with minimal inter-user variability
amongst healthcare professionals [46]. However, despite the new significant technological
advancements that have been accomplished in this domain, additional developments are

required before it can be integrated into routine clinical practice.
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Figure 3. Cytocam-Incident Dark Field (IDF) images of sublingual microcirculation. A: early phase
septic shock patient. A decrease of vessel density and of perfused vessels, and an increase of non-
perfused/under-perfused vessels can be observed. B: healthy volunteer. A normal vessel density
and proportion of perfused vessels can be observed [24].

4. PO;electrodes

Tissue oxygen tension (tPO2) measures the partial pressure of oxygen in the interstitial space of
a sampling volume of tissue. It represents the balance between local oxygen supply (dependent
on microcirculation) and consumption (dependent on mitochondrial respiration). tPO; can be
measured with Clark electrodes, which usually comprise a platinum cathode and a silver anode
connected by a salt bridge. Such electrodes consume oxygen, which can be disadvantageous
when tPO; is low. Newer techniques use dynamic luminescence-based oxygen-sensing optodes,
and this process consumes no oxygen. These optodes consequently reliably determine low tPO;
values.

tPO2 monitoring has been extensively investigated in animal models in multiple organs, including
the brain, gut, kidney, liver, muscle, and bladder [47-49], and peripheral tissues such as skin or
skeletal muscle in human studies. Even though it seems to be a sensitive marker of organ
perfusion, static tPO; values show an inconsistent response between organs and different shock
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states, as well as discrepancies depending on the timing of sepsis progression and the use of
simultaneous supportive treatments (fluid resuscitation) [48]. This high inconsistency has led to
using a dynamic challenge to reveal tissue hypoxia, the so-called oxygen challenge test (OCT).
The test consists of analyzing the aptitude of the vascular system to transport high PO; to the
tissues, which is reflected in a downstream increase in tPO, after a rise in PaO; [50]. A poor
increase in tPO; would reflect an inadequate blood flow. Thus, the adequacy of tissue perfusion
can be evaluated by examining the appropriateness of response observed in all organs to the
OCT. Accordingly, the existence of an altered tPO, response to an OCT may signify local
microcirculatory dysfunction in well-resuscitated septic patients. Indeed, it has been observed
that the rise in tPO; induced by an OCT was associated with less organ failure and decreased
mortality in septic shock patients [51]. Also, the inclusion of OCT as an endpoint in a resuscitation
protocol was associated with better survival compared to resuscitation according to the
hemodynamic parameters of oxygen delivery and mixed venous oxygen saturation in patients
with septic shock [52].

Several limitations of tPO; should be acknowledged. Matched rises or declines in local oxygen
delivery and consumption will not influence tPO,. Tissue PO, electrodes measure PO on a tissue
surface of 8 mm? over a depth of a few microns [53]. This corresponds to a sampling volume of
at least 0.5 mm?3. Such a volume encompasses at least 100 microvessels, including arterioles,
capillaries, venules, interstitium, and other cells, all of which contribute to PO,. Even if tPO;
monitoring may be of potential interest, it still needs to be fully validated before it evolves into a

bedside tool for the clinical management of septic patients.
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5. Temperature gradients

Skin temperature is a standard marker of peripheral vasoconstriction. It has been reported that
critically ill patients with cool extremities had a significantly lower cardiac index and higher
lactate levels than patients with warm skin temperature [54]. However, temperature gradients
are a better subjective assessment of peripheral perfusion [14, 55].

Central-to-toe temperature is the difference between central temperature measured at the
tympanic membrane and temperature at the ventral surface of the big toe measured by a skin
probe. This gradient has been used as a measure of peripheral vasoconstriction. However, it has
the disadvantage of being affected by hypothermia and room temperature [14]. The difference
between different peripheral skin temperature differences has also been used as a marker of skin
perfusion in various studies. Using two skin probes, the gradient between the forearm and
fingertip (Tskin-diff) is often used to evaluate peripheral blood flow. Tskin-diff greater than 2 and
4 °C demonstrates the existence of moderate and severe vasoconstriction, respectively [56]. The
advantage of Tskin-diff is that both fingertip and forearm are equally affected by ambient
temperature [14, 56]. Tskin-diff has been reported to be associated with skin laser Doppler flow.
Also, it has been observed that increased Tskin-diff is associated with worsening organ failure
[14]. In addition, Tskin-diff was linked to worse outcomes in patients following major abdominal
surgery [56]. While using of peripheral perfusion parameters, including Tskin-diff, as guidelines
in clinical resuscitation were shown to be very promising [57], more studies are needed before
adopting this technique in critically ill patients. Furthermore, this method requires more complex

technology.
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6. Capillary refill time

Capillary refill time (CRT) is the time it takes for skin color to return to baseline after applying
blanching pressure [55]. CRT can be clinically measured over the fingertip [56, 58] or over the
knee area [58]. CRT reflects peripheral capillary blood flow.

After initial resuscitation of septic shock patients, CRT was a strong predictor of 14-day mortality
with a cutoff value of 2.4 s when applied on the fingertip and 4.9 s when used on the knee area
[58]. Interestingly, in this study, CRT showed a good correlation with other tissue perfusion
parameters such as urinary output and serum lactate levels. However, in patients following
abdominal surgery, the fingertip CRT cutoff value that was associated with postoperative
complications and death was 5 s [56]. In a multicenter randomized controlled trial conducted at
28 ICUs (ANDROMEDA-SHOCK trial) and included 424 patients in their early phase of septic shock,
CRT-targeted resuscitation during the first 8 hours was associated with lower 28-day mortality
compared to lactate-targeted resuscitation (34.9% vs. 43.4%, p= 0.06) [59]. Also, CRT-targeted
resuscitation was associated with less organ dysfunction at 72 hours. The superiority of this
strategy was also supported by a subsequent Bayesian analysis [60]. However, 25 to 30% of septic
shock patients had a normal CRT at baseline before fluid resuscitation [59, 61] and might not
benefit from the CRT strategy.

7. Skin mottling

Skin mottling is described as patchy skin discoloration that generally displays on the area around
the knees but can develop into other peripheral circulations like fingers and ears [55]. In the
absence of diffuse intravascular coagulation yielding to complete microcirculatory block, skin

mottling is a marker of skin hypoperfusion. It has been shown that perfusion and tissue
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oxygenation were compromised in mottling zones by using Laser Doppler Flowmetry and NIRS
technologies [62, 63]. A higher mottling score (range from 0 to 5) was associated with increased
mortality in critically ill patients [64] and septic shock patients [63, 65] independently of
vasopressor doses and other tissue perfusion parameters (Figure 4) [66]. Also, a decrease in
mottling score during resuscitation was significantly associated with better outcomes [66].
However, the main limitation of using this method is that the incidence of skin mottling is only
29% in the general ICU population and 49% in the subset of patients admitted for septic shock

[64]. Also, it is not helpful in patients with burns, amputations, and dark skin.

Mottling score

[ 5

©

SCORE 2 SCORE 4

Figure 4. Left: the mottling score is based on a mottling area extension on the legs. Score 0
indicates no mottling; score 1, a modest mottling area (coin size) localized to the center of the
knee; score 2, a moderate mottling area that does not exceed the superior edge of the kneecap;
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score 3, a mild mottling area that does not exceed the middle thigh; score 4, a severe mottling
area that does not go beyond the fold of the groin; score 5, an extremely severe mottling area
that goes beyond the fold of the groin. Right: Examples of the mottling score [62].
8. Lactate

During glycolysis, a series of cytosolic enzymatic reactions converts glucose to pyruvate. Pyruvate
is either moved into the mitochondria and converted to acetyl-CoA by pyruvate dehydrogenase
(PDH) to enter the tricarboxylic acid cycle, which along with O, drives the synthesis of adenosine
triphosphate (ATP), the primary energy source for cellular metabolism, or transformed to lactate
by the enzyme lactate dehydrogenase. Produced lactate can be either used locally or secreted
into the blood. With these mechanisms (Figure 5) in mind, it is easy to comprehend why lactate
levels can rise during shock or other critical illness-related physiological stress.

In situations where oxygen delivery cannot meet the oxygen demand or when cells cannot utilize
oxygen, oxygen consumption falls, and tissue hypoxia occurs, resulting in a sharp increase in
lactate levels [67]. Microcirculatory alterations, particularly in sepsis, may result in insufficient
oxygen that is delivered to the cell, thereby increasing lactate levels [68]. This is indirectly
demonstrated by the observation that elevated lactate levels have been associated with
deranged microcirculatory perfusion [69] and that normalization of capillary perfusion was linked
to a decrease in lactate levels in septic shock patients, unrelated to changes in systemic
hemodynamic variables [70]. In addition, restoration of tissue perfusion parameters was linked
to a rapid reduction in lactate levels [71]. For this reason, hyperlactatemia has traditionally been
considered a hallmark of circulatory dysfunction and tissue hypoxia. Elevated lactate level was

associated with increased mortality risk in sepsis and in general ICU population [72-74].
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The effects of lactate-guided therapy on outcomes are controversial. Two randomized clinical
trials (RCT) have used hemodynamic approaches based on lactate reduction. Jansen et al.
randomized 348 patients with blood lactate > 3 mmol/L to two hemodynamic strategies, one of
which targeted a reduction in lactate level of > 20% every 2 hours for the first 8 hours of
admission [75]. The lactate-guided therapy group received a larger fluid volume over the 8 hours.
However, the lactate levels over the 72 hours did not differ between the two groups. Also, there
was no significant difference in the unadjusted mortality rate even though hospital mortality was
decreased when adjusted for risk factors. In the second RCT that included 300 patients with
severe sepsis, the lactate-guided hemodynamic strategy did not improve patients’ outcomes
compared to a strategy based on the central venous oxygen saturation [76]. However, different
meta-analyses that included these RCTs observed that early lactate clearance-guided therapy
was associated with an improved survival rate [77, 78].

However, elevated blood lactate level or persistent hyperlactatemia is particularly difficult to
interpret. At least four possible pathophysiological mechanisms might be involved: anaerobic
glycolysis in tissue hypoperfusion areas, particularly in the presence of severe microcirculatory
derangements [78]; stress-related adrenergic-induced aerobic glycolysis; impaired hepatic
lactate clearance; and mitochondrial dysfunction limiting pyruvate metabolism [79]. Identifying
a clinical pattern of hypoperfusion-related hyperlactatemia is important as optimizing systemic
blood flow in this situation could reverse persistent hypoperfusion and ameliorate the prognosis.
On the opposite, in cases unrelated to hypoperfusion, additional resuscitation could result in the
harmful of over-resuscitation. In line with this idea, a study [80] suggested that the time course

of lactate normalization during a successful resuscitation follows a biphasic curve: an early rapid
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response (a flow-responsive phase) followed by a later slower recovery trend potentially
explained by non-flow-dependent mechanisms. In addition, it has been observed that limiting
fluid resuscitation in patients with a persistent increased lactate level but with normal peripheral
perfusion was safe and associated with an improvement in organ function [57].

Therefore, a general recommendation to target the circulation in patients with increased lactate
levels is too simplistic and not adequately supported by clinical studies. The complexity of lactate
as a molecule, substrate, biomarker, and energy source, makes it inconceivable to define what
goal it should be a marker or target of. Attempting to reduce lactate levels (by whatever means,
given the numerous events regulating its blood levels) has no credibility or logic in terms of

hemodynamics, bioenergetics, or tissue protection[81].
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9. Venous oxygen saturation

Assessment of mixed venous oxygen saturation (SvO;) from a pulmonary artery catheter has
been proposed as an indirect marker of global tissue oxygenation [82]. SvO; reflects the balance
between oxygen demand and supply. A low SvO; represents a high ERO; in order to maintain
aerobic metabolism and VO3 constant in response to an acute decrease in DO,. However, when
DO, drops under a critical value, ERO; is no longer capable of upholding VO,, and global tissue
hypoxia appears, as indicated by the occurrence of lactic acidosis [68, 83, 84].

Since the assessment of central venous oxygen saturation (ScvO3;) can be achieved more easily
and is less risky than from a pulmonary artery catheter, it would be helpful if ScvO; could function
as an accurate reflection of SvO,. In fact, SvO; is not similar to ScvO; because the latter primarily
reflects the oxygenation of the upper side of the body. In normal patients, ScvO; is lower than
SvO; by about 2% to 3%, largely because of the less rate of oxygen extraction by the kidneys [85].
In shock state, the absolute value of ScvO, was more often reported to be higher than ScvO,,
probably due to increased oxygen extraction in splanchnic and renal tissues [86-89]. This suggests
that the existence of a decreased ScvO; implies an even smaller SvO,. Because of the lack of
agreement regarding absolute values, some authors questioned the clinical utility of ScvO; [90,
91]. However, despite absolute, values differ, trends in ScvO; closely mirror trends in SvO; [87,
92], suggesting that monitoring ScvO; makes sense in critically ill patients.

It has been shown that an early hemodynamic optimization using a resuscitation bundle aimed
at increasing ScvO; > 70% was related to an important reduction in septic shock mortality [93].
However, three large multicenter studies [94-96] failed to demonstrate any benefits of the early

goal-directed therapy approach. Nevertheless, the design of these trials was not to answer the
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qguestion of whether targeting an ScvO; > 70% was effective. Also, in these studies, the mean
baseline ScvO, values were already above 70%. Thus, these findings do not indicate that clinicians
should stop monitoring ScvO, and adjust DO, by optimizing ScvO; levels, particularly in septic
shock patients with low ScvO;, who are at the highest risk of death [97].

On the other hand, normalization of ScvO, does not rule out persistent tissue hypoperfusion and
does not preclude evolution to multi-organ dysfunction and death [98]. The obvious limitation of
ScvO3 is that normal/high values cannot distinguish if DO is sufficient or in excess to demand. In
septic conditions, normal/high ScvO, values might be due to the heterogeneity of the
microcirculation that generates capillary shunting and/or mitochondrial damage responsible of
disturbances in tissue oxygen extraction. Because ScvO; is measured downstream from tissues,
when a given tissue receives inadequate DO, the resulting low local oxygen venous saturations
may be “masked” by admixture with highly saturated venous blood from tissues with better
perfusion and DOy, resulting overall in normal or even high ScvO,. Although ScvO,; may thus not
miss any global DO, dysfunction, it may stay “blind” to local perfusion disturbances, which exist
in abundance in sepsis due to damaged microcirculation. Indeed, high ScvO; values have been
associated with increased mortality in septic shock patients [99, 100]. Thus, in some
circumstances, using ScvO; might erroneously drive a clinician to conclude that the patient's
physiologic state has improved when, in fact, it may not have improved.

Tissue PCO2 (Capnometry)

Tissue CO2 monitoring has been, for decades, the cornerstone of regional and microcirculatory
evaluation in critically ill patients. This technology is based on the principle that tissue CO;

depends on three factors: tissue CO, production, blood flow to the tissue, and arterial CO;
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content. Presuming that arterial CO; is constant (stable respiratory conditions), tissue CO;
reflects the balance between local CO; production (dependent on basal metabolism) and blood
flow to the tissue (CO, washout phenomenon). Given that arterial CO; influences tissue CO;, the
gradient between the two is usually calculated and expressed as the PCO; gap. This parameter
reflects the adequacy of blood flow to the tissue and has been proposed as a hypoperfusion
marker and an additional endpoint for resuscitation [101].

Gastric intramucosal PCO,, as measured by gastric tonometry, has been recognized to be of
clinical value as a prognostic factor in assessing the effects of particular therapeutic interventions
and as an end-point of resuscitation. However, this technique has several limitations that have
hampered its implementation in clinical practice. The sublingual tissue bed has been shown to
be damaged in models of shock, and microcirculatory changes in this area may indicate imminent
changesin other important organs. Sublingual mucosal PCO; (PsICO;) measurement by sublingual
capnography is technically simple, noninvasive, and gives near-instantaneous results. Clinical
studies have established that high PsICO; values and, more especially, high PsICO, gap (PsICO; -
arterial PCO;) values are correlated with impaired microcirculatory blood flow and a poor
outcome in critically ill patients. Sublingual capnography seems to be the ideal noninvasive
monitoring tool to evaluate the severity of shock states and the adequacy of tissue perfusion.
However, clinical studies are needed to determine the clinical utility of PsICO; gap monitoring as
an endpoint target to guide resuscitation in critically ill patients. In the below manuscript, we

reviewed the tissue capnometry for assessing tissue hypoperfusion in critically ill patients [102].
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guide resuscitation in critically ill patients.

ABSTRACT

In critically ill patients, tissue hypoperfusion is an important cause leading to multi-organ dysfunction and death, and
it cannot always be detected by measuring standard global hemodynamic and oxygen-derived parameters. Gastric in-
tramucosal partial pressure of carbon dioxide (PCO,) as measured by gastric tonometry has been recognized to be of
clinical value as a prognostic factor, in assessing the effects of particular therapeutic interventions, and as an end-point of
resuscitation. However, this technique has several limitations that have hampered its implementation in clinical practice.
The sublingual tissue bed has been shown to be damaged in models of shock, and microcirculatory changes in this area
may indicate imminent changes in other important organs. The measurement of sublingual mucosal PCO, (PslCO,) by
sublingual capnography is technically simple, noninvasive and gives near instantaneous results. Clinical studies have
established that high PsICO, values and, more especially, high PsICO, gap (PsICO, - arterial PCO,) values are correlated
with impaired microcirculatory blood flow and a poor outcome in critically ill patients. Sublingual capnography seems
to be the ideal noninvasive monitoring tool to evaluate the severity of shock states and the adequacy of tissue perfusion.
However, clinical studies are needed to determine the clinical utility of PsICO, gap monitoring as end-point target to

(Cite this article as: Mallat J, Vallet B. Mucosal and cutaneous capnometry for the assessment of tissue hypoperfusion. Min-
erva Anestesiol 2018;84:68-80. DOI: 10.23736/S0375-9393.17.12106-1)
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Early recognition and adequate correction
of tissue hypoperfusion are of great im-
portance in the management of critically ill pa-
tients with shock to prevent the development
of multiple organ dysfunctions and to improve
outcome.! 2 Early aggressive resuscitation tar-
geting macrocirculatory parameters has been
recommended for the management of shock
states.3- + However, even if optimizations of
macrocirculatory parameters are achieved,
inadequate oxygen supply and compromised
tissue perfusion can persist, leading to organ
failure .- 6 Indeed, global hemodynamic and
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oxygen-derived variables may be normal de-
spite evidence of tissue hypoxia and, there-
fore, fail to reflect both the imbalance between
oxygen demand/oxygen supply and the mi-
crocirculatory deficit, especially in sepsis.”
This causes difficulties in interpreting oxygen-
derived variables in revealing tissue hypoxia:
a low oxygen consumption may be due to a
diminished oxygen demand without hypoxia,$
or to tissue hypoxia by a whatsoever process
(e.g., sepsis, hypovolemia). This may be a
consequence of the microcirculatory shunting
and/or the inability of the tissues to use oxy-
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gen (cytopathic hypoxia).>-!! Thus, systemic
oxygen-derived variables such as venous oxy-
gen saturation are nonspecific and not capable
of detecting regional hypoperfusion, and they
are not specifically intended to detect regional
hypoperfusion.

While commonly measured in critically ill
patients, elevated blood lactate is an insensi-
tive marker of tissue hypoxia and hypoperfu-
sion.!2-18 Other non-hypoxic mechanisms such
as accelerated aerobic glycolysis induced by
sepsis-induced inflammation,!® inhibition of
pyruvate dehydrogenase,2? and impaired lac-
tate clearance 2! may contribute to increased
blood lactate level found in septic patients. In
endotoxic states, lactate levels failed to dis-
tinguish between hypoxia and aerobiosis.?2
Moreover, given the nonspecific nature of lac-
tate elevation, hyperlactatemia alone is not a
discriminatory factor in defining the nature of
the circulatory failure.

Increase in tissue partial pressure of carbon
dioxide (PCO,) has been observed in low-flow
states of cardiac prolonged resuscitation for a
long time.23- 24 It has been demonstrated that
the PCO, of the heart, the liver parenchyma,
the kidney, and the cerebral cortex were in-
creased during the low-flow states of circula-
tory shock and cardiac arrest.25-27 The rise in
tissue PCO, has been proposed to be an early
and better marker of tissue hypoxia than glob-
al metabolic markers,28-30 although potential
mechanisms involved remain debated. These
findings underlined the potential importance
of monitoring tissue PCO,, which may allow
the detection of early signs of microcircula-
tory hypoperfusion. The measurement of tis-
sue PCO, can be performed by using different
technologies that can be applied to a variety
of sites that are accessible for use in clinical
practice (gastric, sublingual, and skin).

In the present review, we will first discuss
the determinants of tissue PCO, in shock states
and then review the current knowledge about
the several available regional capnography
methods for measuring tissue PCO,, their ap-
plicability, and limitations, to evaluate organ
perfusion in critically ill patients.

Vol. 84 - No. 1
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Physiological background
of increase in tissue PCO,

Augmented tissue PCO, has been mainly
used to detect tissue hypoxia, the situation
in which oxygen supply (DO,) can no longer
maintain oxygen consumption (VO,).3! How-
ever, the interpretation of tissue PCO, is rela-
tively complex and depends on three variables:
regional blood flow, arterial CO, content, and
tissue CO, production. In stable respiratory
situations when arterial CO, content is con-
stant, tissue CO, content mainly reflects the
balance between tissue blood flow and local
CO, production. Theoretically, tissue PCO,
can increase by two mechanisms.3? First, ris-
es in aerobic metabolism are associated with
greater CO, generation by the cells, which is
usually linked to similar rises in blood flow,
due to the regulatory role of oxygen demand
in tissues, so that tissue PCO, does not change
(washout phenomenon). Conversely, in low
flow situations, tissue CO, content rises be-
cause of an imbalance between CO, genera-
tion and a decreased CO, clearance 3’ even in
the absence of tissue hypoxia. Indeed, due to
the decreasing of transit time, a higher than
usual addition of CO, per unit of blood pass-
ing the peripheral efferent microvessels results
in venous and tissue hypercarbia (CO, stagna-
tion phenomenon). Second, under conditions
of tissue hypoxia, there is an increased genera-
tion of H* ions from an excessive generation of
lactic acid due to an acceleration of anaerobic
glycolysis, and the hydrolysis of high-energy
phosphates.3* These H* ions will then be buff-
ered by bicarbonate existing in the cells so
that CO, will be produced, which may result
in an increased PCO, that would reflect tis-
sue hypoxia in such case. Experimental stud-
ies showed evidence supporting intramucosal
PCO, as an indicator of tissue hypoxia in low-
flow models when VO, decreases.?- 35 Schli-
chtig and Bowles,? in a dog model of cardiac
tamponade, demonstrated that below critical
oxygen supply threshold, mucosal PCO, in-
creases because of anaerobic CO, production.
Also, Dubin er al35 identified an anaerobic
source of gut intramucosal CO, production
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with increased PCO, in a model of hemor-
rhagic shock.

