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O2 therapy in critically ill patients: 
STATE of ART 

→ Oxygen is a ‘drug’  essential for human life; tissue hypoxia 
(uncertain the level) cause organ dysfunction 

→ Oxygen is the most widely prescribed therapy in critically ill 
patients to prevent and/or  correct hypoxemia  

→ The use of supplemental oxygen therapy is recommended in 
numerous clinical practice guidelines but specific limits for 
the PaO2 (or SaO2) maximum levels are not provided 

→ ICU patients spend substantial periods in hyperoxemia that 
is rarely corrected (de Graff et al, Intensive Care Med 2011;  Suzuki et al, 

J Crit Care 2013) 

→ Mild hyperoxemia is considered safe and useful since it may 
provide a safety buffer.  

→ Many healthcare professionals believed that oxygen had 
little or no harm in critically ill patients 



O2 therapy in critically ill patients: 
Current Guidelines  



O2 therapy in critically ill patients 
Pathophysiology 

 ARTERIAL & TISSUE OXYGENATION 

Critically ill patients 



PaO2 and mortality 

@ Retrospective study  
@ PaO2 and FiO2 first 24 h after admission  
@ 36,307 consecutive patients 

mechanically ventilated , 50 Dutch ICUs 

mmHg <67 <67-80 80-95 95-123 > 123 



Oxygen-ICU trial  

0

5

10

15

20

25

30

35

54-81 87-93 94-106 107-220

IC
U

 m
o

rt
al

it
y 

(%
 p

at
ie

n
ts

) 

Time-weighted PaO2 median (mmHg) 

Quartile distribution 

PaO2 and mortality 



QUALE TRIGGER ? 
(in pazienti critici) 

IPOSSIA TISSUTALE è il principale fattore che determina DISFUNZIONE 

D’ORGANO nel paziente critico 

 

IPOSSIA TISSUTALE può essere causata da un inefficienza di 

ciascuno dei sistemi coinvolti nel trasporto/utilizzo di O2. Quindi ogni 

sistema coinvolto nel trasporto di  O2 (i.e. respiratorio, 

cardiovascolare, tissutale, cellulare) deve essere attentamente 

monitorato.  (CASCATA  RESPIRATORIA) 

 



from HYPOXIA to ORGAN DYSFUNCTION 

HYPOXIA  
defect of O2 transport 

HYPOXIA 
defect of O2 utilization 

HYPOXIA 

CELLULAR/ORGAN  
DYSFUNCTION 

Derangement in cellular  
energy metabolism 



ABC of O2 TRANSPORT 
Oxygen delivery & Uptake 

Oxygenation: 
Volume & Time  

(flow)  
or  

pressure gradients ? 



DtisO2 

Edema 

Edema 



@ Tissue hypoxia, especially before adequate resuscitation. 
@ Prolonged inflammation with excessive production of mediators (ROS,RNS) 
@ Decreased turnover of healthy and functional mitochondria (biogenesis) 
@ Uncoupled respiration with production of heat and ROS 

MITOCHONDRIAL 
METABOLIC SHUTDOWN 



@ Reactive Oxygen Species (ROS):  includes 
molecules with an unpaired electron (free 
radicals) as super-oxide anion and hydrogen 
peroxide (strong oxidizing agents)  

@ Reactive Nitrogen Species (RNS) : Nitric 
oxide reaction with super-oxide is rapid with 
Per-oxynitrite production  

@ ROS have essential roles in cell signalling and 
their activity is normally tightly regulated by 
a collaborative interacting network of 
antioxidants.  

@ Several endogenous antioxidant systems 
exist within mitochondria to protect against 
damage by ROS (combination of enzyme and 
non-enzyme pathways): manganese 
superoxide dismutase (MnSOD), the 
glutathione system  (GSH-GPx) are the most 
important 

BASIC PHYSIOLOGY MITOCHONDRIAL METABOLIC 
SHUTDOWN 



OXIDATIVE STRESS-INDUCED MITOCHONDRIAL DAMAGE 

MITOCHONDRIAL METABOLIC 
SHUTDOWN 



MITOCHONDRIAL 
METABOLIC SHUTDOWN 

An adaptive response 
to prolonged stress to 
survive ?  
 
Key to survival is to 
downregulate cellular 
metabolic rate to new 
hypometabolic steady states 
(balances the ATP demand 
and ATP supply pathway) 

The beginning of the 
end ? 
 