However, all studies that had addressed the
issue of detecting tissue hypoxia by analysis of
tissue PCO, had used experimental protocols
of decreasing blood flow to produce reduced
VO,, which may act as a potential confounder
because of the impossibility of separating tis-
sue hypoxia from hypoperfusion.36 Moreover,
anaerobic CO, generation in hypoxic tissues
is not simple to identify. Indeed, under situa-
tions of tissue hypoxia, with a reduced VO,,
there is a decreased aerobic CO, generation
counterbalanced by an anaerobic CO, produc-
tion with the net result is a reduction in total
CO, generation. As a consequence, the resul-
tant effect on tissue PCO, depends mainly on
the flow state. Therefore, when tissue hypoxia
is associated with a preserved blood flow, tis-
sue PCO, should remain relatively unchanged
because the smaller quantity of CO, generated
should be easily removed by a normal tissue
blood flow. Conversely, in stagnant hypoxia
where blood flow is decreased, increased tis-
sue PCO, should be observed due to altered
clearance (Figure 1).

Vallet ef al.3¢ have addressed this issue in
a canine model of isolated dog hind limb.
These authors nicely demonstrated that when
oxygen delivery was decreased below the

Tissue hypoperfusion

Aerobic metabolism

Tissue hypoxia

| Anaerobic metabolism

I

3 VO,, x aerobic VCO,,
2 anaerobic VCO,. x No changes in VO,, VCO,.
VCO,/VO, ratio and VCO,/VO, ratio

Maintained blood flow| Decreased blood flow
Washout phenomenon Stagnation phenomenon

No increase in tissue
PCO,

Increase in tissue PCO,

Figure 1.—Diagram illustrating the physiological back-
ground of increased tissue PCO,.
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Figure 2.—Hindlimb PCO, gap (APCO,) as function of limb
oxygen delivery (DO,) for ischemic hypoxia (IH) and hy-
poxic hypoxia (HH). Critical DO, (DO, ¢,;,) was not differ-
ent in IH and HH (from Vallet er al.36).

critical threshold by reducing blood flow
(ischemic hypoxia), this was associated with
an increased venous-to-arterial PCO, gap in
the limb because of the tissue CO,-stagnation
phenomenon even if the total CO, production
decreased. Conversely, when blood flow was
maintained but arterial PO, was reduced by
decreasing the input oxygen concentration (hy-
poxic hypoxia), the PCO, gap did not increase
in spite of similar declines in DO, and VO,,
implying similar degrees of tissue hypoxia.
This because the maintained blood flow was
sufficient to clear the CO, generated in excess
(anaerobic CO, production) (Figure 2). Nev-
iere et al.37 and Dubin et al.38-3 both in their
experimental studies confirmed that increased
intramucosal-arterial PCO, gap was mainly re-
lated to the decrease in blood flow as the PCO,
gap was increased during ischemic hypoxia,
but not during hypoxia. Interestingly, Creteur
et al.* found that sublingual tissue PCO, cor-
related with the proportion of sublingual per-
fused capillaries (evaluated using orthogonal
polarized spectroscopy) and the reperfusion of
impaired microcirculation was associated with
normalized sublingual tissue PCO, in septic
shock patients (Figure 3).

In summary, taken together, these findings
support the concept that the widening of tis-
sue-arterial PCO, gap reflects only microcir-
culatory stagnation, not tissue hypoxia. Tissue
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Figure 3.—A) Relation between sublingual to arterial PCO, gradient (PsICO, gap) and the proportion of well-perfused capil-
laries; B) individual effects of a dobutamine infusion on PsICO, gap and the proportion of well-perfused capillaries (from

Creteur er al.40).

PCO, is an insensitive indicator of hypoxia
and purely a marker of tissue hypoperfusion
(Figure 1). These results were confirmed by a
mathematical model.#!

Gastric tonometry

Gastric tonometry (Table I) is a technique
aimed to measure PCO, in the lumen of the
stomach by inserting a nasogastric tube with a
silicone balloon at its distal end. The CO, gen-
erated in the mucosal cells can freely diffuse
into the lumen of the stomach and equilibrates
with the content inside the balloon (saline
or gas) across its semipermeable membrane

(Supplementary Figure 1, online content only).
The PCO, within the balloon can be measured
by one of two ways: 1) saline tonometry,
where the balloon is filled with saline solu-
tion, and then withdrawn after an equilibration
period and the PCO, of the fluid determined
using a blood gas analyzer; or 2) air tonom-
etry, where air is aspirated through the balloon
and the PCO, is semi-continuously measured
by an infrared analyzer. The advantages of air
tonometry are a quicker full equilibration and
automated sampling and measurement, which
may eliminate potential sources of error asso-
ciated with saline tonometry.

The gut mucosa is highly sensitive to re-

TaBLE I.—Techniques used for regional CO, measurements.

Approach Advantages

Main linitations

Gastric tonometry - Stomach is easy to access
- Measurement of gastric mucosal PCO,

- Discontinuation of enteral feeding
- Need for premedication (H,-blockers)

- Reflects inadequate perfusion of the gut, which is highly sensi- - Off-market

tive to tissue hypoperfusion

- May help early detection of splanchnic ischemia

Sublingual - Noninvasive method
capnography

- Under tongue PCO, measurement

- Availability limited

- Does not need premedication and interruption of enteral feeding - Limited clinical data/off-market

- Reflects inadequate perfusion of the sublingual circulation,

which is part of the splanchnic region

- May help early detection of splanchnic ischemia

Cutaneous - Simple and noninvasive technique
- Cutaneous PCO, measurement

- Reflects inadequate perfusion

- Arterialized PCO,
- Limited clinical data

- May help early detection of tissue hypoperfusion

- Two available devices in the marketplace

PCO,: partial pressure of carbon dioxide.
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duced tissue perfusion because of the counter-
current flow of its microcirculation and the
higher critical O, requirements of its cells than
other vital organs.*> Splanchnic hypoperfusion
may cause the release of inflammatory cyto-
kines and structural changes in the gut mucosa
with augmented permeability and bacterial
translocation, which has been strongly asso-
ciated with the development of multi-organ
failure, and death in critically ill patients.*3-45
It has been suggested that the gastrointestinal
tract may be the “canary of the body,” with
gastrointestinal ischemia as “an early caution-
ary of imminent danger.” 46 The stomach is a
relatively easy organ to access and may deliver
crucial information to the rest of the splanch-
nic bed. Monitoring the splanchnic perfusion
by using gastric tonometry may help lessen
or avoid incidents of mesenteric ischemia and
ameliorate the outcome in critically ill patients.
Indeed, temporary normotensive hypovolemia
may result in splanchnic vasoconstriction,*’
and this early alteration could be detected by
gastric tonometry.#8

Prognostic capability of gastric tonometry

Monitoring of gastric intramucosal PCO,
(PgCO,) and gastric intramucosal pH (pHi)
was initially proposed to assess splanchnic hy-
poxia. Gastric intramucosal hypercarbia and
acidosis have been demonstrated to be an in-
dex of gastric mucosal hypoxia and a predictor
of morbidity and mortality in critically ill pa-
tients, !5 17 with a strong prognostic value.#. 50
However, the determination of pHi assumes
that serum arterial bicarbonate equals gastric
mucosal bicarbonate, which may be incorrect.
Indeed, simulations of splanchnic ischemia
show that use of the arterial bicarbonate will
result in errors in the calculation of gastric
pHi.5! Furthermore, acid-base disorders could
lead to low pHi without an excess accumula-
tion of gastric CO,.52 Consequently, the calcu-
lation of pHi was abandoned, and interest was
turned to the increase in PgCO,.53 Neverthe-
less, since gastric PCO, is straightforwardly
linked to arterial PCO,, it is, indeed, the differ-
ence between PgCO, and PaCO, (PgCO, gap)
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that should be considered to determine perfu-
sion to the stomach as it more precisely reflects
the adequacy of gastric mucosal blood flow.5+

Levy et al3% measured the PgCO, gap us-
ing air-automated tonometer in 95 consecu-
tive critically ill patients on admission to the
ICU and at 24 hours. Interestingly, the authors
found that the PgCO, gap and the organ fail-
ure score measured at 24 hours after admis-
sion were independent prognostic factors for
28-day mortality. The best threshold value for
PgCO, gap to predict 28-day mortality was
20 mmHg.3° This study suggests that the per-
sistence of splanchnic hypoperfusion within
24 hours after ICU admission is associated
with worse outcome.

Monitoring gastric tonometry-derived vari-
ables intra-operatively also has a prognostic
value in the prediction of postoperative com-
plications.- 56 It has been demonstrated an
association between intraoperative splanchnic
hypoperfusion and increased intestinal perme-
ability, exaggerated acute phase response, and
postoperative septic complications in patients
undergoing esophagectomy.5” Lebuffe ef al.,8
in a European multicenter observational study,
found that the intraoperative gradient between
PgCO, and end-tidal PCO,, which was consid-
ered as a surrogate of arterial PCO,, could be
used as a prognostic index to predict postop-
erative morbidity, in high-risk surgical patients
during major surgery. In multiple trauma pa-
tients, it has been demonstrated the superiority
of gastric capnography over other clinical vari-
ables in predicting the development of multi-
ple organ dysfunction syndrome and death.>®

Gastric tonometry as a guide to therapy

Some reports have tested the usefulness of
gastric tonometry as a guide to therapy using
pHi as a goal of resuscitation.2s. 60-64 Unluck-
ily, these studies yielded conflictive results,
mainly as some of the resuscitation strategies
that were used failed to alter effectively pHi.6?

In a large multicenter trial, Gutierrez et al.8
randomized 260 critically ill patients to a stan-
dard resuscitation protocol group or a protocol
group in which resuscitation was guided to
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maintain pHi>7.35. Those individuals with an
initial pHi>7.35 and whose reanimation was
titrated by pHi had a greater 28-day survival
compared to those patients who were treated ac-
cording to a standard protocol. This study gives
additional support to the argument that early
detection and treatment of splanchnic tissue
hypoperfusion may influence the outcome of
critically ill patients. However, five other ran-
domized controlled trials 90-64 failed to establish
patients benefit from this treatment strategy. In-
deed, Gomersall ef al.62 did not notice a differ-
ence in survival when resuscitation to a gastric
pHi>7.35 was compared to a standard reanima-
tion protocol in critically ill patients with diverse
illness. Also, the Miami Trauma Clinical Trials
Group was a prospective randomized study that
compared a therapeutic approach to treat hypo-
perfusion guided by gastric tonometry with a
standard approach to shock management based
on conventional indicators of hypoperfusion, in
151 trauma patients admitted to ICU.93 There
were no statistically significant differences in
mortality rates, ventilator days, or length of stay
between the two approaches. Furthermore, in a
randomized controlled trial of 130 septic shock
patients, Palizas ef al.% compared a gastric in-
tramucosal pHi-guided resuscitation protocol
aimed to obtain pHi>7.32 with a standard ap-
proach targeted at normalizing cardiac index.
These authors failed to demonstrate any surviv-
al benefit of using pHi compared with the car-
diac index as resuscitation goal in septic shock
patients. Nevertheless, a normalization of pHi
within 24 hours of resuscitation was a strong
sign of therapeutic success, and in contrast, a
persistent low pHi despite treatment was asso-
ciated with a very poor prognosis.
Unfortunately, most of these studies did not
have the statistical power to detect significant
differences in resuscitation approaches. Nev-
ertheless, a constant finding in all of these
reports has been that a decreased gastric pHi
correlates with outcome (Table IT).28. 30, 55. 58-64
Recently, Zhang et al.55 undertook a systematic
review and meta-analysis of these six studies
to investigate whether gastric tonometry-guid-
ed therapy could be of benefit for critical care
patients. The authors found that resuscitations
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guided by gastric pHi reduced total mortality
of critically ill patients when compared with
control groups (OR=0.732, 95% CI: 0.536-
0.999; P=0.049). However, there was no dif-
ference regarding ICU and hospital mortalities
neither ICU and hospital length of stay.

Silva et al.% reported the effects of fluid
challenge on PgCO, gap and systemic hemo-
dynamic and global tissue oxygenation vari-
ables in septic shock patients. While the fluid
challenge was associated with an increase in
cardiac index and a decrease in PgCO,, global
measures of tissue oxygenation remained un-
changed. Furthermore, neither changes in car-
diac index and PgCO, gap were related nor
baseline indices of preload and changes in the
PgCO, gap. However, the changes in PgCO,
gap were highly associated with the baseline
PgCO,. These findings provide further evi-
dence that regional markers of tissue hypoper-
fusion (such as PgCO, gap) rather than global
parameters should be used when starting and
titrating resuscitative measures in critically ill
patients (Table II).

Gastric tonometry has many limitations,
even after the arrival of air-automated tonome-
try,o7 including discontinuation of enteral feed-
ing and the need for the concomitant use of H,-
blockers. All these drawbacks have prevented
its widespread adoption as a practical tool for
routine tissue PCO, monitoring.

Sublingual capnography

It has been hypothesized that the sublingual
space, the very proximal and easily accessible
part of the gastrointestinal tract, may be used
as a suitable location for measurement of tis-
sue PCO,.58 The vascularization of the sublin-
gual mucosa emanates from branches of the
external carotid arteries, and thus, the sublin-
gual area is not part of the splanchnic region.
However, the sublingual mucosa, which shares
a similar embryologic origin with the digestive
mucosa, may present identical alterations. In-
terestingly, experimental studies have demon-
strated a good correlation between PgCO, and
sublingual mucosa PCO, (PsICO,).58-70 These
studies observed that changes in PsICO, dur-
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TaBLE IL.—Summary of clinical studies using gastric tonometyy.25. 30. 35, 55-64

Study Population

Study design

Guttierez ef al.® Medical and surgical ICU

patients

Multicenter RCT
pH;-guided: 135 patients, resuscitation was guided to maintain pH;=7.35

Control: 125 patients, no specific resuscitation protocol

Ivatury er al.5 Patients with trauma injury

and hypotension

Single-center RCT
pH;-guided: 30 patients, resuscitation was guided to achieve and main-

tain pH;=7.30
Control: 27 patients, the goal of therapy was to achieve and maintain
DO,>600 mL/min/m, or VO,>150 mL/min/m?

Patients scheduled for elec-
tive repair of abdominal
aortic aneurysms

Pargger er al 5!

Single-center RCT
pH;-guided: 29 patients, resuscitation was guided to achieve and main-
tain pH;>7.32

Control: 26 patients, resuscitation was performed according to the usual
clinical guidelines

Gomersall er al.® Emergency ICU admission

Single-center RCT

pH;-guided: 104 patients, after resuscitation according to standard guide-
lines, patients were treated to achieve pH>7.35
Control: 106 patients were treated to achieve basic targets

Hameed et al .63 Trauma patients admitted

to ICU

Single-center RCT
pH;-guided: 50 patients, resuscitation was guided to achieve and main-

tain pH;>7.25
Control: 54 patients were resuscitated based on conventional parameters
and systemic markers of hypoperfusion (lactate, base deficit, SvO,)

Palizas et al Adult septic shock patients

Single center RCT

pH;-guided: 64 patients, after achieving basic targets, patients were
treated to achieve pH;>7.32

Control: 66 patients were resuscitated to achieve the common physi-
ological targets (cardiac index >3.4 L/min/m?)

Levy er al.30 95 critically ill patients

Bennett-Guerrero ef al.®

Lebuffe et al 58 290 ASA II-IV patients

scheduled for elective, non-

cardiac and non-neurologi-

cal surgery

Kirton et al 5
trauma patients with signs
of systemic hypoperfusion

Prospective observational study
100 cardiac surgery patients Prospective observational study

Multicenter prospective observational study

19 consecutive critically il Single-center prospective randomized study

ICU: intensive care unmit; pH;: gastric intra-mucosal pH; RCT: randomized controlled trial; PgCO, gap: difference between gastric and artenal
PCO,; LOS: length of stay; PgCO,-etCO,: difference between gastric and end tidal expiratory PCO,; CI: confidence interval; MOSF: multiple

organ systemic failure; DO,: oxvgen delivery.

ing hemorrhagic and septic shock were paral-
lel to variations in PgCO, and systemic indi-
cators of hypoperfusion such as arterial blood
lactate concentration in different animal mod-
els. Sublingual capnography has many advan-
tages over gastric tonometry. The method is
easy to implement, noninvasive, does not need
premedication and interruption of enteral feed-
ing, yields an instant result, and therefore, it is
a simple technique of monitoring tissue perfu-
sion at the bedside in ICU (Table I).

Two different devices have been used for
PsICO, measurement: MI-720 CO, electrode

74
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(Microelectrodes; Londonderry, UK) and
CapnoProbe SL Monitoring System (Nellcor,
Pleasanton, CA, USA). MI-720 is a CO, elec-
trode that requires being calibrated in standard
gasses with known percent values of CO, be-
fore use, and it was essentially utilized in ani-
mal studies for PsICO, measurements.®- 70 The
CapnoProbe was mainly designed for analysis
of PsICO, and has been used in most of the clin-
ical studies on this topic.?% 40 71. 72 Tt consists
of a disposable PCO, sensor (placed under the
tongue), which is actually a CO,-sensing opto-
de. The optode contains a {luorescent indicator,
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Results

Conclusions

Hospital survivor was greater in the protocol than in the control
group (58% vs. 42%:; P<0.01)

3/44 (6.8%) patients with pH; >7.30 at 24 hours died compared

with 7/13 (53.9%) patients in whom pH; was not optimized
(P=0.006)

Patients with pH;<7.32 had more major complications during
SICU stay than patients with PH;=7.32 (26.1% vs. 3.1%)

No significant differences in hospital mortality between the two

groups (45.3% in the control group vs. 42.3% in the intervention

group)

No significant differences in ICU LOS and number of ventila-
tor days between the two groups (13+21 days in control groups
vs. 13£20 days in the intervention group) and (12+22 days

in control groups vs. 11+20 days in the intervention group),
respectively

No significant differences in 28-day mortality and ICU LOS
between the two groups (30.3% in control groups vs. 28.1% in
the intervention group) and (12.6+8.2 days in control groups vs.
16=12.4 days in the intervention group), respectively

PgCO, gap at 24 hours was found to be an independent predictor

of 28-day mortality (OR=1.57; 95% CI: 1.10-2.24)

In the postoperative period, pH; and PgCO, gap were strongly
associated with postoperative complications

Pg-etCO, gradient was found to be the best predictor of postop-
erative functional recovery delay at a cut-off of 21 mmHg

A gastric pH;<7.32 at 24 hours carried a relative risk (RR) of 5.4

for oceurrence of MOSF and 4.5 for death (P<0.01), compared
with achievement of supra-normal DO, (RR=1.4, P>0.05)

Therapy guided by pH; measurement improved survival in
patients whose ICU admission pH; was normal

Monitoring of gastric mucosal pH may be an important early
marker to assess the adequacy of resuscitation

Low and persistence pH; values are predictors of major SICU
complications

The routine use of treatment titrated against pHi in the man-
agement of critically ill patients cannot be supported

Techniques of optimization of splanchnic perfusion were
not advantageous relative to standard resuscitation measures
guided by conventional measures of hypopertusion in the
therapy of occult and clinical shock in trauma patients

No survival benefit of using pH; compared with CI as resusci-
tation goal in septic-shock patients

PgCO, gap is a marker of mortality in ventilated [CU mortal-
ity

Several gastric tonometry-derived variables were predictive of
postoperative cardiac surgery complications

Pg-etCO, gradient may be a useful prognostic index of post-
operative morbidity in a high-risk surgical population

A low gastric pH; appears to be a marker of post resuscitative
morbidity
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which is excited by light conducted through an
optical fiber, which then transmits the fluores-
cent back to the instrument where they are con-
verted to a numerical value of PCO,.7

Five clinical studies using sublingual cap-
nography in critically ill patients have been
reported (Table I1I).2%-40.71.72.74.75 Weil et al. 74
found higher PsICO, values in patients with
acute circulatory shock and observed that Psl-
CO, value at admission was predictive of the
probability of hospital survival. Initial PslCO,
values were very well associated with blood
lactate levels but diminished more rapidly dur-
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ing resuscitation, implying that reductions in
PsICO, arise faster than blood lactate concen-
tration. The authors concluded that sublingual
capnography was a trustworthy technique for
diagnosis and assessment of severity of acute
circulatory failure in critically ill patients.
Similarly, Marik er al.2* 7! tested the clini-
cal usefulness of PsICO, gap (PsICO, - arterial
PCO,) as an indicator of tissue hypoperfusion in
a prospective study of hemodynamically unsta-
ble critically ill patients. They observed that Psl-
CO, gap was a better prognostic factor of out-
come than traditional markers of tissue hypoxia

75
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Study Population Study design Results

Conclusions

Weil er al.™ 46 patients with

acute life-threat-

Prospective

PsICO, at admission was higher (P<0.001)
observational in non-survivors (96.2+26.6 mmHg) com-
pared with survivors (58.4411.3 mmHg). A clinical measurement for the

PsICO, value cut-oft of 70 mmHg was pre- diagnosis and estimation of the
dictive of severity of the circulatory shock

PsICO, may serve as a techni-
cally simple and noninvasive

severity of circulatory shock

state and the likelihood of hospital survival states.

ening illness or  study
injuries
Marik 7! 22 septic and Prospective

patients study

mmHg)
Rackow er al.’? 19 sepsis and 6
cardiac failure
patients
54 hemodynami-
cally unstable

Prospective

study

Marik et al.?® Prospective

critically ill study
patients
Creteur ef a/.%° 18 consecutive  Prospective

septic shock pa-
tients, sublingual
microcirculation
assessed with
OPS imaging
technique

46 ventilated sep- Prospective

study

Vallee ef al.”s

PsICO, gap at admission was higher
cardiogenic shock observational (P=0.04) in non-survivors (17.8£11.5
mmkHg) compared with survivors (9.2+5.0

At baseline, PslCO, gap correlated well
observational with the proportion of well-perfused
capillaries (#7=0.80; P<0.01). The decrease
in PsICO, gap was associated with the
increase in the proportion of well-perfused
capillaries in each patient

PsICO2 may serve as a techni-
cally simple and noninvasive
clinical measurement of tissue
dysoxia in eritically ill and
injured patients

PsICO, gap at 24 hours was higher (P<0.05) PsICO, gap may be useful as
observational in non-survivors (2944 mmHg) compared
with survivors (14+3 mmHg)

PslCO, gap at the time of Swan-Ganz
observational insertion was higher (P=0.0004) in non-
survivors (35.3£18.3 mmHg) compared
with survivors (19.0=12.8 mmHg)

indexes of the severity of perfu-
sion failure.

PslCO, gap may prove to be a
useful marker for goal-directed
therapy and for assessing the
response to clinical interven-
tions aimed at improving tissue
oxygenation

Sublingual capnometry could
represent a simple, non-inva-
sive method to monitor these
microcirculatory alterations in
septic patients.

At hour 24, Pc-aCO, gradient was higher in Ear lobe cutancous PCO, at

tic shock patients observational non-survivors than in survivors (29.7=22.5 37 °C represents a noninvasive

study

vs. 10.9+7.3 mmHg: P<0.001, respectively). technique to assess tissue PCO,

A cut-off of 16 mmHg for Pc-aCO, gradient measurement. Pc-aCO, and was
discriminated survivors from non-survivors related to outcome and provide

with a sensitivity of 83% and a specificity

ot 90%.

Pe-aCO, variations during fluid challenge

continuous information on
microperfusion in patients with
septic shock

were inversely correlated with microcircu-
latory skin blood flow (7=0.74, P<0.001)

PslCO,: sublingual mucosa PCO,; PsICO, gap: difference between sublingual and arterial PCO,: Pe-aCO,: difference between cutaneous and

arterial PCO,: OPS: orthogonal polarization spectral.

(mixed venous oxygen saturation, cardiac index,
oxygen delivery, and arterial lactate level) and
more responsive to therapeutic interventions.
Using the orthogonal polarization spectral
(OPS) imaging technique. De Backer ef al.7
observed that microcirculatory impairments
in the sublingual area were common in sep-
tic shock patients with decreases in capillary
density and in the percentage of perfused
capillaries compared with control patients. In
septic shock patients. it has also been demon-
strated that microvascular blood flow quickly
improved in survivors but persisted altered
in non-survivors.”’” These results suggest that

76 MINERVA ANESTESIOLOGICA

persistent impairments in microcirculation are
incriminated in the development of multiple
organ failure and death in septic patients. In-
terestingly, in an elegant study of patients in
septic shock, Creteur ef a/.4° examined the as-
sociation between impairment in sublingual
microcirculatory perfusion (assessing using
OPS) and PsICO, gap. They showed that the
reperfusion of damaged sublingual microcircu-
lation was associated with normalized PsICO,
gap levels (Figure 3). The authors concluded
that sublingual capnography could serve as a
simple, noninvasive tool to monitor the sepsis-
induced microcirculation impairments during
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the resuscitation of septic shock. However, no
study has evaluated the clinical utility of Psl-
CO, gap as an end-point resuscitation target in
critically ill patients. Also, unfortunately, Cap-
noProbe is no longer commercially accessible.
A newly developed sublingual tonometric
method using a specially coiled silicone rubber
tube is under investigation,’s but it is not yet
available in the marketplace (Supplementary
Figure 2, online content only).

Transcutaneous CO, measurement

Severinghaus is the first who described the
measurement of PCO, on human skin surfac-
es.” Transcutaneous measurement of PCO, is
based on the fact that CO, gas diffuses through-
out body tissue and skin and can be detected
by a sensor at the skin surface.” By heating the
skin, a local hyperemia is produced, which ris-
es the delivery of arterial blood to the dermal
capillary area beneath the sensor (Supplemen-
tary Figure 3, online content only). Overall,
the transcutaneous PCO, values correlate well
with the corresponding arterial PCO, values
after a correcting algorithm is applied to take
into consideration the elevated temperature of
the sensor (usually 42-44 °C).80 According to
Severinghaus and Bradley method,®! CO, is
measured potentiometrically by determining
the pH of an electrolyte layer separated from
the skin by a highly permeable membrane. A
change in the pH is proportional to the loga-
rithm of PCO, change.

Technical advances have led to the produc-
tion of transcutaneous PCO, monitors designed
for adults. Among them, the TOSCA® 500
(Linde Medical Systems, Basel, Switzerland)
device, which is based on a heated (42 °C)
Stow-Severinghaus-type CO, sensor includ-
ing a pulse oximetry sensor, and attached by
a low-pressure clip to the earlobe.8? This de-
vice has been evaluated in ICU patients and
has been shown to be safe with good accuracy
between earlobe PCO, and arterial PCO, in the
majority of clinical situations.$3-85

Recently, Vallée er al.75 used this device
to examine whether cutaneous earlobe PCO,
could be used to assess tissue perfusion in sep-
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tic shock patients. In that study, the sensor was
heated at 37 °C to limit the impact of arterial
PCO, on cutaneous PCO, because the arterial-
ization of the blood is minimal compared with
the effect when warming the sensor to 42 °C.
The authors found that a threshold value of 16
mmHg for the gradient between the earlobe
PCO, and arterial PCO, discriminated patients
reliably with septic shock from the patients in
control group with a sensitivity of 83% and a
specificity of 90%. Furthermore, it has been
found that fluid challenge induced a decrease
in the earlobe-to-arterial PCO, gradient in par-
allel with the improvement in the earlobe mi-
crocirculatory blood flow. Interestingly, where
a significant reduction in earlobe-to-arterial
PCO, gradient was observed in survivors com-
pared to non-survivors, no significant changes
were found with traditional macrocirculatory
parameters (cardiac output and central venous
oxygen saturation) (Table III).

Conclusions

In critically ill patients, tissue hypoperfusion
is an important cause leading to multi-organ
dysfunction and death, and it cannot always be
detected by measuring global hemodynamic
and oxygen-derived parameters. Experimen-
tal and clinical studies have demonstrated that

Keep mean arterial pressure >65 nunHg
Keep lactate concentration <2 mmol/|
Keep central venous oxygen saturation =70%

| PsICO, gap or Pe-aCO, gap? |

e

High PsICO, gap Low/normal PsICO,
or Pe-aCO, gap gap or Pc-aCO, gap

l

Increase cardiac
output

No further
mterventions

Fluid responsive?
No

Dobutamine Fluid loading

Figure 4.—Tissue PCO, gap-guided protocol.
PsICO, gap: sublingual to arterial PCO, difference: Pc-
aCO,: cutaneous to arterial PCO, difference.
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low-flow states are consistently associated with
important PCO, increase affecting virtually all
tissues. Monitoring regional PCO, by gastric
tonometry has been recognized to be useful as
a prognostic factor and as an end-point of ther-
apeutic interventions. However, this technique
has several limitations that have hampered its
implementation in clinical practice. Sublingual
capnography and transcutaneous PCO, seem
to be the ideal noninvasive monitoring tools to
evaluate the severity of shock states and the
adequacy of tissue perfusion. The clinical ex-
perience with these devices is, however, limit-
ed, and further studies are needed to determine
the clinical utility of PsICO, and transcutane-
ous PCO, monitoring, particularly as an end-
point to guide resuscitation (Figure 4).

Key messages

— Tissue hypoperfusion is a major
cause of multiple-organ failure in critically
ill patients, and cannot always be predicted
by measuring classic global hemodynamic
parameters.

— Tissue PCO, gap is a good marker of
adequacy of venous blood flow to remove the
CO, generated by the peripheral tissues and
can be used to detect tissue hypoperfusion.

— Monitoring regional PCO, by gastric
tonometry has been recognized to be useful
as a prognostic factor and as an end-point
of therapeutic interventions, but is no lon-
ger used in clinical practice.

— Sublingual capnography and trans-
cutaneous PCO, seem to be the ideal non-
invasive monitoring tools to evaluate the
severity of shock states and the adequacy
of tissue perfusion.
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SUPPLEMENTARY MATERIALS

bloodvessel

Supplementary Figure 1.—Principle of gastric tonometry (from van Wijck K, Lenaerts K, Grootjans J, Wijnands KA, Poeze
M, van Loon LI, et al. Physiology and pathophysiology of splanchnic hypoperfusion and intestinal injury during exercise:
strategies for evaluation and prevention. Am J Physiol Gastromtest Liver Physiol 2012:303:G155-68).
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Supplementary Figure 2.—Principle of sublingual capnogra-
phy (from Marik PE. Sublingual capnometry: a non-invasive
measure of microcirculatory dysfunction and tissue hypoxia.

Physiol Meas 2006:27:R37-47).
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Supplementary Figure 3.—Transcutaneous PCO, sensor at
the ear lobe (from Eberhard P. The Design, Use, and Results
of Transcutaneous Carbon Dioxide Analysis: Current and Fu-
ture Directions. Anesth Analg 2007:105(6 Suppl):S48-52).
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Third Part

Metabolic approach for
assessment of tissue

oxygenation



I. Background

CO; is transported in the blood in three figures [103]: Dissolved, in combination with proteins as
carbamino compounds, and as bicarbonate. Physically dissolved CO; is a function of CO; solubility
in blood, which is about 20 times that of O»; therefore, considerably more CO; than O; is present
in simple solution at equal partial pressures. However, dissolved CO; shares only around 5% of
the whole CO2 concentration in arterial blood.

The bicarbonate ion (HCO37) is the most significant form of CO; carriage in the blood. CO;
combines with water (H,0) to form carbonic acid (H2COs), and this dissociates to HCO3™ and
hydrogen ion (H*): CO2 + H,0 = H,CO3 = HCO3™ + H*. Carbonic anhydrase is the enzyme that
catalyzes the first reaction, making it almost instantaneous. Carbonic anhydrase occurs mainly in
red blood cells, but it also occurs on pulmonary capillary endothelial cells, which accelerates the
reaction in plasma and in the lungs. The uncatalyzed reaction will occur in plasma but at a much
slower rate. The second reaction happens immediately inside the red blood cells and does not
require any enzyme. The H,COs dissociates to H* and HCO3™, and the H* is buffered primarily by
hemoglobin while the excess HCOs™ is transported out of the red blood cells into plasma by an
electrically neutral bicarbonate-chloride exchanger. The fast conversion of CO, to HCOs™ results
in nearly 90% of the CO; in arterial blood being transported in that manner.

Hemoglobin-O; saturation is the main factor affecting the capacity of hemoglobin to fix CO;
(Haldane effect). Consequently, CO, concentration increases when blood is deoxygenated, or CO;
concentration diminishes when blood is oxygenated at any assumed PCO; [103]. H* ions from
CO; can be deemed as competing with O, for hemoglobin binding. Accordingly, rising oxygen

reduces the affinity of hemoglobin for H* and blood CO, concentration (Haldane effect). The

71



physiological assets of the Haldane effect are that it promotes removing CO; in the lungs when
blood is oxygenated and CO; filling in the blood when oxygen is delivered to tissues. Additionally,
the Haldane effect leads to a sharper physiologic CO, blood equilibrium curve that has the
physiologic interest of rising CO2 concentration differences for a given PCO; difference.
1. Determinant of venous-to-arterial CO; tension difference

The mixed APCO; (APCO,_Mix) is the gradient between PCO; in mixed venous blood (PvCO;) and
PCO; in arterial blood (PaCO3): APCO,_Mix = PvCO; - PaCO;; PvCO; and PaCO; are partial
pressures of the dissolved CO; in the mixed venous and arterial blood, respectively. The
application of the Fick equation to CO, shows that the CO, elimination (identical to CO;
generation in a stable condition) equals the product of the difference between mixed venous
blood CO; content (CvCO;) and arterial blood CO; content (CaCO;) and cardiac output: Total CO;
production (VCO2) = cardiac output x (CvCO; - CaCO;). Despite of a global curvilinear shape of the
relation between PCO and the total CCO,, there is a rather linear association between CCO, and
PCO; over the general physiological range of CO; content so that CCO; can be substituted by PCO;
(PCO; =k x CCO2) [104-106]. Therefore, VCO2 can be calculated from a modified Fick equation as:
VCO; = cardiac output x k x APCO,_Mix so that APCO,_Mix = k x VCO/cardiac output, where k is
the pseudo-linear coefficient supposed to be constant in physiological states [104]. Therefore,
APCO,_Mix would be linearly linked to CO; generation and inversely associated with cardiac
output. Under normal conditions, APCO,_Mix values range between 2 and 6 mmHg [107].
Under steady states of both VO, and VCO,, APCO,_Mix was observed to increase in parallel with
the reduction in cardiac output [4, 108, 109]. In other words, when cardiac output is adapted to

VO,, APCO;_Mix should not increase due to increased clearance of CO,, whereas APCO,_Mix
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should rise following cardiac output reduction because of a low flow-induced tissue CO;
stagnation phenomenon. Due to the decreasing of transit time, a higher than usual addition of
CO; per unit of blood passing the efferent microvessels results in hypercapnia in the venous
blood. As long as alveolar respiration is sufficient, a gradient will occur between PvCO; and PaCO,.
However, during spontaneous breathing, hyperventilation, stimulated by the decreased blood
flow, may reduce PaCO; and thus may prevent the CO; stagnation-induced rise in PvCO; [110].
This finding underscores the utility of calculating APCO;_Mix rather than simply assessing PvCO,,
particularly in the case of spontaneous breathing [111].

The relationship between PCO; and the total blood CCO; is curvilinear even though more linear
than the oxygen dissociation curve [103]. Oxygen saturation, hematocrit, temperature, and the
degree of metabolic acidosis influence the PCO,/CCO; relationship [103]. Hence, for a given value
of CCO,, PCO; is higher in the case of metabolic acidosis than in the case of normal pH.

2. Can APCO,_Mix be used as a marker of tissue hypoxia?

It has been suggested that APCO,_Mix can be used to detect the presence of tissue hypoxia in
patients with acute circulatory failure [4, 108]. In fact, under conditions of tissue hypoxia with a
decreased VO, the relationship between changes in cardiac output and APCO;_Mix is much
more complex. Indeed, in these circumstances, the increase in CO, production related to the
anaerobic pathway is counterbalanced by a reduced aerobic CO; production, so that VCO; and
hence APCO;_Mix could be at best unchanged or decreased [109]. Nevertheless, since the k
factor should rise during tissue hypoxia [4] while VCO; must fall, the resultant effect on

APCO;_Mix depends mainly on the flow state (cardiac output) [104].
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Under conditions of tissue hypoxia with a maintained flow state, venous blood flow should be
sufficiently elevated to assure adequate clearance of the CO, generated by the hypoxic cells so
that APCO,_Mix should not increase even if the CO, production is not decreased. Conversely, low
flow states can result in a widening of APCO,_Mix due to the tissue CO;, stagnation phenomenon
[112], even if no additional CO; production occurs. This point was nicely demonstrated by Vallet
et al. [113] in a canine model of an isolated limb in which a diminished DO; by reducing blood
flow (ischemic hypoxia) was related to a rise in regional APCO,. On the other hand, when blood
flow was preserved, but arterial PO, was decreased by lowering the input oxygen concentration
(hypoxic hypoxia), APCO: did not rise despite a significant decline in VO,. This is because the
preserved blood flow was sufficient to clear the generated CO; [114] (Figure). Accordingly,
Neviére et al. [115] demonstrated that for the same level of induced oxygen supply dependency,
regional APCO; was risen only in ischemic hypoxia but not in hypoxic hypoxia, indicating that
elevated APCO; was mainly linked to the reduction in cardiac output. These studies clearly show
that the absence of elevated APCO; does not preclude the presence of tissue hypoxia and hence
underline the good value of APCO; to detect inadequate tissue perfusion related to its metabolic
production but also its poor sensitivity to detect tissue hypoxia. A mathematical model analysis
also established that cardiac output plays a crucial role in the widening of APCO; [116].

3. Ratio of APCO,_Mix to AO2_Mix (APCO2_Mix/AO,_Mix) as a marker of tissue hypoxia
In experimental conditions of tissue hypoxia, the drop in VO, leads to decreased total VCO;
generation, mainly related to the decrease in aerobic CO; production. However, in situations of
hypoxia, tissue CO; increases as hydrogen ions generated by anaerobic sources of energy

(hydrolysis of high-energy phosphates) are buffered by bicarbonate existing in the cells
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(anaerobic CO; production) [108]. Therefore, VCO; being reduced less than VO, the respiratory
quotient (VCO2/V0,) should increase. Accordingly, the increase in respiratory quotient has been
shown to be a valuable marker of global tissue hypoxia [109, 117]. Indeed, Groeneveld et al. [109]
observed, in an experimental model of a graded increase in positive end-expiratory pressure-
induced a decrease in cardiac output and oxygen delivery in pigs, that the decline in VCO; (by 21
+ 2%) was less than in VO, (by 27 £ 2%). Cohen et al. [117] reported in an experimental graded
hemorrhage in swine that the airway respiratory quotient (VCO2/V0O;) raised from 0.87 + 0.07 to
1.16 + 0.07 at the maximum bleeding due to a lesser decrease in VCO; than of VO, [117]. After
retransfusion of the blood, the respiratory quotient came back to its baseline value [117].
Furthermore, Ferrera et al. [118] observed an increase in airway respiratory quotient (median
0.96 [IQR: 0.91-1.06]) during the last step of graded hemorrhage in sheep, and it was normalized
after retransfusion.

Because VO; is equal to the product of cardiac output by the difference between arterial and
mixed venous O; content AO,_Mix, and VCO; is proportional to the product of cardiac output
and APCO;_Mix so the APCO;_Mix/AO,_Mix ratio could be utilized as a surrogate of respiratory
guotient and an indicator of the presence of global tissue hypoxia in critically ill patient. In this
line, Dubin et al. [119] found that in sheep that were subject to graded hemorrhage,
APCO,_Mix/AO,_Mix significantly increased at the time of the fall in VO, and the sharp increase
in respiratory quotient (measured by indirect calorimetry), and thus, it was a good indicator of
anaerobic metabolism.

Nevertheless, the use of APCO,_Mix/AO,_Mix ratio as a surrogate of respiratory quotient

supposes that the PCO,/CCO; relationship is quasi-linear, which may be true over the
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physiological range of PCO; [120]. However, this relationship can be influenced by the degree of
metabolic acidosis [121], the hematocrit [122], and oxygen saturation (Haldane effect) [123, 124],
and it becomes nonlinear if these factors change [106]. Indeed, severe metabolic acidosis, low
hematocrit, and high oxygen saturation can increase PCO; for a given CO; content since less CO;
is bound to hemoglobin [123]. Furthermore, these effects are more pronounced at a higher range
of CCO; since the PCO,/CCO; relationship becomes flatter. Thus, APCO;_Mix/AO,_Mix ratio
might be increased due to several factors unrelated to anaerobic metabolism. Therefore, some
authors questioned its reliability in reflecting the development of anaerobic metabolism in some
specific conditions [118, 119]. In this regard, Dubin et al. found, in a normovolemic hemodilution
model of tissue hypoxia in pigs, that APCO,_Mix/AO,_Mix ratio was a misleading indicator of
anaerobic metabolism [119]. Indeed, the authors found that this ratio was increased before the
occurrence of oxygen supply dependency phenomenon. The authors attributed the rise in the
ratio, even in the absence of VO2/DO; dependency, to the effects of anemia on AO,_Mix and on
CO; hemoglobin dissociation curve that led to enlarged APCO;_ Mix [122]. However, according
to the results of that study [119], the slight increase in APCO;_Mix compared to the baseline in
the hemodilution group was noted to be statistically significant only at the end of the protocol
(DO2 = 5 mL/min/kg) far beyond the occurrence of oxygen supply dependency (DO; critique = 12
mL/min/kg). Thus, it seems that the effects of anemia on APCO,_Mix were minimal, and the
increase in APCO,_Mix/AO,_Mix ratio observed before the VO,/DO; dependency could mainly
be explained by the decrease in AO,_Mix induced by the severe hemodilution anemia [125]. Of
note, in that study, the APCO,_Mix/AO,_Mix ratio increased only at the appearance of VO,/DO>

dependency, at the same time as the increase in airway respiratory quotient, and, therefore, it
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was a very good indicator of the development of anaerobic metabolism in the hemorrhage group
[119]. The same team, in a recent experimental graded bleeding and blood retransfusion study,
in mechanically ventilated sheep [118], found that the time course of APCO,_Mix/AO,_Mix ratio
was different from the airway respiratory quotient. Nevertheless, the results of that study show
that, in the hemorrhagic group, the APCO,_Mix/AO;_Mix ratio suddenly increased along with the
airway respiratory quotient at the occurrence of oxygen supply dependency (90 minutes after
bleeding). However, the ratio took a bit longer time to return to its baseline value after
retransfusion (30 minutes) than the airway respiratory quotient (2 minutes) [118]. Thus, we
believe that those findings are instead in favor of the APCO,_Mix/AO,_Mix ratio as a good
indicator to depict the development of global anaerobic metabolism.

Moreover, other authors suggested that APCO,_Mix/AO,_Mix ratio might not rise during tissue
hypoxia conditions when associated with normal/high blood flow because venous blood flow
seemed to guarantee a sufficient clearance of CO; generated by the anaerobic metabolism [126].
In an experimental model of progressive tissue hypoxia induced by reducing either flow [ischemic
hypoxia (IH)] or arterial oxygen tension [hypoxic hypoxia (HH)], we observed [127] that regional
APCO,/A0; significantly increased at critical DO value where VO3 start to decrease (DOcrit) and
not before, suggesting that these variables were able to depict the occurrence of oxygen supply
dependency (DOxcrit) in both IH and HH groups. The increases in these variables were mainly due
to the decline in AO; in the HH group and the rise in APCO; in the IH group induced by the
decrease in blood flow. We also found that metabolic acidosis significantly influenced the
PCO,/CO; content relationship, but not the Haldane effect. Furthermore, at very low DO, values,

APCO2/A0; did not only reflect the ongoing anaerobic metabolism; it was confounded by the
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effects of metabolic acidosis on the CO,—hemoglobin dissociation curve, and then it should be

interpreted with caution.
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Ratio of venous-to-arterial PCO,
to arteriovenous oxygen content
difference during regional ischemic
or hypoxic hypoxia

Jihad Mallat?3*“ & Benoit Vallet*

The purpose of the study was to evaluate the behavior of the venous-to-arterial CO, tension difference
(APCO,) over the arterial-to-venous oxygen content difference (AO,) ratio (APCO,/AO,) and the
difference between venous-to-arterial CO, content calculated with the Douglas’ equation (ACCO,;)
over AO, ratio (ACCO,,/AO,) and their abilities to reflect the occurrence of anaerobic metabolism in
two experimental models of tissue hypoxia: ischemic hypoxia (IH) and hypoxic hypoxia (HH). We also
aimed to assess the influence of metabolic acidosis and Haldane effects on the PCO,/CO, content
relationship. In a vascularly isolated, innervated dog hindlimb perfused with a pump-membrane
oxygenator system, the oxygen delivery (DO,) was lowered in a stepwise manner to decrease it
beyond critical DO, (DO,,,;,) by lowering either arterial PO, (HH-model) or flow (IH-model). Twelve
anesthetized and mechanically ventilated dogs were studied, 6 in each model. Limb DO,, oxygen
consumption (VO3), APCO,/AO,, and ACCO,,/AO, were obtained every 15 min. Beyond DO,_;,, VO3
decreased, indicating dysoxia. APCO,/AO,, and ACCO,p/A0; increased significantly only after reaching
DO, in both models. At DO,_,;;,, APCO,/AO, was significantly higher in the HH-model than in the
IH-model (1.82+0.09 vs. 1.39+0.06, p=0.002). At DO,_,;;,, ACCO,,/AO, was not significantly different
between the two groups (0.87 +0.05 for IH vs. 1.01+0.06 for HH, p=0.09). Below DO,_,;;, we observed
adiscrepancy between the behavior of the two indices. In both models, APCO,/AO, continued to
increase significantly (higher in the HH-model), whereas ACCO,,/AO, tended to decrease to become
not significantly different from its baseline in the IH-model. Metabolic acidosis significantly influenced
the PCO,/CO, content relationship, but not the Haldane effect. APCO,/AO, was able to depict the
occurrence of anaerobic metabolism in both tissue hypoxia models. However, at very low DO, values,
APCO,/AO, did not only reflect the ongoing anaerobic metabolism; it was confounded by the effects of
metabolic acidosis on the CO,~hemoglobin dissociation curve, and then it should be interpreted with
caution.