Mitochondrial shutdown is 
the clue of irreversible cells 
apoptosis and death 
 

MAXIMAL EFFORT 
 FOR  

EARLY RESTORING 

PERMISSIVE 
HYPOMETABOLIC STATE 



Hyperoxemia: Possibile Effects 
 in Critically ill  Patients 

BENEFICIAL 
- Prevention of tissue hypoxia 
- Vasoconstriction 
- Reduction of inflammation 

Depend on 
- duration  and dose of O2 exposure (lung and blood)  
- concomitant conditions (ARDS, endothelial dysfunction, bacteremia) 

DETRIMENTAL 
- Pulmonary effects (hyperoxia) 
- Microcirculation impairment  
- Immune-paralysis 



O2 therapy in critically ill 
patients: 

Which evidence ? 

@ 25 RCTs with 16037 adult critically ill patients (median 137 patients/RCT); 18 low 

risk of bias 

@ 8 RCTs Cerebral Stroke; 6 RCTs Myocardial Infarction ; 3 RCTs Emergency 

Surgery, 2 RCTs Cardiac arrest; 2 RCTs mixed ICU patients; 2 Sepsis; 1 TBI; 1 limb 

ischemia 

@ Not included hypoxic and chronic respiratory 

@ Liberal : median FiO2 0,52 (0,28-1,00); Conservative: median FiO2 0,21 (0,21-

0,50) 

@ Duration of O2 therapy: median 8 H (1-144) 

@ 8 RCTs with mechanical ventilation 

@ Follow up median 3 months (14 days-12 months)  



O2 therapy in critically ill patients: 
Which evidence ? 

@ The magnitude of absolute risk increase in mortality with liberal oxygen therapy varied 
across the study populations.  
@ Liberal oxygen supplementation increased the absolute risk  in-hospital mortality by 1·1% 
(95% CI 0·2–2·2), 30-day mortality by 1·4% (0·1–2·7), and mortality at longest-follow-up by 1·2% 
(0–2·4). (Sepsis + 0,25% (0-0,5%)) 
 



O2 therapy in critically ill patients: 
Which evidence ? 

CONCLUSIONS 
High-quality evidence that LIBERAL OXYGEN therapy: 
@ Increased the relative risk of in-hospital mortality and mortality at 30 days and at 

longest follow-up 
@ without any significant improvement in other patient-important outcomes, such as 

disability, risk of hospital-acquired pneumonia, risk of hospital-acquired infections, or 
length of hospital stay. These findings are distinct from the widespread view that liberal 
oxygen therapy for acute illnesses is harmless. 

SURGICAL SITE INFECTION 
SURGICAL PATIENTS  



O2 therapy septic shock:  
Which evidence ? 

@ RCT in 22 ICUs, 442 patients with septic shock + mechanical ventilation  
@ 4 groups treatment (stratified for ARDS) 

a) OXYGEN: FiO2 at 1·0 (hyperoxia) or FiO2 target SpO2 of 88–95% (normoxia) during the first 24 
h;  

b) FLUID:  280 mL boluses of 3·0% (hypertonic) saline or 0·9% (isotonic) saline for fluid 
resuscitation during the first 72 h 

@ MORTALITY at day-28: Normoxia 35% vs Hyperoxia 43% (p = 0,12); Isotonic 37% vs Hypertonic 42% 
@ ADVERSE EVENT 

a) Significant difference (p=0,02) in the overall incidence of serious adverse events 
b) In the hyperoxia group the number of patients with intensive care unit-acquired weakness (24 

[11%] vs 13 [6%]; p=0·06) and atelectasis (26 [12%] vs 13 [6%]; p=0·04) were doubled than the 
normoxia group.  

c) no statistical difference for serious adverse events between the two saline groups (p=0·23) 



O2 therapy  
MYOCARDIAL INFARCTION 

@ 7 studies : 3842 patients with oxygen therapy 
and 3860 patients without oxygen therapy.  
@ Oxygen compared with the no - oxygen did 
not decrease  

i. all-cause mortality (RR, 0.99; 95% CI, 0.81-1.21; P = 
.43 

ii. recurrent ischemia or myocardial infarction (RR, 
1.19; 95% CI, 0.95-1.48; P = .75),  

iii. heart failure (RR, 0.94; 95% CI, 0.61-1.45; P = .35) 
iv.occurrence of arrhythmia (RR, 1.01; 95% CI, 0.85-1.2; 

P = .23). 

all-cause mortality  recurrent ischemia & MI 



Hyperoxemia in Septic Patients CARDIOVASCULAR EFFECTS 



Equal threshold for best benefit , variable 
susceptibility to HYPO-HYPER    

Variable threshold for best benefit , variable 
susceptibility to HYPO-HYPER    

Appropriate & Personalized 
Oxygenation 



MILD HYPOXIA 

PaO2  50-60 mmHg 

Mild Hypoxia for reducing 

the harmful effects of 

reactive oxygen species  

HYPEROXIA  

PaO2 >100 mmHg 

High level of PaO2 for 

avoiding tissue hypoxia 

Which is the appropriate  level of Arterial PO2 in critically ill patients ? 