Abbreviations

CcO, Carbon dioxide

VO, Oxygen consumption
VCO, Carbon dioxide production
DO, Oxygen delivery

RQ Respiratory quotient

APCO,  Venous-to-arterial carbon dioxide tension difference
CCO, CO, content

Y Venous-to-arterial carbon dioxide content difference
,  Venous CO, content

CCaCO, Arterial CO, content

AO, Arterial-to-venous oxygen content difference

PaCO, Partial arterial carbon dioxide tension
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PvCO, Partial venous carbon dioxide tension

SvO, Venous oxygen saturation
Sa0, Arterial oxygen saturation
PaO, Partial arterial oxygen tension
PvO, Partial venous oxygen tension
Hb Hemoglobin

In a landmark study, Vallet et al. demonstrated the determinant role of blood flow in the tissue hypoxia-induced
increased venous-to-arterial CO, tension difference (APCO,)". Their data supported the hypothesis that increases
in the venous PCO, are primarily a function of changes in regional blood flow, independently of the degree of
hypoxia. Gutierrez G has confirmed this conclusion in a mathematical model of tissue-to-blood CO, exchange
during hypoxia®. In these previous publications, the behavior of APCO, over the arterial-to-venous oxygen
content difference (AO,) ratio (APCO,/AQ,), and the difference between venous-to-arterial CO, content
(ACCO,) over AO, ratio (ACCO,/AO,) in a model of progressive tissue hypoxia generated by reducing either
flow [ischemic hypoxia (IH)] or arterial oxygen tension [hypoxic hypoxia (HH)], were not investigated'.

Several clinical studies®” have shown that APCO,/AO, ratio, taken as a surrogate of respiratory quotient
(RQ), was associated with elevated lactate levels and oxygen supply dependency considered, in those studies,
as indices of global anaerobic metabolism in critically ill patients with tissue hypoperfusion. However, in an
experimental study, Dubin et al. found that APCO,/AO, ratio was a poor indicator of anaerobic metabolism in
the hemodilution model of tissue hypoxia, where anemia was associated with preserved blood flow®. Similarly,
other authors suggested that APCO,/AO, ratio might not rise during tissue hypoxia conditions when associ-
ated with normal/high blood flow because venous blood flow seemed to guarantee a sufficient clearance of CO,
generated by the anaerobic metabolism®. Thus, it is unclear if the APCO,/AQ, ratio would be able to depict the
presence of anaerobic metabolism in patients with maintained blood flow (cardiac output).

Furthermore, one estimates that the APCO,/AQO, ratio might be affected by other factors than anaerobic
metabolism by influencing the relationship between CO, content (CCO,) and PCO,. Indeed, metabolic acido-
sis can change the PCO,/CCO, relationship so that PCO, is higher for a given CCO,. Low oxygen saturation,
by promoting more CO, binding to hemoglobin (Haldane effect), increases the CCO, for a given PCO,". It is
not completely clear to what extent these factors would impact the PCO,/CCO, relationship and influence the
APCO,/AO, ratio. Answering this question would help to define the applicability of this ratio in different clini-
cal situations.

Therefore, we used, in secondary analysis, the original study published by Vallet et al.! with the aim to assess
the behavior of APCO,/AO, ratio, ACCO,/AO, ratio, and their components in the regional model of progressive
tissue hypoxia generated by IH or HH'. We also investigated the metabolic acidosis (pH) and Haldane effects
on the PCO,/CCO, relationship. Since the flow was maintained unchanged in the HH model, we hypothesized
that APCO,/AO, and ACCO,/AO, ratios might not be able to detect the occurrence of anaerobic metabolism
as the sustained blood flow would be sufficient to wash out the CO, generated by hypoxic cells in that model.

Methods

Animal preparation. The original study was approved by the University of Alabama at Birmingham Insti-
tutional Animal Care and Use Committee. The study is reported in accordance with the ARRIVE guidelines. All
experiments were performed in accordance with relevant guidelines and regulations. Twelve dogs of either sex
and mixed breed were used'. All animals were anesthetized with intravenous 30 mg/kg of sodium phenobar-
bital and mechanically ventilated with a Harvard animal respirator at 10 breaths/min. Lamps suspended above
the operating table were used to maintain core temperature near 37 °C. Tidal volume was varied to maintain
systemic arterial PCO, between 30 and 35 mmHg. The ventilator setting was kept unchanged during the rest
of the experiment. A 20 mg of succinylcholine chloride was given intramuscularly and a continuous infusion
(0.1 mg/mL/min) was begun. Anesthesia depth was checked regularly by vigorous toe pinching, and additional
anesthetic was given if systemic blood pressure and heart rate responded.

Catheters were inserted into the pulmonary artery (through the internal jugular vein) and common carotid
artery for continuous measurements of vascular pressures and blood sampling. Arterial inflow (Q) and venous
outflow from the left hindlimb were isolated, as previously described"!' (Supplemental Digital Content 1, Appen-
dix). A roller occlusive pump directed blood flow from the right hindlimb femoral artery to the femoral artery of
the vascularly isolated left hindlimb. A sampling port and pressure transducer were placed in this circuit proxi-
mal to the limb. A membrane oxygenator (model 0800-2A, Sci Med) was interposed in the perfusion circuit. A
gas flow mixer (model GF-3, Cameron Instruments) supplied O,, N,, and CO, to the oxygenator, as needed, to
produce normoxia or hypoxia with normocapnia in the blood supply to the hindlimb. A water bath warmed the
oxygenator so that perfusion to the isolated hindlimb was at 37 °C after heat loss through the tubing.

Measurements. Blood samples from the carotid, femoral, and pulmonary arteries and femoral vein were
obtained simultaneously. Blood gas tensions and pH were measured in an acid-base analyzer (ABL-30, Radi-
ometer, Westlake, OH) at 37 °C and later corrected to esophageal temperature at the time of sampling. Oxy-
gen saturation was measured with a co-oximeter calibrated for dog blood (IL-282, Instrumentation Lab, Lex-
ington, MA). Arterial oxygen content was calculated as CaO, (mL)=1.34x Hb (g/dL)xSaO,+0.0031 x PaO,
(mmHg), where Sa0, is the oxygen saturation of arterial blood, Hb the hemoglobin concentration, and PaO,
the arterial oxygen tension. Hindlimb venous oxygen content was calculated as CvO, (mL)=1.34xHb (g/
dL) x SvO, +0.0031 x PvO, (mmHg), where PvO, is the hindlimb venous oxygen tension, and SvO, is the
hindlimb venous oxygen saturation. AO, was calculated as CaO, - CvO,. Hindlimb VO, (VO,)was calculated
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as the product of Q (leg blood flow) and AO,. Hindlimb oxygen delivery (DO,) was calculated by using the for-
mula: DO, (mL/min) = CaO, x Q x 10. Hindlimb oxygen extraction (OE) was defined as: OE= V0,/DO,.

APCO, was calculated as the difference between the hindlimb venous carbon dioxide tension (PvCO,) and
hindlimb arterial PCO, (PaCQO,). In the original study, the hindlimb difference between venous-to-arterial CO,
content (CvCO, — CaCO,) was calculated with the McHardy equation (as proposed by Neviere etal.’?): ACCO,
=11.02x [(PvCO,)*% = (PaCO,)***] — (15— Hb) x 0.015 x (PvCO, — PaCO,) — (95— Sa0,) x 0.064. However, the
most used equation to calculate the blood CO, content is the Douglas equation'®, which includes pH:

Blood CO,p content [blood Douglas CCO, (mL)]
= Plasma CCO; x [1-0.0289 x (Hb)/(3.352—0.456 x SO,) x (8.142—pH)]

where plasma CCO, = 2.226 x S x plasma PCO; x (1 + IDPH_PK’). CCO;, is CO, content, SO, is oxygen satura-
tion, S is the plasma CO, solubility coefficient, and pK' is the apparent pK.
Sand pK’ were calculated as follow:

§ = 0.0307 4 [0.00057 x (37—T)] + [0.00002 x (37—T)?]

and
pK' = 6,086 + [0.042 x (7.4—pH)] + ((38—T) x {0.00472 + [0.00139 x (7.4—pH)]})

where T is the temperature expressed as °C.

The difference between venous-to-arterial CCO, calculated with the Douglas equation was:
ACCO,p = CvCO,p — CaCOyyy.

To investigate the metabolic acidosis and Haldane effects on the PCO,/CCO, relationship, default
(Def) values of blood CCO, were calculated with the Douglas’s equation by using only the resting val-
ues of pH and SvO, for each dog as following: DefpH-ACCO,;, = DefpH-CvCO,p, — DefpH-CaCO,p, and
DefSv0,-ACCO, = DefSvO,-CvCO,, — DefSv0,-CaCO,p,.

Leg blood flow, DO,, and VOg were reported per kilogram of muscle mass.

‘We also calculated the hindlimb APCO,/AQ,, ACCO,/AQ,, and ACCO,;,/AO, ratios,

Experimental protocol.  The experimental model was already described previously'. After all pressures and
flows were stable for at least 30 min, the experiment began with a 30-min control period, during which measure-
ments were obtained every 15 min. In the progressive ischemic hypoxia (IH) group, Q was then decreased every
15 min to produce Q values of ~ 60, 45, 40, 30, 20, 15, and 10 mL/kg/min. In the hypoxic hypoxia (HH) group,
Q was set at 60 mL/kg/min and limb DO, was reduced by decreasing arterial PO, from 100 to ~ 15 mmHg (i.e.,
Ca0, of 17 to 2 mL 02/100 mL) in eight steps at 15-min intervals. A flow rate of 60 mL/kg/min was chosen
for progressive hypoxia because it is within the range of resting blood flow to normal skeletal muscle and for
the practical reason that a moderate flow was necessary to achieve the desired low PO, values using the mem-
brane oxygenator. Oxygen and CO,-derived variables were determined every 15 min, 13 min after the change in
hindlimb arterial flow or PO,.

For each experiment, regression lines were fitted to the delivery independent and dependent portions of
the delivery-uptake curve using a dual-line, least squares method'. The intercept of these two lines defined the
critical DO, (DOyerit), that is, the delivery at which VO, began to fall with any further decline in DO,.

Statistical analysis. All data are expressed as mean + SEM after assessed for normality using the Kolmogo-
rov-Smirnov test.

Comparisons of data within and between groups were performed using a mixed ANOVA. Post-hoc paired
and unpaired f tests were used, as appropriate, for one-time comparisons. The Bonferroni method was used to
adjust for multiple comparisons.

Statistical analysis was performed using GraphPad Prism 6.0 software for windows (San Diego, California,
USA). p<0.006 and p <0.007 were considered statistically significant for the between-group and within-group
(with the baseline) comparisons, respectively. All reported p values are two-sided.

Results
Systemic hemodynamics and oxygen-derived variables remain unchanged throughout the protocol with no
differences between the IH and HH models (Supplemental Digital Content 2, Table S1).

In both groups, the VO,/DO, graph depicts the typical biphasic relationship (Supplemental Digital Content
3, Figure S1). There was no statistically significant difference between the mean DO,y in the HH and IH models
(6.9+0.6 vs. 6.0+ 0.5 mL/kg/min, p=0.28, respectively). SvO, at DO,¢,; was not statistically different between
the two groups (25+ 1.7% in HH vs. 26 + 1.5% in IH, p=0.66). However, for the lower DO, values, SvO, was
significantly higher in the IH model than in the HH group (Supplemental Digital Content 4, Figure $2). EO,
at DO,y was significantly higher in the IH group than in the HH model (74 2% vs. 60 + 4%, p=0.01) and
increased continuously and similarly in both groups (Supplemental Digital Content 5, Figure $3). APCO, risen
significantly in the ITH model and did not change in the HH model (Supplemental Digital Content 6, Figure $4).

Time course of venous-to-arterial CCO, difference. ACCO, calculated with the McHardy equation
increased progressively along with the decrease in DO, in the IH group but remained unchanged and even
significantly decreased at the lowest DO, value on the HH group (Fig. 1A). At DO,¢,, ACCO, was significantly
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Figure 1. Hindlimb venous-to-arterial CO, content difference (ACCO,) calculated with McHardy equation (A)
and with Douglas equation (ACCO,p) (B) as a function of hindlimb oxygen delivery (DO,) for ischemic
hypoxia model (IH) and hypoxic hypoxia model (HH). *p <0.006 vs. HH, "p <0.007 vs. baseline, mixed
ANOVA.
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Figure 2. Hindlimb venous pH as a function of hindlimb oxygen delivery (DO,) for ischemic hypoxia model
(IH) and hypoxic hypoxia model (HH). *p <0.006 vs. HH, *p < 0.007 vs. baseline, mixed ANOVA.

higher in the IH group than in the HH group (7.5 +0.66 vs. 4.6 +0.5 mL, p=0.006, respectively), and it was sig-
nificantly different from the baseline only in the IH group (p=0.0023).

ACCO,p, calculated with the Douglas equation, in the IH group, increased with the decrease in DO, down
to DO, However, beyond DO, ;, ACCO,, started to decrease with the further decline in DO, to become not
significantly different from its baseline value at the lowest value of DO, (Fig. 1B). In the HH group, ACCO,p,
had the same pattern as ACCO, calculated with the McHardy equation (Fig. 1A,B), which remained unchanged
in parallel with the decreases in DO, to become significantly lower than its baseline (p <0.001) only at the end
of the experiment. At DO, ACCO,p, was greater in the IH group compared to the HH group (11.0+0.88 vs.
7.0+0.56 mL, p=0.003, respectively), and it was significantly higher than its baseline value (p <0.001) only in
the IH group (Fig. 1B).

pH and Haldane effects on the PCO,/CCO, relationship. Hindlimb venous pH (pHv) remained
unchanged with the decline in DO, down to DO, in both groups (Fig. 2). However, beyond DO,, pHv
decreased significantly only in the IH group and remained stable in the HH group (Fig. 2).

The venous CCO, calculated, with the Douglas equation, by acknowledging the changes in pHv (CvCO,p)
increased first with the rise in PvCO,, but then after, it stabilized despite further increases in PvCO,, due to the
fall in pHv. Eventually, despite the continuously increasing PvCO,, CvCO,, decreased due to the marked decline
in pHv (Fig. 3). On the contrary, there was almost a linear increase in DefpH-CvCO,y, (without accounting
for the changes in pHv) with the increase in PvCO, (Fig. 4). Also, DefpH-ACCO,, increased linearly with the
decreases in DO, in the IH group, while it remained unchanged in the HH group (Supplemental Digital Content
7, Figure S5).

The relationship between PvCO, and CCO, calculated without accounting for the changes in SvO, was the
same as that if we acknowledged the variations in SvO, (Supplemental Digital Content 8, Figure S6).
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Figure 3. Hindlimb venous CO, content (CCO,) as a function of hindlimb venous PCO, for CCO, calculated
with accounting for pH changes (with_pH) and without accounting for pH changes (without_pH) using
Douglas equation (CCO,p). *p <0.006 vs. HH, *p <0.007 vs. baseline, mixed ANOVA.
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Figure 4. Hindlimb venous-to-arterial PCO, difference (APCO,) over the arterial-to-venous O, difference
(AO,) ratio (APCO,/AO,) as a function of hindlimb oxygen delivery (DO,) for ischemic hypoxia model (IH)
and hypoxic hypoxia model (HH). At DO,crit, APCO,/AO, was significantly higher in HH model (1.82+0.09)
than ITH model (1.39 £0.06). *p <0.006 vs. HH, *p <0.007 vs. baseline, mixed ANOVA.

Time course of APCO,/AO,, ACCO,/AO,, and ACCO,,/A0, ratios. AO, increased significantly in
the IH and decreased in the HH in parallel with the decreases in DO, (Supplemental Digital Content 9, Fig-
ure S7).

At DO,y APCO,/AO, ratio was significantly higher in the HH group than in the TH group
(1.824£0.09 mmHg/mL vs. 1.39 £0.06 mmHg/mL, p = 0.002, respectively). In both groups, APCO,/AO, ratio
increased significantly only after reaching DO, (Fig. 4). Also, the increase in APCO,/AQO, ratio was significantly
higher in the HH than in the IH group.

ACCO,/AO, ratio increased after DO, was reached in both groups, with a trend to decrease by the end of
the experiment in the HH group (Supplemental Digital Content 10, Figure S8). At DO,_;,, there was no significant
difference between the two groups (IH: 0.59 +0.02 vs. HH: 0.67 +0.03, p=0.05).

In both groups, ACCO,,/AO, ratio increased significantly after reaching DO, However, in the HH group,
at lower values of DO,, ACCO,p/AO, ratio started to decline but remained significantly higher than its baseline
value. In the IH group, beyond DO,;,, ACCO,p/AO, ratio begun to decrease at a higher value of DO, than in
the HH group, to become not significantly different from its baseline value at the end of the experiment (Fig. 5).
At DO, ACCO,p/AO, was not significantly different between the two groups (0.87 +0.05 for IH vs. 1.01 +0.06
for HH, p=0.09).

In both groups, DefpH-ACCO,p/AO, (without accounting for pH changes) increased similarly and linearly in
parallel with the decrease in DO, (Supplemental Digital Content 11, Figure S9). The increase in DefpH-ACCO,p/
AO, in TH occurred before reaching DO, .

Discussion

The main findings of our study were that: (1) in both groups, APCO,/AO, as well as ACCO,/AO,, and ACCO,p/
AO, increases significantly in parallel with the decreases in DO, only after reaching DO,_;; (2) beyond DO,
the time course of APCO,/AO, ratio was different from that of ACCO,;,/AO, or ACCO,/AO, ratio, in both
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Figure 5. Hindlimb venous-to-arterial CO, content difference calculated with Douglas equation (ACCO,p)
over the arterial-to-venous O, difference (AO,) ratio (ACCO,,/AO,) as a function of hindlimb oxygen

delivery (DO,) for ischemic hypoxia model (IH) and hypoxic hypoxia model (HH). At DO,crit, there was no
significantly difference between HH model (1.01 +0.06) and TH model (0.87 +0.05). *p <0.006 vs. HH, *p <0.007
vs. baseline, mixed ANOVA.

groups; (3) metabolic acidosis, but not Haldane effect influenced significantly the PCO,/CCO, relationship
explaining the discrepancy between APCO, and ACCO,y; (4) the method of CCO, calculation had a consider-
able impact on the results and yielded different conclusions.

Anaerobic metabolism occurrence is usually due to cellular hypoxia'®. Whenever oxygen delivery decreases
relative to demand, and the compensatory mechanism is exhausted, extra-mitochondrial anaerobic glycolysis
occurs, and lactic acidosis develops'®. We aimed to investigate if APCO,/AO, and ACCO,,/AO, could reflect the
development of anaerobic metabolism in two regional models of tissue hypoxia: IH, where the oxygen delivery
progressively decreased by decreasing the blood flow, and HH, where the blood flow was maintained unchanged,
and the oxygen delivery was reduced by decreasing the arterial oxygen content.

In experimental conditions of tissue hypoxia, the drop in VO, leads to decreased total VCO, generation,
mainly related to the decrease in aerobic CO, production. However, under situations of hypoxia, tissue CO,
increases as hydrogen ions generated by anaerobic sources of energy (hydrolysis of high-energy phosphates) are
buffering by bicarbonate existing in the cells (anaerobic CO, production)'”. Therefore, VCO, being reduced less
than VO,, the RQ (VCO,/VO,) should increase. Accordingly, the increase in RQ has been shown to be a useful
marker of global tissue hypoxia'®'°. Indeed, Groeneveld et al.'® observed, in an experimental model of a graded
increase in positive end-expiratory pressure-induced a decrease in cardiac output and oxygen delivery in pigs,
that the decline in VCO, (by 21 +2%) was less than in VO, (by 27 +2%).

However, airway RQ measurement necessitates a specific monitoring device (indirect calorimetry) that many
hospitals might not have. Recently, there has been a growing interest in the APCO,/AO, ratio as a surrogate
of the RQ to detect the development of global anaerobic metabolism in critically ill patients3'7. Indeed, several
studies found an association between increased APCO,/AO, ratio and hyperlactatemia® and decreased lactate
clearance®’, which were taken as markers of anaerobic metabolism activation. We* and other authors? have also
shown that APCO,/AQ, ratio had an excellent ability to detect the presence of VO,/DO, dependency phenom-
enon, better than central venous oxygen saturation and blood lactate levels, in septic shock patients. Recently,
Mesquida et al.?” reported an association between APCO,/AO, ratio and ICU mortality in septic shock patients.
In contrast, in other studies, APCO,/AO, was unable to predict hyperlactatemia, poor lactate clearance, or VO,/
DO, dependency and was not associated with outcome in septic shock or cardiac surgery patients”*'-*. Thus,
the relationship between APCO,/AO, and the presence of tissue hypoxia is controversial.

Indeed, the use of APCO,/AQ, ratio as a surrogate of RQ supposes that the PCO,/CCO, relationship is quasi-
linear, which may be true over the physiological range of PCO,**. However, this relationship can be influenced
by the degree of metabolic acidosis®, hematocrit®®, and oxygen saturation (Haldane effect)**, and it becomes
nonlinear if these factors change?. Indeed, severe metabolic acidosis, low hematocrit, and high oxygen saturation
can increase PCO, for a given CCO, since less CO, is bound to hemoglobin®. Thus, APCO, and APCO,/AO,
ratio might be increased due to several factors unrelated to the blood flow and anaerobic metabolism. We found
that metabolic acidosis influenced the PCO,/CCO, relationship significantly. Indeed, when the changes in pHv
were ignored, the PCO,/CCO, relationship was almost linear (Fig. 3). However, CCO, was not linearly related
to PCO, when the changes in pH were acknowledged. In fact, PCO, and CCO, changed in opposite directions
as metabolic acid was added to the blood by the hypoxic cells (Fig. 3). That is because metabolic acidosis causes
plasma and red blood cell CCO, and bicarbonates to decrease®. In our study, the Haldane effect did not influ-
ence the PCO,/CCO, relationship as the latter was the same, taking into account or not for the changes in SvO,
(Supplemental Digital Content 8, Figure S6).
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Our findings suggest that, in situations with moderate/severe metabolic acidosis, an elevated APCO, might
not reflect only low or inadequate blood flow but could also be ascribed to modifications of the CO,~hemoglobin
dissociation curve. Our results are in line with previous studies. Indeed, Sun et al.** found that, in healthy subjects,
during heavy exercise, changes in pH had a significant influence on the PCO,/CCO, relationship with CCO, not
linearly related to PCO, and even varied in opposite directions after the lactic acidosis threshold was reached.
However, in that study, changes in SO, (Haldane effect) had a minor influence on the PCO,/CCO, relationship.
Also, in septic shock patients, Mesquida et al.” observed that pH was the only best predictor of the discrepancy
found between APCO,/AO, and ACCO,p/AO,; venous oxygen saturation (Haldane effect) had a minimal effect.

We observed that APCO,/AO,, and ACCO,;/AO, significantly increased at DO, and not before (Figs. 4
and 5), suggesting that these variables were able to depict the occurrence of oxygen supply dependency (DO,)
in both IH and HH groups. The increases in these variables were mainly due to the decline in AO, in the HH
group and the rise in APCO, and ACCO, in the IH group induced by the decrease in blood flow. In contrast, in
an experimental study of hemodilution model of tissue hypoxia, Dubin et al.* found that APCO,/AO, significantly
increased before the fall in VO, and the sharp increase in RQ (measured by indirect calorimetry), and thus, it
was a misleading indicator of anaerobic metabolism. The authors explained this finding by the effects of low
hemoglobin on the CO,~hemoglobin dissociation curve®. However, it is hard to compare these results together
as the two tissue hypoxia models (HH and hemodilution) are different. Indeed, the effects of anemia on the
CO,-hemoglobin dissociation curve could be different from that of the low oxygen saturation (Haldane effect).
Also, the magnitude of the decrease in venous oxygen saturation would be much more pronounced in the HH
model, where the flow was maintained constant, than in the hemodilution model, where cardiac output increased
by 126%°. Beyond DO,_,, we observed a discrepancy between the evolutions of APCO,/AO, and ACCO,;,/AO,
in both groups (Figs. 4 and 5). That might be explained by the different behavior of APCO, and ACCO,y, at lower
DO, values. Indeed, in the TH group, these two variables changed in opposite directions: APCO, continued to
increase, whereas ACCO,, fell caused by metabolic acidosis (decreases in bicarbonate levels). In the HH model,
APCO, remained unchanged, whereas ACCO,, decreased at lower DO, values (Fig. 1B and Supplemental Digital
Content 6, Figure S4). Therefore, below DO, and at very low DO, values, APCO,/AQ, ratio is confounded
by the changes in the CO,~hemoglobin curve induced by metabolic acidosis, and it does not reliably reflect the
oxygen supply dependency phenomenon and the activation of anaerobic metabolism, especially in the IH tissue
hypoxia model. However, in clinical practice, in such cases with very low DO,, the clinical diagnosis of tissue
hypoxia would be obvious without the need for such markers.

It is worth to note that the method of calculation of the difference in CCO, matters as the McHardy equation'?,
and Douglas equation'? yielded different findings (Figs. 5 and Supplemental Digital Content 10, Figure S8).
However, we think that the Douglas equation is much more used in research papers, and more accurate as it
accounts for much more factors such as pH.

There is no reported data, in the literature, on the behavior of ACCO,p/A0O, ratio beyond DO, at very low
DO, values. This ratio tended to decrease in both tissue hypoxia models, even in the presence of anaerobic CO,
production. It is possible that in case of advanced tissue hypoxia with massive decreases in VO,, the anaerobic
sources of CO, becoming much less important than the dramatically decreased aerobic ones leading to a reduc-
tion in VCO,/VO, ratio.

We acknowledge several limitations to our study. First, our study was a secondary analysis that is subject to
inherent limitations. Second, computation of CCO, is subject to an important potential risk of measurement
errors due to the number of variables included in the equation® that might amplify during the calculation of
ACCO,p. Nevertheless, ACCO,p/AO, ratio was already shown to be associated with mortality in septic shock
patients’, suggesting that the influence of measurement errors might be limited.

Conclusions

In both IH and HH regional models of tissue hypoxia, APCO,/AO, and ACCO,p/A0O, ratios both widened sig-
nificantly only at the beginning of oxygen supply dependency. The hypoxic tissue hypoxia model yielded higher
increases in APCO,/AO, than the IH model. At advanced stages of tissue hypoxia (very low DO,), APCO,/AO,
did not only reflect the ongoing anaerobic metabolism, but it was confounded by the effects of metabolic acidosis
on the CO,-hemoglobin dissociation curve, and then it should be interpreted with caution. For clinical practice,
in severe metabolic acidosis situations, elevated APCO, may not reflect the degree of tissue hypoperfusion. In
these cases, calculating the difference in CCO, with the Douglas equation is advisable.
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Metformin inhibits mitochondrial respiration in the liver and other tissues in a dose-dependent
manner [128, 129]. Thus, metformin intoxication induces the occurrence of anaerobic
metabolism and lactate overproduction (metformin-associated lactic acidosis) by decreasing
global oxygen extraction and consumption without affecting the oxygen delivery [128, 129]. In
an experimental model of metformin intoxications in pigs [130], we investigated if the
APCO,_Mix/AO,_Mix ratio could reflect the development of anaerobic metabolism when the
oxygen delivery and cardiac output remained unchanged. We found an excellent individual
correlation coefficient (R=0.8) between the metformin-induced increases in lactate levels and the
increases in APCO,_Mix/AO2_Mix. We, also, observed that APCO,_Mix/AO,_Mix detected overt
lactic acidosis with an area under the ROC curve of 0.81 (95%-Cl: 0.70-0.92) (p < 0.001) with a
best cut-off value of 2.0 mmHg/ml/dl, sensitivity was 0.81 (95%-Cl: 0.65-0.94) and specificity 0.74

(95%-Cl: 0.46-0.94).
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Increased ratio of P[v-a]CO5 to C[a-v]O, without global hypoxia: the case
of metformin-induced lactic acidosis
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ARTICLEINFO ABSTRACT
Keywords: The ratio of venoarterial CO; tension to arteriovenous Oy content difference (P[v-a]CO2/C[a-v]O5) increases
Anaerobic metabolism when lactic acidosis is due to inadequate oxygen supply (hypoxia); we aimed to verify whether it also increases

Carbon dioxide
Cell hypoxia
Lactic acidosis

when lactic acidosis develops because of mitochondrial dysfunction (dysoxia) with constant oxygen delivery.
Twelve anaesthetised, mechanically ventilated pigs were intoxicated with IV metformin (4.0 to 6.4 g over 2.5 to
4.0 h). Saline and norepinephrine were used to preserve oxygen delivery. Lactate and P[v-a]CO,/C[a-v]O, were

Mitochondria
Oxygen measured every one or two hours (arterial and mixed venous blood). During metformin intoxication, lactate
increased from 0.8 (0.6-0.9) to 8.5 (5.0-10.9) mmol/l (p < 0.001), even if oxygen delivery remained constant
(from 352 + 78 to 343 + 97 ml/min, p = 0.098). P[v-a]CO,/C[a-v]O, increased from 1.6 (1.2-1.8) to 2.3
(1.9-3.2) mmHg/ml/dl (p = 0.004). The intraclass correlation coefficient between lactate and P[v-a]CO,/C[a-v]
0, was 0.72 (p < 0.001). We conclude that P[v-a]CO,/C[a-v]O, increases when lactic acidosis is due to dysoxia.
Therefore, a high P[v-a]CO,/C[a-v]O, may not discriminate hypoxia from dysoxia as the cause of lactic acidosis.
1. Introduction or anaerobic carbon dioxide is released (Gutierrez, 2004), reaches the
lungs and is exhaled together with carbon dioxide of mitochondrial or
Lactic acidosis (i.e. hyperlactataemia with metabolic acidosis) in aerobic origin. Several details of this model remain controversial
critically ill patients is commonly attributed to hypoxia (Mizock, 1989). (Peronnet and Aguilaniu, 2006). Nonetheless, there is general agree-
Based on a widely accepted model of acid-base changes during exercise ment that the onset of lactic acidosis due to hypoxia is accompanied by
(Wasserman et al., 1990), when oxygen supply becomes inadequate, an acute increase in the respiratory exchange ratio, i.e. the ratio between

mitochondrial carbon dioxide production and oxygen consumption whole-body carbon dioxide output and oxygen uptake measured at the
decline in parallel as they are both linked to cellular respiration airway with indirect calorimetry (Cohen et al., 1995; Groeneveld et al.,
(Gutierrez, 2004). The ratio between the two — the respiratory quotient, 1991).

ideally measured in the cells — remains constant, provided substrates According to the Fick principle, the respiratory exchange ratio can
oxidised do not change. At the same time, cytoplasmic glycolysis ac- also be measured without indirect calorimetry, as the ratio between
celerates and hyperlactataemia develops together with metabolic mixed-venous-to-arterial carbon dioxide content difference (C[v-a]CO5)
acidosis (Cilley et al., 1991; Ronco et al., 1993). As bicarbonate buffers (times cardiac output) and arterial-to-mixed-venous oxygen content
hydrogen ions in excess (Beaver et al., 1986), some extra-mitochondrial difference (C[a-v]O,) (times cardiac output). As long as blood carbon
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dioxide tension reflects content, it can also be estimated from the ratio of
mixed-venous-to-arterial carbon dioxide tension difference (P[v-a]CO5)
to C[a-v]O,. In line with this model, a high P[v-a]CO,/C[a-v]O, may
signal hypoxia (Mekontso-Dessap et al., 2002; Monnet et al., 2013;
Mesquida et al.,, 2015; Mallat et al.,, 2016a; Ospina-Tascon and
Madrinan, 2019), and a normal P[v-a]CO,/C[a-v]O, might be a
reasonable target of resuscitation of critically ill patients (Du et al.,
2015; Su et al., 2018).

Lactic acidosis can also occur without hypoxia (James et al., 1999;
Garcia-Alvarez et al., 2014). For example, when catecholamines stim-
ulate glycolysis and lactate production (Levy et al., 2005); when
fulminant liver failure limits lactate clearance (Murphy et al., 2001); or
when mitochondria become unable to use oxygen. This latter condition,
known as dysoxia, is common to several critical diseases including sepsis
(Fink, 2001; Brealey et al., 2002), thiamine deficiency (Depeint et al.,
2006), metformin intoxication (Protti et al., 2010, 2012; Protti et al.,
2012b), and linezolid intoxication (Protti et al., 2016).

Distinguishing hypoxia from dysoxia is important because the
treatment of lactic acidosis should be based on its cause. If this is hyp-
oxia, then arterial oxygen content and/or blood flow should be
augmented (Rivers et al., 2001; Protti et al., 2018). Otherwise, there is
no physiological rationale to do so. Unmotivated and excessive fluid
resuscitation, transfusion of red blood cells and/or use of inotropes may
cause fluid overload, pulmonary oedema, intra-abdominal hyperten-
sion, cardiac arrhythmias, myocardial ischaemia and even increase
mortality (Hayes et al., 1994; Andreis and Singer, 2016; Marik et al.,
2017; Hernandez et al., 2019).

Whether P[v-a]CO,/C[a-v]O, discriminates hypoxia from dysoxia is
unknown. In animals intoxicated with cyanide or rotenone, two well-
known mitochondrial blockers, the respiratory exchange ratio
measured with indirect calorimetry increases (Breen et al, 1995;
Karlsson et al., 2016). We therefore hypothesised that P[v-a]CO,/C[a-v]
0, increases not only with hypoxia but also with dysoxia (Ospina-Tascon
etal., 2016a). This study aimed to verify this hypothesis by monitoring P
[v-a]CO,/C[a-v]O, in a preclinical model of metformin-induced lactic
acidosis, a syndrome that is mainly due to dysoxia (Protti et al., 2010,
2012; Protti et al., 2012b).

In a first set of experiments (metformin intoxication), we analysed P
[v-a]lCO,/C[a-v]O; in a group of healthy pigs infused with a large dose
of metformin. In a second set of experiments (chloride intoxication), we
aimed to exclude the possible confounding role of hyperchloraemic
acidosis which developed during metformin intoxication, possibly as a
result of resuscitation with chloride-rich normal saline.

2. Materials and methods

This is a secondary sub-analysis of a series of experiments showing
that mitochondrial dysfunction plays a key role in lactic acidosis during
metformin intoxication. It was stimulated by recent works suggesting
that a high P[v-a]CO,/C[a-v]O; in critically ill patients signals hypoxia
or the need to increase oxygen delivery (Mekontso-Dessap et al., 2002;
Monnet et al., 2013; Mesquida et al., 2015; Mallat et al., 2016a;
Ospina-Tascon and Madrinan, 2019). As detailed in Supplemental Digital
File 1, some of those experiments were included in this present analysis
and some others were not. The original studies complied with interna-
tional recommendations (Institute of Laboratory Animal Resources,
1996) and were approved by the Italian Ministry of Health (protocol
number 212).

2.1. Metformin intoxication

Twelve healthy pigs (21 + 2 kg) were maintained under general
anaesthesia and paralysis with IV propofol, medetomidine, and pan-
curonium bromide. Surgery included tracheostomy, urinary bladder
catheterisation, and cannulation of the carotid artery, internal jugular
vein, and pulmonary artery. Ventilation was delivered with a tidal
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volume of 10—15 ml/kg, respiratory rate of 12-18 breaths/min and
fraction of inspired oxygen of 0.5 (Engstrom Carestation; GE Healthcare;
Madison, WI, USA).

After a few hours of recovery from surgery and baseline recordings
(time 0), animals received 4.0 to 6.4 g of metformin hydrochloride
(Sigma-Aldrich; St. Louis, MO, USA) as an IV infusion over 2.5 to 4.0 h
(1.6 g of metformin in 20 ml of saline per hour). Anaesthesia and
ventilation were kept constant. Normal saline, with 154 mmol/I of so-
dium and chloride, was infused to match urinary output. Hypotension
(mean arterial pressure <60 mmHg) was treated with additional saline
and IV norepinephrine. Hypothermia (body core temperature <37 °C)
was treated with active warming.

Variables of interest were recorded at the start of the infusion of
metformin (time 0) and every one or two hours thereafter, for four hours
in total. Arterial and mixed venous blood gas analyses, including so-
dium, potassium, and lactate, were measured in all animals (GEM 3000,
Instrumentation Laboratory; Milan, Italy or ABL 800 FLEX, Radiometer;
Copenhagen, Denmark). Once we purchased an indirect calorimeter
(COVX Metabolic Module, GE Healthcare) and the appropriate blood gas
analyser (ABL 800 FLEX, Radiometer), we started measuring whole-
body carbon dioxide output and oxygen uptake (in the last eight ani-
mals) and arterial chloride level (in the last six animals).

In line with other authors (Mekontso-Dessap, 2002; Monnet, 2013;
Mesquida, 2015; Mallat, 2016; Mesquida, 2019), P[v-a]CO,/C[a-v]O,
was calculated using the following standard formulas. P[v-a]CO, was
the difference between mixed venous and arterial carbon dioxide ten-
sions. Arterial oxygen content was calculated as CaO, (ml/dl) = 1.34
(ml/g) x Hb (g/dl) x SaO, + 0.003 [ml/(dl x mmHg)] x PaO, (mmHg),
where Sa0, is the oxygen saturation and PaO, the oxygen tension of
arterial blood. Mixed venous oxygen content was calculated as CvO,
(ml/dl) = 1.34 (ml/g) x Hb (g/dl) x SvO, + 0.003 [ml/(dl x mmHg)] x
PvO, (mmHg), where SvO, is the oxygen saturation and PvO, the oxy-
gen tension of mixed venous blood (Hall and Hall, 2020). In both for-
mulas, Hb is the mean haemoglobin concentration of arterial and mixed
venous blood taken simultaneously. C[a-v]O, (ml/dl) was calculated as
Ca0, — CvO,. Cardiac output was measured in triplicate with thermo-
dilution technique. Oxygen delivery was calculated as DO, (ml/min) =
Ca0, (ml/dl) x CO (I/min) x 10. The respiratory exchange ratio was the
ratio of carbon dioxide output to oxygen uptake measured with indirect
calorimetry. The arteriovenous CO, content difference (C[v-a]CO,) was
computed as the ratio between carbon dioxide output (indirect calo-
rimetry) and cardiac output (thermodilution technique). By comparing
it with the corresponding P[v-a]JCO, we estimated the carbon
dioxide-binding capacity of blood.

To clarify the origin of metabolic acidosis in animals infused with
metformin, we used the physicochemical or Stewart approach (Stewart,
1983). According to it, metabolic acidosis is either due to the accumu-
lation of weak non-volatile acids (in practice albumin and phosphate) or
the reduction of the strong ion difference. The strong ion difference can
be estimated as [SID] = [sodium] + [potassium] — [chloride] — [lactate]
where square brackets refer to concentrations. Assuming constant weak
non-volatile acids (we could not measure them), metabolic acidosis re-
sults from a reduction of the strong ion difference. In pure lactic acidosis,
this is equivalent to the increase in [lactate]; [sodium], [potassium] and
[chloride] do not change.

Other details on animal preparation and study design can be found in
ref. 24.

2.2. Chloride intoxication

Animals infused with metformin hydrochloride and resuscitated
with (chloride-rich) saline developed not only lactic but also hyper-
chloraemic acidosis (Langer et al., 2012). To isolate the impact of this
disorder on P[v-a]CO,/C[a-v]O,, we then intoxicated six other animals
with hydrochloric acid, as reported in Supplemental Digital File 1.
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2.3. Statistical analysis

The sample size of this retrospective analysis was not planned; it was
based on the number of past experiments fulfilling the inclusion and
exclusion criteria reported in Supplemental Digital File 1.

Data are reported as mean =+ SD or median and interquartile range
depending on their distribution. Changes over time in variables of in-
terest were analysed with paired t-test, one-way repeated measures
analysis of variance (RM ANOVA) or one-way RM ANOVA on ranks.
Post-hoc multiple comparisons against baseline recording (time 0) were
adjusted with Bonferroni or Dunn’'s methods. The increase of arterial
chloride from the start to the end of experiments was compared between
animals intoxicated with metformin or hydrochloric acid with unpaired
t-test.

P[v-a]CO,/C[a-v]O, and arterial lactate were measured several
times on the same animals. We then studied the relationship between
these two variables with univariable linear regressions considering an-
imals one by one, and with two-variable linear regression analysis
considering all data together, and adding subjects to the model as
dummy variables (Bland and Altman, 1994). Results are expressed as
individual (R) and intraclass correlation coefficients, respectively.

The ability of P[v-a]CO,/C[a-v]O, to detect the onset of overt lactic
acidosis (arterial lactate >4 mmol/l) was studied with the Receiver
Operating Characteristic (ROC) curve analysis considering all data from
all animals at all time points. The value with the highest sensitivity and
specificity (Youden's index) was considered the best cut-off point. The
area under the ROC curve, sensitivity, specificity, negative, and positive
predictive values and diagnostic accuracy are reported with 95%-con-
fidence intervals calculated with bootstrapping as proposed by Liu et al.
(2005). The overall statistical significance of the ROC curve was calcu-
lated with two-variable logistic regression analysis: P[v-a]CO,/C[a-v]O,
was the predictor, animals were included as dummy variables to account
for the repeated measures design of the study, and overt lactic acidosis
was the outcome.

Statistical analysis was performed with SigmaPlot 11.0 (Jandel Sci-
entific, San Jose, CA) and JMP Pro 14 (SAS Inc., Cary, NC). All tests were
two-tailed. A p-value <0.05 was considered statistically significant.

3. Results
3.1. Metformin intoxication

One animal was infused with 4.0 g of metformin over 2.5 h; the other

P<0.001

P<0.001
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eleven were infused with 6.0 to 6.4 g of metformin over 3.75 to 4.0 h.
Variables of interest, including the P[v-a]JCO,/C[a-v]O, and arterial
lactate, were recorded every hour from eleven animals (although two
mixed venous blood gas analyses turned out to be missing) and every
two hours from one animal.

Overt lactic acidosis developed in all animals even if oxygen delivery
remained quite constant (Fig. 1). Mixed venous oxygen saturation
increased and body core temperature declined over time (Fig. 1 and
Table 1).

In eight animals studied with indirect calorimetry, carbon dioxide
output decreased less than oxygen uptake so that the respiratory ex-
change ratio increased (Fig. 2).

In the whole study population, P[v-a]CO, slightly increased, C[a-v]
0, decreased, and P[v-a]CO,/C[a-v]O, accordingly increased (Table 1
and Fig. 3). As shown in Suppl [ Table 1 (Suppl. [ Digital File
1), carbon dioxide-binding capacity of blood tended to decline over
time: for each ml of carbon dioxide added to 100 ml of blood, P[v-a]CO,
increased by 2.1 (1.8-2.6) mmHg at the start and by 3.0 (2.5-3.3) mmHg
at the end of the experiments (p = 0.120).

By the end of the study, mean arterial pressure was lower than 60
(but still higher than 50) mmHg in four animals, including three treated
with norepinephrine. Results were similar when analyses were restricted
to the eight animals without hypotension at the end of the study (final
mean arterial pressure >60 mmHg). Even there, P[v-a]CO, tended to
increase (from 7.2 £+ 1.6 to 8.8 + 3.3 mmHg; p = 0.218); C[a-v]O,
decreased (from 4.7 + 1.1 to 3.7 + 0.9 ml/dl; p = 0.002); and P[v-a]
CO,/C[a-v]O; increased [from 1.7 (1.1-1.8) to 2.1 (1.8-3.2) mmHg/
ml/dl; p = 0.012]. Details on these analyses are reported in Supplemental
Table 2 (Supplemental Digital File 1).

The relationship between P[v-a]CO,/C[a-v]O, and arterial lactate
level in each animal is described in Fig. 4 and in Supplemental Fig. 1
(Supplemental Digital File 1). P[v-a]CO,/C[a-v]O, usually rose with
lactate: median individual correlation coefficient (R) was 0.80
(0.37—0.90). The rate of increase in P[v-a]CO,/C[a-v]O, per each
mmol/l increase in arterial lactate level (p) ranged from -0.01 up to 0.24
mmHg/ml/dl; on average, it was 0.11 (0.05—0.15) mmHg/ml/dl. The
intraclass correlation coefficient between P[v-a]CO,/C[a-v]O, and
arterial lactate level within all animals was 0.72 (p < 0.001).

As shown in Suppl [ Fig. 2 (Supple [ Digital File 1), P[v-a]
CO,/C[a-v]O, detected overt lactic acidosis with an area under the ROC
curve of 0.81 (95%-CI: 0.70—0.92) (p < 0.001). With a best cut-off value
of 2.0 mmHg/ml/dl, sensitivity was 0.81 (95%-CI: 0.65-0.94), speci-
ficity 0.74 (95%-CI: 0.46—0.94), negative predictive value 0.87 (95%-
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Fig. 1. Impact of metformin intoxication on arterial lactate, mixed venous oxygen saturation and systemic oxygen delivery.

Twelve animals were studied during continuous IV infusion of metformin. Arterial lactate level, mixed venous oxygen saturation (O,Hb) and systemic oxygen (O,)
delivery were recorded before the start of infusion (time 0) and every one or two hours thereafter, for four hours in total. Systemic O, delivery was not available for
one animal. P values refer to RM ANOVA or RM ANOVA on ranks. * Adjusted p < 0.05 versus time 0 at post-hoc comparisons. Arterial lactate level was not normally

distributed: median (IQR) values are reported in Table 1.
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Table 1

Impact of metformin infusion on arterial blood gas analysis, mixed venous blood gas analysis and haemodynamics.
Time (h) 0 1 2 < § 4 p
Arterial blood gas analysis
pHa 7.56 + 0.07 7.56 + 0.06 7.50 + 0.04 7.40 + 0.08* 7.30 = 0.12% <0.001
PaCO, (mmHg) 33+4 31+ 5* 30 £ 4% 30 = 5% 29 £ 5* <0.001
Pa0, (mmHg) 212+ 30 223+33 214 £ 32 211 + 39 233 + 32 0.046
HCOz-a (mmol/1) 30+2 27+2 23+ 3* 19 + 3% 15 + 4% <0.001
BEa (mmol/1) 7+£3 5+2 14:3* -5+ 4* -11+6* <0.001
Haemoglobin (g/dl) 9.6+ 1.2 9.9+ 1.2 10.3 + 1.4% 10.5 + 1.4% 10.7 £ 0.3* <0.001
Sa0, (%) 9941 99471 89+1 9+1 9 +1 0.463
Ca0, (ml/dl) 135+ 1.6 142+ 1.8 14.3 £ 1.6* 15.1 £ 2.0* 15.1 £1.9* <0.001
Mixed venous blood gas analysis
pHv 7.51 + 0.06 7.50 + 0.05 7.45 + 0.04 7.35 + 0.07* 7.24 £ 0.12* <0.001
PvCO, (mmHg) 40+ 4 39+5 37 £ 4* 39 £ 4% 38 £ 6% 0.006
PvO, (mmHg) 38+5 42+5 45 £ 6* 49 £ 7% 57 £+ 10* <0.001
HCOs-v (mmol/1) 32+2 30+ 2 26 + 2* 22 + 3* 16 + 4% <0.001
BEv (mmol/1) 8+£3 62 24:3% -3+4* -11+7* <0.001
Haemoglobin (g/dl) 95+ 1.2 10.1 + 1.4% 10.2 + 1.2* 10.9 + 1.5% 10.7 + 1.5% <0.001
SvO, (%) 66 + 8 71+£7* 74 + 8* 74+ 7* 78 + 8% <0.001
CvO, (ml/dl) 8.8+ 20 10.0 £ 1.9* 10.4 £ 1.9* 11.1 + 2.4* 11.6 £ 2.4* <0.001
Haemodynamics
Heart rate (bpm) 101 + 20 106 + 17 113 £+ 21 117 + 24 112 + 26 0.213
Mean arterial pressure (mmHg) 98 + 14 83 + 14* 77 £ 10* 67 + 8% 62 +11* <0.001
Cardiac output (1/min) 26+ 06 28+05 27+07 24+04 23+04 0.002
Oxygen delivery (ml/min) 352+ 78 397 + 68 374 + 86 362 + 78 343 + 97 0.098
Urinary output (ml/h) 104 + 80 139 + 90 293 + 144* 431 + 148* 445 + 197* <0.001
Saline infused (ml/h) 50 (50-95) 80 (50-100) 175 (100-250) 335 (194-465)* 480 (373-600)* <0.001
With additional saline (n) 0/12 1/12 1/12 1/12 2/12 -
Norepinephrine infusion (pg/kg/min) 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.0 (0.0-0.2) 0.017
With norepinephrine (n) 0/12 0/12 0/12 0/12 3/12 -
Body core temperature (“C) 38.6 (37.0-39.2) 38.3 (37.2-39.5) 38.0 (36.9-38.6) 37.8 (36.6-38.1)* 37.2 (36.4-37.8)* <0.001
Main outcomes
Lactate (mmol/1) 0.8 (0.6-0.9) 1.2(0.8-1.3) 2.4 (1.4-3.3)* 5.4 (3.4-6.2)* 8.5 (5.0-10.9)* <0.001
P[v-a]CO, (mmHg) 70+15 74+ 16 71x15 78+ 1.4 8.7+ 28 0.097
C[a-v]O, (ml/dl) 4.7 +09 42+08 3.9+ 1.0% 4.0 £ 0.7% 3.5+ 0.8% <0.001
P[v-a]CO,/C[a-v]O, (mmHg/ml/dl) 1.6 (1.1-1.8) 1.7 (1.3-2.4) 2.0(1.4-2.3) 2.1 (1.6-2.1) 2.3(1.9-3.2)* 0.004

Twelve animals were studied during continuous IV infusion of metformin. Physiological variables were recorded at the start of infusion (time 0) and every one or two
hours thereafter, for four hours in total. Cardiac output and oxygen delivery were measured in all animals but one (early malfunction of the pulmonary artery catheter).
Mixed venous blood gas analysis, and all related variables including P[v-a]CO,, C[a-v]O, and P[v-a]CO,/C[a-v]O,, were not available in one animal at time 1, one
animal at time 2 and two animals at time 3. BE: base excess; CaO,: arterial blood oxygen content; CvO,: mixed venous blood oxygen content. With additional saline (n):
animals given saline to treat hypotension, on top of that given to match urinary output. P values refer to RM ANOVA or RM ANOVA on ranks. * Adjusted P < 0.05 versus
time 0 at post-hoe comparisons.
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Fig. 2. Impact of metformin intoxication on whole-body carbon dioxide output and oxygen uptake.

Eight animals were studied with indirect calorimetry during continuous IV infusion of metformin. Whole-body carbon dioxide (CO,) output and oxygen (0,) uptake
were recorded before the start of infusion (time 0) and every one or two hours thereafter, for four hours in total. Respiratory exchange ratio (RER) was the ratio of
CO, production to O, consumption. Dots are means; bars are standard deviations. P values refer to RM ANOVA or RM ANOVA on ranks. * Adjusted p < 0.05 versus
time 0 at post-hoc comparisons.

CI: 0.81-1.00), positive predictive value 0.65 (95%-CI: 0.46—0.91), and 3.2. Chloride intoxication
diagnostic accuracy 0.77 (95%-CI: 0.63—0.89).
In the last six animals intoxicated with metformin (those with known
arterial chloride levels), we estimated the strong ion difference to better
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Fig. 3. Impact of metformin intoxication on carbon dioxide and oxygen-derived variables.

Twelve animals were studied during continuous IV infusion of metformin. Mixed-venous-to-arterial carbon dioxide tension difference (P[v-a]CO,) and arterial-to-
mixed-venous oxygen content difference (C[a-v]O,) were recorded before the start of infusion (time 0) and every one or two hours thereafter, for four hours in
total. P[v-a]CO,/C[a-v]O, was the ratio between the two; it was measured in mmHg/ml/dl. Dots are means; bars are standard deviations. P values refer to RM
ANOVA or RM ANOVA on ranks. * Adjusted p < 0.05 versus time 0 at post-hoc comparisons. P[v-a]CO,/C[a-v]O, was not normally distributed: median (IQR) values

are reported in Table 1.
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Fig. 4. Relationship between P[v-a]CO,/C[a-v]O, and arterial lactate level in
each animal.

Twelve animals were studied during continuous IV infusion of metformin.
Mixed-venous-to-arterial carbon dioxide tension difference (P[v-a]CO») and
arterial-to-mixed-venous oxygen content difference (C[a-v]O,) were recorded
before the start of infusion (time 0) and every one or two hours thereafter, for
four hours in total. P[v-a]CO,/C[a-v]O, was the ratio between the two. Dots
refer to simultaneous recordings of arterial lactate and P[v-a]CO,/C[a-v]O,.
Lines describe the (linear) relationship between data recorded from sin-
gle animals.

clarify the origin of their metabolic acidosis. As shown in Table 2, the
strong ion difference decreased, so that metabolic acidosis developed,
not only because lactate but also chloride level increased (by 10 + 3
mEq/]). Sodium and potassium levels did not change. This hyper-
chloraemic acidosis, possibly due to the infusion of large volumes of
saline (Table 1), confounded the association between P[v-a]CO,/C[a-v]
0, and arterial lactate.

We then infused six other animals with hydrochloric acid over four
hours. Their chloride level increased by 10 + 3 mmol/l similarly to
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animals intoxicated with metformin (p > 0.999). Sodium and potassium
levels did not change. Arterial lactate level remained constantly low (<1
mmol/1). P[v-a]CO, increased (from 7.1 + 1.1 to 10.4 + 1.1 mmHg; p =
0.005), but in line with C[a-v]O, (from 5.3 + 0.7 t0 6.6 = 1.0 ml/dl; p =
0.039); accordingly, P[v-a]CO,/C[a-v]O, did not significantly change
over time [from 1.3 (1.2-1.5) to 1.5 (1.4-1.9) mmHg/ml/dl; p = 0.209]
(Suppl. [ Table 3 in Suppl [ Digital File 1).

Based on these findings, we conclude that hyperchloraemic acidosis
per se did not explain the larger increase in P[v-a]CO,/C[a-v]O, noted
during metformin intoxication [from 1.6 (1.2-1.8) to 2.3 (1.9-3.2)
mmHg/ml/dl; p = 0.004].

4. Discussion

Our retrospective analysis suggests that P[v-a]CO,/C[a-v]O, in-
creases also when lactic acidosis is primarily due to dysoxia.

Before discussing the results of this study, it is important to comment
on its design. First, we aimed to verify whether P[v-a]CO,/C[a-v]O,
increases during dysoxia and animals with metformin-induced lactic
acidosis seemed a valid model for this purpose. At a very high dose,
metformin is a mitochondrial poison similar to cyanide. In vitro, it dose-
dependently inhibits mitochondrial respiration of cells incubated in
room air (Protti et al., 2012a; El-Mir et al., 2000; Owen et al., 2000).
Herein, in intact living pigs, it increased mixed venous oxygen satura-
tion and decreased body core temperature despite active warming, as if
it diminished whole-body oxygen extraction and metabolism. By the end
of our original experiments (which lasted nine hours in total, as reported
in Supplemental Digital File 1), intoxicated pigs had generalised mito-
chondrial dysfunction and elevated lactate-to-pyruvate ratio in blood
(Protti et al., 2012a). Humans with lactic acidosis due to accidental
metformin accumulation equally have abnormally low whole-body ox-
ygen consumption, high mixed or central venous oxygen saturation, low
body core temperature and dysfunctional mitochondria in their circu-
lating platelets (Protti et al., 2010; Protti et al., 2012b). Second, to
minimise the risk of concomitant tissue hypoxia, we focused only on the
initial part of our original experiments. Four hours after their start,
average systemic oxygen delivery was normal and mean arterial pres-
sure generally higher than 60 mmHg. When we further restricted our
analysis to those animals that never developed hypotension, the results
did not differ from the overall population (Supplemental Table 2 in
Supplemental Digital File 1). Third, metformin-induced lactic acidosis is
very rare but dysoxia is probably not, especially in critical illness, when
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Table 2

Impact of metformin infusion on arterial electrolytes and the strong ion difference.
Time (h) 0 1 2 3 4 P
Sodium (mmol/1) 139+ 3 139+ 3 139+ 4 140 + 4 0.351
Potassium (mmol/1) 38+0.3 3.8+0. 37+09 38+1.2 38+ 1.0 0.967
Chloride (mmol/1) 105+ 3 106 = 4 110 + 4% 112 & 5* 115 £ 5* <0.001
Lactate (mmol/1) 0.9 (0.6-1.1) 1.1 (0.7-1.2) 1.5(1.2-2.3) 3.4 (2.4-4.6)* 5.1 (4.6-8.2)* <0.001
Strong ion difference (mmol/1) 376 35+5 31 +£5* 28 + 6 23 + 6% <0.001

Arterial chloride was measured and the strong ion difference estimated in six animals during continuous IV infusion of metformin. Arterial electrolytes were recorded
at the start of infusion (time 0) and every hour thereafter, for four hours in total. The strong ion difference was estimated as the difference between strong cations
(sodium and potassium) and anions (chloride and lactate). P values refer to RM ANOVA or RM ANOVA on ranks. * Adjusted P < 0.05 versus time 0 at post-hoc

comparisons.

discriminating hypoxia from dysoxia may prevent harm from over-
zealous resuscitation.

During metformin intoxication, the respiratory exchange ratio
increased. When metabolic acidosis develops, bicarbonate combines
with hydrogen ions and forms dissolved carbon dioxide (Beaver et al.,
1986), a volatile acid that can be readily eliminated from the body. This
additional source of carbon dioxide produces all the changes that define
an “unsteady” state (Fahri and Rahn, 1960), such as occurs with heavy
exercise: carbon dioxide output exceeds mitochondrial production;
whole-body carbon dioxide stores decline; the respiratory exchange
ratio exceeds the respiratory quotient by an amount equal to the ratio of
extra-mitochondrial carbon dioxide production to oxygen consumption.

P[v-a]JCO, depends on the venoarterial carbon dioxide content dif-
ference and carbon dioxide-binding capacity of the blood. According to
the Fick principle, the former reflects the balance between total carbon
dioxide production and blood flow. The latter is mainly influenced by
pH, carbon dioxide tension, haemoglobin concentration and oxygena-
tion, and temperature (Christiansen et al., 1914; Austin et al., 1963;
Mallat et al, 2016b). An elevated P[v-a]CO, can indicate hypo-
perfusion, with supranormal addition of carbon dioxide per unit of blood
(Weil et al., 1986; Adrogué et al., 1989; Cuschieri et al., 2005). But this is
not always the case. For example, during hydrochloric acid infusion, P
[v-a]CO, became larger even if the cardiac output was constant, prob-
ably because bicarbonate buffering increased with acidosis, metabolic
rate increased with the discharge of endogenous catecholamines (as
suggested by spontaneous arterial hypertension [Malm et al., 1966]),
and the capacity of blood to combine with carbon dioxide diminished.
Therefore, an elevated P[v-a]CO, is not specific for hypoxia due to
hypoperfusion.

Compared to P[v-a]CO,, P[v-a]CO,/C[a-v]O, depends less on car-
diac output and metabolic rate. Under the assumption of constant res-
piratory quotient and carbon dioxide-binding capacity of the blood,
changes in blood flow and cellular respiration affect the venoarterial
carbon dioxide content difference, the P[v-a]CO, and the C[a-v]O, to a
similar extent. Therefore, an increased P[v-a]CO,/C[a-v]O, may be
more specific for hypoxia than P[v-a]CO, (Mekontso-Dessap et al., 2002;
Monnet et al., 2013; Mesquida et al., 2015; Mallat et al., 2016a). For
example, in isolated dog hindlimbs where hypoxia was induced by
lowering arterial oxygenation with constant blood flow, P[v-a]CO, did
not increase although oxygen consumption and C[a-v]O, progressively
diminished (Vallet et al., 2000). Even if not explicitly reported in the
manuscript, P[v-a]CO,/C[a-v]O, most likely increased as a result of the
isolated decrease in the denominator. Herein we show that similar
changes occur during dysoxia. Overt lactic acidosis induced by metfor-
min was generally associated with a P[v-a]CO,/C[a-v]O; higher than
2.0 mmHg/ml/dl. In critically ill patients, values above 1.6-1.8
mmHg/ml/dl have been associated with global oxygen supply de-
pendency (a sign of hypoxia) (Monnet et al., 2013; Mallat et al., 2016a;
Du et al., 2015), or with impaired muscle oxygen use (a possible sign of
dysoxia) (Mesquida et al., 2019). Therefore, P[v-a]CO,/C[a-v]O, can
increase independently of hypoperfusion, during either hypoxia or
dysoxia, when bicarbonate contributes to buffering (lactic) acidosis.
This finding might explain why a high P[v-a]CO,/C[a-v]O, does not
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always predict oxygen-supply dependency (Abou-Arab et al., 2018;
Mahendran et al., 2020).

The decrease in C[a-v]O, made a fundamental contribution to
elevating the P[v-a]CO,/C[a-v]O, during metformin intoxication. For
any given increase in the rate of extra-mitochondrial carbon dioxide
production and the corresponding fraction of P[v-a]CO,, P[v-a]CO,/C
[a-v]0O, will increase more or less depending on C[a-v]O,. If this be-
comes smaller, as during dysoxia (when oxygen extraction is low), P[v-
a]CO,/C[a-v]0, will markedly increase. If it becomes larger, as with
hydrochloric acid infusion or hypoxia (when oxygen extraction is high),
it will not. Based on this model, P[v-a]CO,/C[a-v]O, could be even more
sensitive to dysoxia than to hypoxia.

Some of the limitations of this study deserve a comment. First, this
was a secondary analysis of a series of experiments with another aim.
Because of that, not all potential confounders were strictly controlled.
For example, haemoglobin concentration increased over time by 10%
possibly as a result of polyuria. As haemoglobin can bind carbon dioxide,
this change may have mitigated the increase in P[v-a]CO, and P[v-a]
CO,/C[a-v]O, (Chiarla et al., 2010). More importantly, cardiac output
declined by 10—15% and arterial blood pressure even more, as for
vasodilation. Therefore, we cannot exclude some regional hypo-
perfusion, which may have contributed to increasing P[v-a]CO,/C[a-v]
O, (Ospina-Tascon et al., 2016a, b). Our results thus need to be
confirmed in a more controlled setting. Second, experiments with hy-
drochloric acid (where the strong difference decreased by 9 mmol/l)
were not designed to assess the consequences of acidosis as severe as that
finally obtained with metformin (where the strong ion difference
decreased by 14 mmol/1). The larger increase in P[v-a]CO,/C[a-v]O, in
animals intoxicated with metformin may have merely reflected more
severe metabolic acidosis. However, C[a-v]O, became smaller with
metformin and larger with hydrochloric acid. Therefore, we hypothesise
that even with an equal degree of acidosis, P[v-a]CO,/C[a-v]O, would
have increased more with metformin than with hydrochloric acid. This
hypothesis needs to be verified.

In conclusion, P[v-a]CO,/C[a-v]O, increases during metformin-
induced lactic acidosis, a syndrome that is primarily due to dysoxia. A
high P[v-a]CO,/C[a-v]O; in a critically ill patient may not signal hyp-
oxia and should not automatically trigger efforts to increase systemic
oxygen delivery.
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Il.  Clinical studies
1. Venous-to-arterial PCO2 difference

Results from clinical studies in septic shock patients have also supported that the decreased
cardiac output is the primary determinant in the elevation of APCO,_Mix. Indeed, septic patients
with APCO,_Mix > 6 mmHg had a significantly lower mean cardiac output when compared to
patients with APCO,_Mix £ 6 mmHg [131]. Moreover, the changes in cardiac output induced by
volume expansion were correlated with changes in APCO,_Mix (r = 0.46, P < 0.01). The authors
rightly concluded that in patients with septic shock, an elevated APCO,_Mix is related to a
decreased systemic blood flow. Similarly, Bakker et al. found a significant negative correlation
between cardiac output and APCO,_Mix. Therefore, a strong association between cardiac output
and APCO;_Mix is also well documented in septic shock [132]. Interestingly, many patients in
those studies [131, 132] had normal APCO,_Mix despite the presence of tissue hypoxia,
presumably since their elevated cardiac output had simply washed out the CO; generated in the
peripheral circulation.

Creteur et al. [133] examined the association between impairment in microcirculatory perfusion
and tissue PCO,. They showed that the reperfusion of damaged microcirculation (assessed using
orthogonal polarized spectroscopy) was associated with normalized sublingual tissue PCO; levels.
Thus, there is a clear relation between tissue CO; accumulation and blood flow, leading to
increasing venous-arterial CO, gradients. Furthermore, Ospina-Tascon et al. [134], using a
sidestream dark-field device, observed that sublingual APCO, was closely associated with
microvascular blood flow parameters during the early phases of resuscitation of septic shock.

Indeed, sublingual APCO, was the best predictor of the microcirculatory blood flow

95



maldistribution as suggested by the alterations in the percentage of perfused small vessels (PPV),
the heterogeneity blood flow index, and consequently functional capillary density. In addition,
changes in sublingual APCO; were significantly associated with changes in PPV. However,
sublingual APCO;, was poorly related to systemic hemodynamic variables such as cardiac output,
which was also not associated with microcirculatory variables.

Ospina-Tascon et al. [135] have shown that the persistence of high APCO,_Mix (=6 mmHg) during
the first six hours of resuscitation of septic shock patients was linked to more severe multiple
organ failure and higher mortality rate (Relative Risk = 2.23, P = 0.01). However, The
measurement of APCO,_Mix requires the presence of a pulmonary artery catheter, which is
rarely practiced nowadays [136]. Since the central venous catheter is implanted in most septic
shock patients, using central venous-arterial carbon dioxide partial pressure difference
(APCO;_Cent) is significantly easier and similarly helpful. Interestingly, a strong agreement
between APCO,_Mix and APCO;_Cent, calculated as the difference between central venous PCO;
sampled from a central vein catheter and arterial PCO3, was reported in critically ill patients [137]
and severe sepsis and septic shock patients [138].

As emphasized previously, high values of ScvO; do not preclude the presence of tissue
hypoperfusion and hypoxia in cases of impaired ERO> capabilities that can occur in septic shock
[99, 100]. Since the solubility of CO; is very high (around 20 times that of O), its capability of
spreading out of ischemic tissues into the efferent veins is phenomenal, making it an extremely
sensitive indicator of hypoperfusion. Consequently, in conditions with O; diffusion difficulties
(resulting from shunted and obstructed capillaries), “covering’’ reduced ERO; and increased

tissue O; debt, CO; still diffuses to the efferent veins, “uncovering” the hypoperfusion situation
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for the clinician when APCO; is evaluated [139]. Accordingly, Vallée et al. [140] tested the
hypothesis that the APCO,_Cent can be used as a global indicator of tissue hypoperfusion in
resuscitated septic shock patients in whom ScvO; was already greater than 70%. They showed
that despite a normalized DO,/VO; ratio, patients who had impaired tissue perfusion with blood
lactate concentration > 2 mmol/L remained with an elevated APCO;,_Cent (> 6 mmHg). Also,
patients with low APCO,_Cent values had greater lactate decrease and cardiac index values and
exhibited a significantly higher reduction in SOFA score than patients with high APCO,_Cent. In a
prospective study that included 80 patients, we recently examined the usefulness of measuring
APCO;_Cent during the initial resuscitation period of septic shock [141]. We found that during
the very early period of septic shock, patients who reached a normal APCO;_Cent (£ 6 mmHg)
after six hours of resuscitation had greater decreases in blood lactate and in SOFA score than
those who failed to normalize APCO;_Cent (> 6 mmHg). Interestingly, patients who achieved the
goals of both APCO;_Cent <6 mmHg and ScvO; > 70% after the first six hours of resuscitation had
the greatest blood lactate decrease, which was found to be an independent prognostic factor of
ICU mortality [141]. In addition, Du et al. [142], in a retrospective study, showed that the
normalization of both ScvO; and APCO,_Cent seems to be a better prognostic factor of outcome
after reanimation from septic shock than ScvO; only. Patients who achieved both targets seemed
to clear blood lactate more efficiently [142]. Recently, Wang et al. [143] reported that in septic
patients secondary to a bloodstream infection, APCO,_Cent was independently associated with
28-day mortality in multivariable regression analysis.

Several observational studies found an association between APCO;_Cent and outcomes in high-

risk non-cardiac surgical patients. In a retrospective study that included 70 patients who
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underwent major abdominal surgery with an individualized goal-directed fluid replacement
therapy, Futier et al. [144] observed that APCO;_Cent was the only parameter associated with
postoperative septic complications that occurred in 34% of cases. Also, a APCO,_Cent > 5 mmHg
was able to predict postoperative complications with an AUROC of 0.785. In a prospective study
that included 66 high-risk non-cardiac surgical patients [145], the authors found that APCO;_Cent
values > 5 mmHg preoperatively were associated with worse postoperatively outcomes. Later,
Robin et al. [146] performed a prospective study that included 115 high-risk non-cardiac surgery
patients (mainly abdominal surgery). The authors reported that APCO,_Cent on ICU admission
immediately after surgery was significantly higher in patients who developed postoperative
complications compared to those who did not. In addition, APCO,_Cent on ICU admission
predicted the development of postoperative complications with an AUROC of 0.86 and a best
cuff value of 5.8 mmHg. Furthermore, the ability of APCO,_Cent to predict postoperative
complications was significantly better than the arterial lactate levels.

However, clinical studies have shown contradicting findings in cardiac surgery patients. In a
retrospective study that included 60 cardiac surgery patients, high APCO,_Cent values (= 8
mmHg) were associated with worse postoperative outcomes, including worse splanchnic
functions, longer mechanical ventilation, and longer ICU stays [147]. In another retrospective
study that included 220 cardiac surgery patients, the authors reported a low ability of
APCO; Cent to predict outcomes [148]. Also, APCO,_Cent did not predict the occurrence of
major postoperative complications and was poorly correlated with tissue perfusion parameters
and arterial lactate clearance in a prospective study that included 339 cardiac surgery patients

[149]. In addition, in a prospective study that included 308 cardiac surgery patients, Moussa et
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al. observed that APCO;_Cent was independently associated with lower major postoperative
complications [150]. However, the ability of APCO,_Cent to predict major postoperative
complications was not good (AUROC of 0.64). In contrast, a retrospective study that included
1,019 cardiac surgery patients showed that APCO;_Cent on ICU admission was independently
associated with ICU mortality [151]. Also, recent studies reported the good ability of APCO;_ Cent
to predict adverse outcomes after cardiac surgery. Mukai et al., in a prospective study that
included 110 cardiac surgery patients, found that postoperatively APCO,_Mix was independently
associated with major organ morbidity and mortality (MOMM). Also, APCO,_Mix was the best
predictor of MOMM with an AUROC of 0.80 and a cut-off of 5.2 mmHg [152]. In a propensity-
matched study, Chen et al. found that APCO;_Mix predicted the occurrence of poor outcomes
with an AUROC of 0.84 and a cut-off of 7.1 mmHg [153]. Nevertheless, in a recent retrospective
study that included 1,933 patients, we found that APCO;_Cent had poor diagnostic performance
(AUROC of 0.55) to predict postoperative complications even though it was independently

associated with postoperative adverse outcomes [154].
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Central venous-to-arterial CO, difference is a poor tool to predict
adverse outcomes after cardiac surgery: a retrospective study

La différence entre le CO2 veineux central et artériel est un outil
médiocre pour prédire les devenirs défavorables apres une
chirurgie cardiaque : une étude rétrospective
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Abstract

Purpose The venous-to-arterial carbon dioxide partial
pressure difference (CO» gap) has been reported to be a
sensitive indicator of cardiac output adequacy. We aimed
to assess whether the CO» gap can predict postoperative
adverse outcomes dfter cardiac surgery.

Methods A retrospective study was conducted of 5,151
patients from our departmental database who underwent
cardiac surgery from I January 2008 to 31 December 2018.
Lactate level (mmol-L™"), central venous oxygen saturation
(SeVO,) (%), and the venous-to-arterial carbon dioxide
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difference (CO3 gap) were measured at intensive care unit
(ICU) admission and on days 1 and 2 after cardiac surgery.
The following
collected: ICU mortality, hemopericardium or tamponade,
resuscitated cardiac arrvest, acute kidney injury, major
bleeding, acute hepatic failure, mesenteric ischemia, and
pneumonia. The primary outcome was the presence of at
least  one

,')l’i.\'f()ﬂ{’."(”n“l'(‘ ({(!l‘(’.’i\'(‘ ourcomes  were

postoperative  adverse  outcome,  Logistic
regression was used to assess the association between
ScVO,, lactate, and the CO» gap with adverse outcomes.
Their diagnostic performance was compared using a
receiver operating characteristic (ROC) curve.

Results There were 1,933 patients (38%) with an adverse
outcome. Cardiopulmonary bypass (CPB) parameters were

similar between groups. The CO> gap was slightly higher

for the “adverse outcomes” group than for the “no adverse

outcomes”™ group. Arterial lactate at admission, day 1, and
day 2 was also slightly higher in patients with adverse
Central
significantly different between patients with and without
adverse outcomes. The area under the ROC curve to
predict outcomes after CPB for the CO» gap at admission,
day 1, and day 2 were 0.52, 0.55, and 0.53, respectively.

Conclusion After cardiac surgery with CPB, the CO; gap
at ICU admission, day 1, and day 2 was associated with
postoperative

outcomes. venous oxygen saturation was not

adverse  outcomes  but  showed  poor

diagnostic performance.
Résumé

Objectif La difference de pression partielle de dioxyde de
carbone veineux versus arteriel (gradient de CO,) a ete
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rapportee comme etant un indicateur sensible d’un debit
cardiaque adequat. Nous avons tente d’eévaluer si le
gradient de CO, pouvait  predire les
postoperatoires  defavorables — apres — une
cardiaque.

Méthode Une ctude retrospective a ete realisee en se
basant sur les dossiers de 5151 patients issus de notre base
de donnees departementale ayant subi une chirurgie
cardiaque entre le 1°7 janvier 2008 et le 31 decembre
2018. Les taux de lactate (mmol-L™"), la saturation en
oxygene veineux central (ScVO;) (%), et la difference de
dioxyde de carbone veineux versus arteriel (gradient de
CO>) ont ete” mesures lors de 'admission en reanimation
(ICU) et aux jours 1 et 2 aprés la chirurgie cardiaque. Les
complications postoperatoires suivantes ont ete colligees :
mortalite’ en reanimation, hemopericarde ou tamponnade,

devenirs
chirurgie

arrét cardiaque recupere, insuffisance renale aigué,
saignements majeurs, insuffisance hepatique  aigué,
ischemie — mésenterique et pneumonie. Le  critére

d’evaluation principal etait la presence d’au moins une
complication postoperatoire. La regression logistique a ete
utilisée pour evaluer l'association entre ScVO,, taux de
lactate et gradient de CO, et les complications. Leur
performance diagnostique a ete’ comparee da l'aide d’une
courbe ROC (receiver operating characteristic).

Résultats Des complications sont survenues chez 1933
patients (38 %). Les parameétres  de
extracorporelle (CEC) etaient
groupes. Le gradient de CO, etait legerement plus eleve
dans le groupe « complications » que dans le groupe « pas

circulation

semblables entre les

de complication ». Les taux de lactate arteriels d
ladmission, au jour 1 et au jour 2 etaient egalement
legerement plus eleves chez les patients ayant subi des
complications. La difference de saturation en oxygene
veineux central n’etait pas significative entre les patients
avec ou sans complications. L'aire sous la courbe ROC
pour predire les devenirs apreés la CEC pour le gradient de
CO> d l'admission, au jour 1 et au jour 2 etait de 0,52, 0,55
et 0,53, respectivement.

Conclusion Apreés une chirurgie cardiaque avec CEC, le
gradient de CO d I'admission en réanimation, au jour 1 et
au jour 2 etait associe” aux complications postoperatoires,
mais sa performance diagnostique etait mediocre.

Keywords Central venous-to-arterial CO, difference -
cardiac surgery - cardiopulmonary bypass - outcomes -
tissue perfusion - arterial lactate

Over the last decades, cardiac surgery techniques have
significantly improved. allowing increasingly complex
procedures to be performed.’ Multimodal management is

@ Springer

key to improving outcomes after surgery.” Hemodynamic
goal-directed therapy, including various treatments, relies
on protocols that increase oxygen delivery by controlling
blood pressure, the cardiac index, and central venous
oxygen saturation. Individualized goal-directed
hemodynamic optimization during high-risk surgery has
been proven to improve morbidity and mortality.” This
approach aims to adapt oxygen delivery to oxygen
consumption to avoid hypoperfusion  during
surgery. Markers of adequate tissue perfusion (lactate,
ScVO,, and CO, gap) have their limitations.
Hyperlactatemia does not always reflect tissue dysoxia or
anaerobic metabolism and can be u.s'pccilic.5 Central
venous oxygen saturation (ScVO,), used as a marker of
dysoxia, can be normal despite microcirculatory
impairment.”

Hence, the central venous-to-arterial CO, partial
pressure difference (CO, gap) has been described as a
parameter that reflects tissue  hypoperfusion in
insufficiently resuscitated critically ill patients.” Strong
data support the necessity to monitor the CO, gap during
the carly phase of septic shock. Indeed. in patients with
septic shock, a CO, gap > 6 mmHg and a normal ScVO, >
70% indicates a dependency on oxygen delivery with the
need to pursue resuscitation.®” In the latest guidelines on
the monitoring of microcirculation, the CO, gap was
recommended to manage septic shock in the carly phase.'”

In the perioperative settings of cardiac surgery, data are
sparse and contradictory on CO, gap monitoring. The
limits concern the small sample size, the very early
postoperative time point of gap CO, assessment and the
contradictory findings. Previous studies that evaluated the
association between the CO, gap and outcomes of cardiac
surgery patients showed poor diagnostic performance.'''?
Thus. there is currently no clear position on the use of CO,
gap monitoring in the postoperative period of cardiac
surgery.

Thus. we aimed to investigate the association between
the CO, gap and postoperative adverse outcomes in in a
large retrospective cohort of patients who underwent
cardiac surgery with cardiopulmonary bypass (CPB).
Associations were measured at different times of the
intensive care unit (ICU) stay.

tissue

Methods
Study population

All patients who underwent cardiac surgery from 1 January
2008 to 31 December 2018 in Amiens University hospital
were included. The study was approved by the appropriate
institutional review board, who waived the requirement for
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written informed consent. The present report was drafted in
line with the STROBE statement for observational studies
in epidemiology."

Data collection

We identified retrospectively all patients who underwent
cardiac surgery at Amiens University hospital. Since 2007,
the cardiothoracic unit of Amiens has had a computerized
system  (Centricity Critical Care Clinisoft®, GE
Healthcare, Chicago, IL, USA) that collects all patient
characteristics, surgery characteristics, and postoperative
outcomes.

We extracted the following data from the Clinisoft
database for each patient: age, sex, height (m), weight (kg).
Simplified Acute Physiology Score (SAPS II), ICU stay
(days), medical history (diabetes, hypertension, coronary
disease characterized by the presence of a stent, peripheral
vascular discase defined by the presence of a stent of
bypass graft surgery in the lower limbs, chronic kidney
discase defined as a glomerular filtration rate of < 60
mL-min~", and chronic obstructive pulmonary discase).

The following postoperative data for the first 48 hr were
obtained from the same database: cumulative crystalloid
infusion (mL), colloid infusion (mL).
cumulative  norepinephrine  dose (mg), cumulative
dobutamine dose (mg), and cumulative diuresis (mL).

Lactate, ScVO,, and the CO, gap were measured at ICU
admission and on days | and 2. Venous-to-arterial carbon
dioxide difference on day 1 and day 2 was measured at the
same time point in all patients.

cumulative

Definitions of the postoperative outcomes

We collected the following data from our institutional
database wusing the French classification for medical

procedures  “Classification ~ Commune des  Actes
Médicaux” (CCAM). Each diagnosis (outcome) is
associated with a unique diagnostic code number.

Medical acts and diagnoses were coded in our database
by the same physician. Each outcome was defined
according to standard guidelines. For ecach diagnosis,
computed extraction was performed by a request for the
diagnosis code. Cardiac arrest was defined as the cessation
of cardiac mechanical activity. as confirmed by the absence
of signs of circulation. Acute Kidney injury was defined
according to Kidney Disease Improving Global Outcomes
(KDIGO) criteria as an increase in serum creatinine over
27 pmol-L™" within 48 hr or urine output lower than 0.5
mL-kg‘thF' (KDIGO 1)."* Mesenteric ischemia was
defined by surgical abdomen exploration.
Hemopericardium was defined in case of requirement for
surgical/mediastinal revision. Major bleeding was defined

as requirement of more than four units of red blood cell
transfusion. According to French guidelines, acute hepatic
failure was defined as a prothrombin ratio under 50%."
Ventilator-acquired pneumonia was defined by the
prescription of antibiotic therapy for a low respiratory
infection.'®

Outcome

The primary outcome was the presence of at least one
postoperative adverse outcome during the hospital stay.

Statistical analysis

Data were collected on 5928 patients during the study
period. The present analysis was restricted to patients with
cardiac surgery under CPB (n = 5,151). The demographic
and clinical characteristics of the study participants of both
groups were compared using the t-test for continuous
variables and the y2 test for discrete variables, as
appropriate. A logistic regression model was used to
evaluate the association between CO, gap/lactate and the
outcome. We adjusted the model on differences in
variables between “no outcome™ and “adverse outcome™
groups when the P value < 0.05. We built a receiver
operating characteristic (ROC) curve to assess the
diagnostic performance of arterial lactate, ScVO,, and the
CO, gap. Statistical analysis was performed using SAS 9.4
(SAS Institute, Cary, NC, USA). A P < 0.05 was
considered significant.

Results
Study population

Between January 2008 and December 2018, 5.928 eligible
patients were recorded in the database. Among them, 505
patients were excluded from analysis because of heart
beating surgery, 165 because of minimal extracorporeal
circulation, 25 because of CPB weaning requiring
extracorporeal life support. and 82 because of a non-
cardiac procedure under CPB. Five thousand one hundred
and fifty-one patients were enrolled: 1,933 experienced
adverse outcomes (38%) and 3.218 had no adverse
outcomes (62%). The study flowchart is summarized in
Fig.. 1.

Baseline characteristics and surgical procedures for both
groups are shown in Table 1. There were no difference in
duration of CPB or aortic cross clamp between the two
groups. In the “adverse outcomes™ group, there were more
cases of chronic kidney disease (8% vs 5%: P < 0.0001)
and the mean (standard deviation) SAPS II were higher [41
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Fig. 1 Flow chart. CPB =
cardiopulmonary bypass: ECLS
= extracorporeal live support;
MECC = minimal
extracorporeal circulation

Amiens Hospital University Database

5928 Patients admitted in the
cardiothoracic unit for cardiac procedure

777 Excluded
505 off pump cardiac surgery
165 MECC
25 CPB weaning requiring ECLS
82 non-cardiac surgery procedures

5151 Included

l

— l

No adverse outcomes (n=3218)

Adverse outcomes (n=1933)

TABLE 1 Demographics and intraoperative characteristics of the study population

Variables No adverse outcomes Adverse outcomes P value
(n=3218) (n =1933)
Age (yr) 66 (12) 68 (12) 0.21
BMI (kg-m~?) 28.8 (0.3) 282 (0.4) 0.25
Male, n (%) 2259 (70) 1289 (67) 0.01
Medical history, n (%)
Diabetes 644 (20) 356 (18) 0.16
Hypertension 1772 (55) 1103 (57) 0.16
Coronary disease 367 (11) =12 0.35
Chronic kidney disease 84 (3) 151 (8) < 0.001
Obesity 119 (4) 71 (4) 0.96
Vascular peripheral disease 149 (52) 121 (45) 0.01
Surgical type. n (%)
CABG 1214 (38) 804 (42) 0.006
Valve surgery 1529 (47) 951 (49) 0.25
Combined surgery 475 (15) 178 (9) 0.002
SAPS 1l 349 41 (12) < 0.001
Duration of CPB (min) 88 [62-119] 108 [73-145] 1
Duration of aortic clamp (min) 61 [42-86] 68 [45-99] 0.32

Data are expressed as mean (standard deviation), median [interquartile range], or numbers (percentages). BMI = body mass index, CABG =
coronary artery bypass graft, CPB = cardiopulmonary bypass, SAPS = Simplified Acute Physiology Score

(12) vs 34 (9); P < 0.001]. Also, there were fewer males
(67% vs 70%: P = 0.01), fewer cases of peripheral vascular

discase (45% vs 52%:. P = 0.011), and fewer cases of

combined surgery (9% vs 15%: P = 0.002) in the “adverse
outcome™ group.

@ Springer

Association between ScVO,, arterial lactate,
and the CO, gap with adverse outcomes (Table 2,
Fig. 3)

The CO, gap was slightly higher for the “adverse
outcomes™ group than the “no adverse outcomes™ group.
Arterial lactate at admission, day 1, and day 2 was also
slightly higher in patients with adverse outcomes. Central
venous oxygen saturation was not significantly different
between patients with and without adverse outcomes. The
arca under the curve (AUC) to predict outcomes after CPB
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TABLE 2 Association between perfusion parameters and adverse outcomes

Variables No adverse outcomes Adverse outcomes P value
(n=3.218) (n = 1,933)
Arterial lactate (mmol-L™")
ICU 1.3 [L.1-1.7] 1.6 [1.2-22 < 0.001
Day 1 1.7 [1.3-2.1] 2.1 [1.6-2.9] < 0.001
Day 2 14 [1.1-1.7] 1.7 [1.3-2.2 < 0.001
CO, gap (mmHg)
ICU 7 [3-12] 7 [3-12] 0.01
Day 1 6 [3-10] 7 [3-10] < 0.001
Day 2 8 [4-12] 9 [4-13] < 0.001
SeVO, (%)
ICu 65 [55-75] 65 [54-75] 0.26
Day 1 65 [57-72] 64 [57-72] 0.35
Day 2 65 [57-72] 64 [57-72] 0.35
Endpoints, n (%)
Tamponade - 316 (16) =
Major bleeding - 1270 (65) -
Resuscitate cardiac arrest - 141 (7) -
Pneumonia - 498 (25) -
Mesenteric ischemia - 100 (5) =
Acute hepatic failure - 285 (15) -
AKI - 628 (32) -
Death - 272 (14) -
ICU stay (days) 2() 10 (17) < 0.001

Data are expressed as median [interquartile range IQR], mean (standard deviation), or numbers (percentages). AKI = acute kidney injury; CO,
gap = venous-to-arterial carbon dioxide difference: ICU = intensive care unit. ScVO, = central venous oxygen saturation

for the CO, gap at admission, day 1, and day 2 were 0.52,
0.55, and 0.53. respectively.

Diagnostic performance of the CO, gap to predict
adverse outcomes

The CO, gap was associated with postoperative adverse
outcomes at ICU admission, on day 1, and on day 2. Odds
ratios with 95% confidence intervals and AUCs are
presented in Table 3. Receiver operating characteristic
(ROC) curves for the CO, gap’s diagnostic performance
are presented in Fig. 2.

Diagnostic performance of arterial lactate and ScVO,
to predict adverse outcomes

Arterial lactate was associated with postoperative adverse
outcomes at ICU admission, on day I, and on day 2.
Central venous oxygen saturation was not associated with
any major adverse outcomes after cardiac surgery. Odds
ratios with 95% confidence intervals and AUCs are
presented in Table 3. Receiver operating characteristic

curves showing the diagnostic performance of lactate and
ScVO, are presented in Fig. 2.

Discussion

Our main finding was that the CO, gap has poor predictive
characteristics for postoperative adverse outcomes in
cardiac surgery. Arterial lactate showed better diagnostic
performance. Microcirculatory dysfunction is known to be
linked to organ failure, despite adequate macro-
hemodynamic stability.'”” Markers of adequate tissue
perfusion (lactate, ScvO,, and the CO, gap) have their
limitations.

Carbon dioxide production (oxygen consumption
[VCO,]) is proportional to O, consumption (VO,): VCO,
=R x VO,, with R as the respiratory quotient. Thus, when
aerobic metabolism increases, VCO, should increase to the
same extent. The CO, content (CCO,) cannot be easily
calculated and in clinical practice, partial pressure of
carbon dioxide (PCO,) is expressed as PCO, =k x CCO,,
where k is a correction factor related to temperature,
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«Fig. 2 Diagnostic performance of arterial lactate, ScVO,, and the
CO, gap on postoperative adverse outcomes using a receiver
operating characteristic (ROC) curve. CO, = carbon dioxide: CPB
= cardiopulmonary bypass: ECLS = extracorporeal live support:
MECC = minimal extracorporeal circulation; ScVO, = central venous
oxygen saturation

anemia, hypoxia, and other metabolic factors. Derived
from the Fick equation, VCO, can be expressed as VCO, =
CO x CO» gap and thus the CO, gap as (k x VCO,)/CO."
The CO, gap is not a good marker of global anacrobic
metabolism as in hypoxia, VCO, can decrease as a result of
the decrease in VO, and increase in the k factor.'” The CO»
gap is rather a marker of CO than a marker of tissue
hypoxia.”” The variables involved in calculating the CO,
gap can vary depending on the clinical situation, resulting
in divergence between non-cardiac surgery, cardiac
surgery, and critically ill septic patients.”’

In septic shock, the CO, gap has been shown to be a
reliable marker of the cardiac index and has been proposed
to guide carly resuscitation.*” Numerous studies have
suggested a role for the CO, gap in identifying patients
with a ScVO, > 70% who are still inadequately
resuscitated.'®**** Thus, European guidelines on septic
shock management propose using the CO, gap to guide
hemodynamic management during septic shock.'” The CO,
gap increases during ischemic hypoxia (decrease in blood
flow) but not under hypoxic hypoxia conditions (normal or
high blood flow).*** and the use of the CO, gap o assess
microcirculatory flow and the hypoxic state is still a matter
of debate.” Non-cardiac surgery studies have reported
similar findings as for septic shock, showing that the CO,
gap can predict the occurrence of adverse postoperative
outcomes.”*?’

Clinical studies on the CO, gap in cardiac surgery have
shown contradictory results. First, interpretations of results
depend on the author. Moussa et al. concluded a positive
result of the CO, gap with an AUC of 0.64 whereas Guinot
et al. concluded a negative result with a similar AUC."""?
In contrast, recent studies reported good performance of the
CO, gap in predicting adverse outcomes after cardiac
surgery. Mukai et al. found an AUC of 0.80, with a cut-off
of 5.2 mmHg”” and Chen et al. found an AUC of 0.84 with
a cut-off of 7.1.%

Several factors can explain the discrepancy between
positive and negative studies. First, authors’ interpretations
differ from one publication to another. Biomarkers are
considered to have good discriminative properties when the
AUC is higher than 0.75. Therefore, an AUC under 0.75
should be considered to have low clinical relevance and not
a positive result.* Secondly, selected outcomes vary from
one study to the other, making the external validity more
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TABLE 3 Association of the CO, gap, arterial lactate, and ScVO, with major outcomes and area under the curve for diagnostic to predict major

adverse outcomes after cardiac surgery

Variables OR (95% CI) P AUC
CO, gap
ICU admission 1.01 (1.00 to 1.02) 0.01 0.52
Day 1 1.04 (1.03 to 1.05) < 0.001 0.55
Day 2 1.03 (1.02 to 1.04) < 0.001 0.53
Arterial lactate
ICU admission 1.85 (1.70 to 2.11) < 0.001 0.63
Day 1 1.84 (1.70 to 2.00) < 0.001 0.65
Day 2 2.26 (2.02 to 2.53) < 0.001 0.65
ScVO,
ICU admission 1.00 (0.998 to 1.00) 0.26 0.49
Day 1 1.00 (0.997 to 1.01) 0.36 0.49
Day 2 1.01 (0.996 to 1.02) 0.36 0.49

Multiple regression was used and adjustment was performed on male sex, chronic renal disease, SAPS II. and surgical intervention type. Data
were expressed as odds ratios with 95% confidence intervals. Areas under the curve (AUCs) are expressed as proportions. Commonly-used
diagnostic AUCs are: greater than 0.9 indicates high accuracy. 0.7-0.9 indicates moderate accuracy. 0.5-0.7 indicates low accuracy, and 0.5

indicates a chance result

AUC = area under the curve: CI = confidence interval: CO, gap = venous-to-arterial carbon dioxide difference: ICU = intensive care unit; OR =
odds ratio; SAPS = simplified acute physiology score:. ScVO, = central venous oxygen saturation

complicated. Finally, time point measurements may differ
and this may account for these differences.

The heterogeneity of the findings between cardiac
surgery and sepsis can be explained by possible changes
in the relationship between PCO, and CO, content over
time during cardiac surgery with CPB, thus altering the
interpretation of the CO, gap.‘”"‘: The k factor (which
defines the relationship between PCO, and CCO,) depends
on the state of hypoxia. hematocrit., temperature, and
#3735 These factors are all in play during cardiac
surgery, so the CO, gap may not reflect the CCO,. For
example, the k factor increases in tissue hypoxia,
increasing the CO, gap, even if the veno-arterial
difference in CCO, does not change. According to
Ruokonen er al., an increase in the CO, gap is frequent
after cardiac surgery and better reflects alterations in
systemic and regional perfusion than tissue hypoxia.*
Hemodilution was investigated by Dubin e al. and changes
in the CO, gap were explained by a rightward shift of the
relationship between PCO, and CCO, * Thus, the CO, gap
increases as the cardiac index decreases or as CO,
production increases. This explanation requires that
homogeneous perfusion reflect total CO, production,
which is only partially true during cardiac surgery. It has
been shown that CPB induces capillary shunting, resulting
in heterogencous organ perfusion.”"*® Disturbances in
organ perfusion and metabolic changes induced by CPB
likely interfere with the ability of the CO, gap to detect
tissue hypoxia.

anemia.

Our study had several major limitations. Data on the
cardiac index would have been valuable to confirm that it
was not low and to provide a more complete interpretation
of our results, particularly regarding the significant
association with the CO, gap but not with the ScVO,.
Data on the parameters that influence PCO, would also
have helped us better interpret the CO, gap. Moreover.
several studies have focused on the CO, gap/Ca-vO,
ratio.*”*” Unfortunately, we do not have this data. Another
limitation was the retrospective design and that we
collected data from 2008 to 2018. A lot has change
during this time, including CPB management and
hemodynamic management.

One of the characteristics of the CO, gap is its rapid
reversibility.*'**  Thus, taking measurements at a
standardized time point represents measurement bias as
outcome could not occur just after the measurement.
Furthermore, the complication itself may lead to an
increased CO, gap and, according to the time of
measurement, the arrow of causation could be reversed.
This bias is present in most cardiac surgery studies and
makes it a limit to the use of the CO, gap to predict
postoperative outcomes in cardiac surgery.

We believe that our database is reliable. as the data were
recorded using the CCAM. and that these outcomes are
robust, as they were casy to identify using generic
keywords in the database. The strength of our study is
that it is the largest sample yet focusing on this topic.
External validation would be suitable, but previous studies
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«Fig. 3 CO, gap. arterial lactate, and ScVO, at ICU admission and on
days | and 2 after admission according to the occurrence of adverse
outcomes. CO, gap = venous-to-arterial carbon dioxide difference:
ICU = intensive care unit: ScVO, = central venous oxygen saturation

have obtained similar results.>” Based on our study and on
published data, the CO, gap should not be considered as a
predictive marker of postoperative complications following
cardiac surgery under CPB. Arterial lactate appears to
show better sensitivity.

Conclusion

After cardiac surgery with CPB, the CO, gap at ICU
admission and on days 1 and 2 after ICU admission was
associated with postoperative adverse outcomes but with
poor diagnostic performance. The CO, gap should not be
used as a prognostic marker after cardiac surgery with CPB
to identify patients who are insufficiently resuscitated.
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In a recent meta-analysis that included 21 studies (n= 2,155 patients) from medical (n=925),
cardiovascular (n=685), surgical (n=483), and mixed (n=62) ICUs, a high APCO,_Cent was
associated with higher lactate levels, lower cardiac output and central venous oxygen saturation
Also, a high APCO,_Cent was associated with increased mortality (OR of 2.22, 95% CI: 1.3-3.82;
p=0.004) in patients with shock, but in only medical and surgical patients [155]. No association
with outcomes was found for cardiac surgery patients. However, the meta-analysis included only
2 studies in cardiac surgery studies, and these negative results should be interpreted with
caution. Thus, the relationship between APCO,_Cent or APCO;_Mix and outcomes in cardiac
surgery patients remains so far unclear.

APCO;,_Cent or APCO;_Mix reflects the adequacy between cardiac index and oxygen demand
and can help titrate inotropes in critically ill patients. Dobutamine is a synthetic catecholamine
with strong inotropic effects on the myocardium owing to its predominately B1-adrenergic
properties [156]. Dobutamine administration in these patients aims to restore an appropriate
cardiac index to provide adequate oxygen supply to meet the tissue oxygen requirements.
However, dobutamine, in parallel to its effects on systemic hemodynamics, may increase VO3
and, therefore, tissue VCO; through its direct cellular metabolic effects [112, 157]. Two studies
investigated the impact of an incremental increase of dobutamine by 5, from 0 to 15 pg/kg/min,
one in stable septic shock patients [158] and the other in stable cardiogenic shock patients [112].
APCO,_Cent was a good indicator of the change of VCO; induced by dobutamine and was able to
depict the hemodynamic effects of the thermogenic effects of dobutamine in both populations

[159].
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Abstract: The central venous O, saturation value and lactic acid levels are part of the diagnostic and
therapeutic work up of patients in shock. These usual indicators of tissue hypoxia don’t fully describe the
adequacy of tissue perfusion. There is ample evidence that supplementing this data with the venous-to-
arterial partial pressure of CO, (PCO,) difference (APCO,) complements the clinician’s tools when treating
patients with shock. Based on a modified Fick equation as it applies to CO,, in patients in a steady state,
the APCO, reflects the cardiac output (CO). This observation has been shown to be of clinical value in
resuscitating patients in shock. Moreover, the APCO, can be used to titrate inotropes, and differentiate the
hemodynamic from the metabolic effect of dobutamine.
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Introduction Why O, based parameters draw an incomplete picture
Shock is defined as an imbalance between oxygen delivery daring sback

(DO,) and O, demand. O, derived parameters have been For patients in shock, a reduced SVO, often reflects an
historically used as reflections of the state of organ perfusion exaggerated O, extraction, secondary to low DO,. When
and as targets for resuscitation (1). While such parameters, DO, drops below a critical threshold, anaerobic metabolism
including the mixed venous oxygen saturation (SVO,) and is triggered and lactic acidosis ensues. While a reduced
lactic acid levels, have great clinical information, studies SVO, reflects low O, availability to the tissues, a normal
have shown that they fail to fully describe the clinical SVO, does not exclude persistent tissue hypoperfusion.
picture and can be deficient when assisting the clinician in This observation is explained by a heterogeneous
deciding on the next therapeutic step (2-6). In the following microcirculation, capillary shunting or mitochondrial
review, we will address the clinical utility of integrating dysfunction, where SVO, is normal or even elevated, despite
venous-to-arterial partial pressure of CO, (PCO,) difference hypoxia at the cellular level, and as is often seen in patients
(APCO,) in patients in septic shock receiving dobutamine. with sepsis (7). Similarly, lactic acid, while increased when
© Journal of Thoracic Disease. All rights reserved. 7 Thorac Dis 2019;11(Suppl 11):51574-S1578 | hetp://dx.doi.org/10.21037/jtd.2019.04.85

111



Journal of Thoracic Disease, Vol 11, Suppl 11 July 2019

tissues are under perfused and anaerobic metabolism sets
in, can also be increased in other conditions, such as liver
dysfunction or inflammatory induced aerobic glycolysis (8).

Our current emphasis to monitor tissue perfusion by
focusing on systemie blood flow, and the usual indicators of
global dssue hypoxia (such as SVO, and blood lactate levels)
can be misleading, especially when used alone. The APCO,
can assist the clinician in making adequate diagnostic and
therapeutic decisions.

The Fick principle as it applies to CO,

Historically, investigators described a rise in partial pressure
of venous CQ; in patients in cardiac arrest or in various
types of shock. This has triggered an interest in studying
the APCO, in these clinical scenarios.

The Fick principle allows the determination of the cardiac
output (CO) based on arterial and mixed venous O, contents
and O, metabolism, in patients in a steady state. According to
the classical equation, CO equals O, uptake (VO,) divided by
the arteriovenous O, content difference.

CO =VO,/(Ca0, - Cv0O,) [1]

Where CaQ,, arterial oxygen content; CvO,, venous
oxygen content.

This same principle of conservation of mass applies to
CO,. CO; is transported in the blood mostly as bicarbonate
with a small percentage dissolved in plasma and another
fraction bound to hemoglobin (Hb). PCO, can substitute
for the CO, content over the physiologic range of PCO,,
given the quasilinear relation over that range (9). This
relationship can be affected by oxygenation of Hb (Haldane
effect); low O, saturation favors CO, binding to Hb,
increasing CO, content for the same PCO, level. Similarly,
the acid base status affects carbaminohemoglobin so that
metabolic acidosis increases PCQ, for the same level of CO,
content (10).

While the Fick equation relies on mixed venous values
obtained from a pulmonary artery catheter (and reflecting
total venous blood returning to the heart), central venous
values obtained from a central venous catheter correlate
with the mixed venous and are more readily available at the
bedside (11,12). Based on these studied assumptions, we can
reach the following equation:

CO =K xVCO,/(PcvCO; - PaCO,) [2]

Where (PevCO, - PaCO,) = APCO, with PcvCO, being
the central venous PCO,, PaCO, being the arterial PCO,,
VCO, the CO, production by the cells, K is the pseudo-
linear coefficient supposed to be constant in physiological
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states.

While using the Fick equation as it applies to CO,,
APCO, depends on CO, production (aerobic and anaerobic
metabolism) and the CO (13).

As CO, is produced in the peripheral tissues during
metabolism, the venous CO, content and venous PCO, are
higher than their arterial values. Under normal physiological
conditions, APCO, ranges between 2 and 6 mmHg (14).

CO, metabolism and physiology

The relationship between metabolism and APCO, is
complex. When patients develop shock and a low CO state,
DO, drops. Initially aerobic metabolism is maintained,
VO, remains constant as O, extraction increases in a
compensatory fashion. This is reflected by a drop in SVO,.
Interestingly, APCO, is found to widen in this ¢linical
scenario of hypoperfusion, and not because of metabolic
changes. This is rather due to the low flow state causing
CO, stagnation (i.e., reduction in CO, washout) (10). Vallet
et al. nicely demonstrated that it is the blood flow, rather
than partial pressure of oxygen (PaQ,) which affects the
APCO, (by comparing ischemic hypoxia, where blood
flow is reduced below a critical DO, threshold vs. hypoxic
hypoxia where PaQ, was reduced) (15). When DO,, drops
below a critical level and anaerobic metabolism is triggered,
anaerobic CO, production is initiated, causing APCO, to
widen further. Despite the contributions from aerobic and
anaerobic metabolism, the impact of CO is much larger on
APCO,, given the curvilinear relationship between APCO,
and CO.

Clinical evidence

Multiple studies observed the clinical value of APCO, in
patients in septic shock. As previously described through
the Fick equation, APCO,, in the right clinical context of
a steady state, reflects the CO and its adequacy to wash
out CO, relative to the patient’s metabolic state (16).
This correlates with observational studies showing how
APCO, reflects tissue perfusion parameters. Patients with
high APCO, on admission have high lactate levels (17).
Lactate clearance is much improved in patients whose
APCO; normalized (it was reduced to <6 mmHg),
reflecting improved organ perfusion (18). An elevated
APCO, (above 6 mmHg) identifies patients who are
inadequately resuscitated, despite central venous oxygen
saturation (ScvQ,) >70% (19). Reflecting the state of
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Figure 1 Time course of oxygen consumption and oxygen
delivery during dobutamine infusion. Data are presented as mean
+ SD. *, P<0.001 vs. baseline (17). A, baseline; B, dobutamine 5
pg/kg/min; C, dobutamine 10 pg/kg/min; D, dobutamine 15 pg/
kg/min (22).

organ perfusion, an exaggerated APCO,also carries a
prognostic weight and signals an increased mortality
(13,17). Patients with a high APCO, at the time of
presentation have worse outcomes, perhaps because of
low organ perfusion. Similarly, patients whose gap is
not reduced at 6 h have a higher risk of progressing to
multiorgan failure.

The role of APCO, in titrating inotropes

The observation that the venous-to-arterial difference in
PCO, can be used clinically to reflect changes in CO has been
evaluated in treating patients with septic and cardiogenic shock.

Mecher er al. studied 37 patients with severe sepsis,
before and after fluid resuscitation (16). They found that an
initial high APCO, reflected a low CO. Upon completion of
fluid resuscitation, APCO, was reduced to <6 mmHg, as the
CO was found to have increased. This opens the door for
APCO,; to be used as a resuscitation target.

Other studies looked at the impact of inotropic agents,
specifically dobutamine. Inotropes play an integral role
in resuscitating patients with shock. While most patients
with cardiogenic shock are likely to benefit from inotropic
support, patients with vasodilatory shock will behave
differently. In septic shock every effort is made to improve
DO,. This includes optimizing the stroke volume by
increasing the intravascular volume, improving O, content
and delivery by transfusing blood, adjusting the mean
arterial pressure (MAP) to enhance the perfusion pressure.
Patients who continue to exhibit signs of hypoperfusion
despite adequate MAP and hemoglobin concentration
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could suffer from reduced cardiac function and benefit from
increasing cardiac contractility and organ perfusion through
the use of inotropes (20).

These investigators looked at patients with no evidence
for anaerobic metabolism or global tissue hypoxia. They
explicitly included patients who had signs of hypoperfusion
(based on oliguria, mottled skin and ScvO, <70%), but
whose MAP was >65 mmHg, Hb was >8 g/dL, who were
no longer fluid responsive and whose lactate levels were
normal. These were patients who exhibited signs of low
perfusion, despite optimal intravascular volume, blood O,
carrying capacity and MAP, and would potentially benefit
from inotropy at this clinical stage. Two such studies have
been conducted: Mallat ez 4/. studied 22 patients in septic
shock while Teboul ez 4. studied 10 patients with congestive
heart failure (21,22). These studies investigated the impact
of an incremental increase of dobutamine by 5, from 0 to
15 pg/kg/min.

Both investigators found that increasing the rate of
dobutamine infusion was accompanied by an increase in
cardiac index (CI) and DO,, as anticipated. A dichotomous
response was found for dobutamine doses between 0 and
10 and 10-15 pg/kg/min.

Between 0 and 10 pg/kg/min, dobutamine increased the
CI and DO,, in a dose dependent fashion (CI increased
from 3 to 4.6 L/min/m’). VCO, increased, but to a much
lesser extent compared to CI (Figure I). This explains
the commensurate decrease in APCO,, from 8+2 to
4.2+1.6 mmHg (Figure 2), attributed to increased blood flow
and improved CO, wash out. As anticipated, SVO,, ScvO,,
and O, extraction improved as DO, increased to organs who
were still in need for O,. At these lower doses, dobutamine’s
main impact is on the patient’s hemodynamics, improved
organ perfusion and CO, clearance.

On the other hand, while increasing dobutamine from
10 to 15 pg/kg/min CI increased from 4.6 to 5.2 L/min/m’,
and VCO, was found to increase to similar levels. As such,
APCO, remained constant (Figure 2). The increase in CO,
production is explained by the B adrenergic simulation
effect of dobutamine. It has a direct cellular metabolic
effect, increasing O, consumption and CO, production.
This thermogenic effect is only seen at these higher doses
of dobutamine (10-15 g/kg/min).

Conclusions

Tissue hypoperfusion during circulatory failure is
associated with stagnation of CO, in the tissues and

F Thorac Dis 2019;11(Suppl 11):S1574-S1578 | http://dx.doi.org/10.21037/jtd.2019.04.85
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Figure 2 Evolution of APCO, and oxygen delivery during
dobutamine infusion. *, P< 0.001 vs. baseline (17). A, baseline;
B, dobutamine 5 pg/kg/min; C, dobutamine 10 pg/kg/min; D,
dobutamine 15 pg/kg/min. Data are presented as mean = SD (22).

increased tissues venous PCO,. The APCO, could be
considered as a marker of adequacy of venous blood flow
to remove the CO, produced by the peripheral tissues,
based on the Fick equation. This requires the patient to
be in a steady state, and assumes the mixed venous values
are close to the central venous values, which is the case in
most patients.

In patients in cardiogenic or vasodilatory shock, without
signs of global hypoxia or anaerobic metabolism, APCO,
can be used to reflect the CO. This inverse correlation
is a marker of the adequacy of the venous blood efflux to
remove the total CO, produced by the peripheral tissues.
APCO, can be used to distinguish the hemodynamic from
the metabolic effect of dobutamine when this inotropic
agent is selected.

APCO, is easily obtained at the bedside and when
included with other markers for tissue perfusion, can
provide ample information to the clinician. This makes it an
attractive marker in the ICU setting.
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2. Combination of APCO; with AO;
In a retrospective study that included a mixed population of critically ill patients, Mekontso-
Dessap et al. [5] found that APCO,_Mix/AO,_Mix ratio was significantly higher in patients with
elevated blood arterial lactate levels (> 2 mmol/L) than in patients with normal lactate levels.
APCO,_Mix/AO,_Mix was able to detect the presence of hyperlactatemia, considered to reflect
tissue hypoxia (anaerobic metabolism) with an AUROC of 0.85 and a best cutoff value of 1.4
mmHg/mL. Moreover, patients with APCO,_Mix/AO,_Mix < 1.4 mmHg/mL had better 30-day
survival than patients with a ratio > 1.4 mmHg/mL. The authors concluded that this ratio could
be utilized as a reliable indicator of the presence of global anaerobic metabolism in critically ill
patients. Monnet et al. [160] found that this ratio, calculated from central venous blood,
APCO;,_Cent/AO;_Cent, predicted (AUROC of 0.91) an increase in VO, after a fluid-induced
increase in DO, (VO2/D0; dependency), and thus, can be able to detect the presence of global
tissue hypoxia as accurately as the blood lactate level and far better than ScvO.. In a prospective
study that included 98 septic shock patients, Mallat et al. also found that the baseline
APCO;,_Cent/AO;_Cent ratio had an excellent ability to predict tissue hypoxia better than lactate
levels (AUROC of 0.96 vs. 0.745, respectively)) defined as the increase in VO3 2 15% induced by
volume expansion with a best cutoff value of 1.68 mmHg/mL [161]. In a population of 35 septic
shock patients with normalized mean arterial pressure and ScvO,, Mesquida et al. [162] showed
that the presence of elevated APCO,_Cent/AO,_Cent values at baseline was associated with the
absence of lactate clearance within the following hours, and this condition was also associated
with mortality. However, this was a retrospective study and it was not powered to explore the

prognostic value of the APCO,_Cent/AO,_Cent ratio. In a prospective study that included 135
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septic shock patients [126], OspinaTascon et al. [135] found that the mixed venous-to-arterial
CCO; difference/AO,_Mix ratio at baseline and six hours after resuscitation was an independent
prognostic factor of 28-day mortality, but not APCO,_Mix/AQ,_Mix ratio. The authors attributed
this discrepancy to the fact that the PCO,/CCO; relationship is curvilinear rather than linear and
is influenced by many factors such as pH and oxygen saturation (Haldane effect), and under these
conditions, the mixed venous-to-arterial CCO; difference/AO,_Mix ratio might not be equivalent
to APCO,_Mix/AO;_Mix ratio.

However, the relationship between APCO,/AOQ; ratio with tissue hypoxia is less evident in cardiac
surgery patients. Indeed, in 72 cardiac surgery patients, APCO,_Cent/AO_Cent ratio was able to
reliably predict the presence of tissue hypoxia defined by an increase in VO, > 10% induced by
fluid resuscitation with an AUROC of 0.77 £ 0.1 and a best cutoff > 1.6 mmHg/mL with a sensitivity
of 68.8% and a specificity of 87.5% [163]. Nevertheless, Abou-Arab et al. found no relationship
between APCO,_Mix/AO,_Mix ratio and the increase in VO, > 15% after fluid challenge
considered as a marker of tissue hypoxia in 110 postoperative cardiac surgery patients [164].
Also, APCO,_Mix/AO,_Mix was not associated with arterial lactate level in this study. Also,
several studies did not find an association between APCO; Cent/AO; Cent or
APCO,_Mix/AO;_Mix ratio and outcomes in cardiac surgery patients. In a prospective study that
included 114 critically ill patients after elective cardiac surgery with cardiopulmonary bypass,
APCO;,_Cent/AO;_Cent could not predict organ dysfunction's development 48 hours after ICU
admission [165]. In another prospective study that included 308 ICU patients after cardiac
surgery with cardiopulmonary bypass, APCO,_Cent/AO,_Cent was not associated with major

postoperative complications that occurred in 56.5% of patients [150]. The discrepancies in
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findings between the septic and cardiac surgery populations might be explained by the fact that
cardiac surgery with cardiopulmonary bypass is a specific physiological condition with several

factors that might affect the PCO,/CCO: relationship.
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Fourth Part

Perspective of the
metabolic approach in the
management of tissue

oxygenation disorders



I Background
Early identification and improvement of tissue hypoperfusion are critical factors in the treatment
of septic shock patients. The deficit in tissue perfusion with reduced blood flow should be
considered as the primary determinant of an increase in APCO;. APCO; should be seen as an
indicator of the adequacy of venous blood flow (cardiac output) to clear the CO, generated by
the peripheral tissues rather than as a marker of tissue hypoxia. Thus, monitoring APCO; could
be a useful complementary tool to guide the resuscitation in the early phase of septic shock
(Figure 6). It can also be combined with the O,-derived parameters in order to calculate the
APCO3/A03, which can be used to detect the presence of global anaerobic metabolism. In such a
situation, the presence of low ScvO; (< 70%) should push the physician to increase DO;, and if
APCO; Centisincreased (> 6 mmHg), that indicates that increasing cardiac output is the rational
choice to achieve this target (Figure 6). In the presence of a normal/high ScvO; (> 70%), an
elevated APCO;_Cent still suggests that rising cardiac output can be indicated with the purpose
of reducing global tissue hypoxia (Figure 6). However, if both ScvO; and APCO;_Cent are normal
in a state of g