STRICT NORMOXIA 

PaO2 60-100 mmHg 

ONGOING RCTs on OXYGEN THERAPY in 
CRITICALLY ILL PATIENTS 



TAKE HOME PICTURE 



Oxygen-ICU trial  PaO2&FiO2 and mortality 

 
 
 

ICU mortality (all patients) 

Hyperoxic 
Hyperoxemia 

Hyperoxic 
Hypoxemia 



O2 therapy in critically ill 
patients: 

Pathophysiology 



@ Inner membrane: large surface area, 
impermeable with enzymes involved in 
oxidative phosphorylation 

 
@ ATP production (energy) takes place via 

a flow of electrons passed along the 5 
molecular complexes of the electron 
transport chain. The electron transfer 
results in reciprocal transfer of 
protons, creating the mitochondrial 
membrane potential. 

 
@ Reactive oxygen species (ROS) are by-products of the incomplete four-electron reduction of 

molecular O2 to water (final electron acceptor). Around 1% of O2 is converted to ROS in 
physiological conditions  

@ A proportion of the proton gradient created by electron transfer is dissipated and ‘lost’ as 
heat. Amount of oxygen utilised by uncoupled respiration is uncertain, varies from 15% in 
heart to 50% in skeletal muscle 

@ Respiratory chain can produce (sepsis) NO (iNOS ?) and other nitric oxide by-products 
called reactive nitrogen species (RNS). 

BASIC PHYSIOLOGY MITOCHONDRIAL METABOLIC 
SHUTDOWN 



Br J Anaesth. 2019 May 2 

TISSUE HYPOXIA 

@ Inadequate organ perfusion/oxygenation with resultant 
tissue HYPOXIA represents a common pathway to poor 
outcomes in both surgical and ICU patient groups.  

@ An initial increase in VO2 is characteristic of the stress 
response after a surgical insult. Failure to meet this 
increased demand, with consequent development of a 
conceptual tissue OXYGEN DEBT, is detrimental 

@ Increased incidence of complications, organ failure, and 
death correlate with an increasing severity and duration 
of tissue hypoxia 

@ Standard haemodynamic measures (HR and BP) are poor 
markers of early tissue hypoperfusion. Global blood flow 
monitoring gives more indication of the adequacy of 
tissue perfusion  but does not offer detail at the tissue 
level (microcirculatory perturbations, variability in blood 
flow and hypoxia susceptibility of particular organs) 

@ How best to identify and respond to such perfusion abnormalities and any associated 
oxygen supply/demand mismatch remains unresolved both in the operating theatre 
and on the ICU. 



 PHYSIOLOGICAL MECHANISMS CLINICAL ASSESSMENT 

RESPIRATORY SYSTEM VA, VA/Q, DLO2 P(A-a)O2, PaO2/FiO2 

CIRCULATORY SYSTEM Q, [Hb], diss. curve Hb Q, [Hb], DaO2, P(v-a)CO2 

TISSUE   SvO2; O2ext; Lab 

Microcirculation Qtis; DtisO2 

Cellular level Enzyme Activity   

CxO2 = [Hb]*K1*SxO2 + K2*PxO2 
DxO2 = Q* CxO2 = Q * (([Hb]*K1*SxO2 + K2*PxO2) 
VO2 =  Q * (Ca-Cv)O2 =  DaO2-DvO2  ≈ Q * (Sa-Sv)O2 
K1 = 1,34 mlO2* (100 ml * g) -1 

K2 = 0,003 mlO2* (100 ml * mmHg) -1 

O2ext =  VO2/DaO2 = (Ca-Cv)O2 / CaO2 ≈ (Sa-Sv)O2/SaO2  

SvO2 = SaO2– ( VO2 / (Q*K1*[Hb])-1)  

ABC of O2 TRANSPORT 

∆Hb 1g/100ml *∆ PaO2 10 mmHg -1 = 45  



CYTOPATHIC HYPOXIA 
Mitochondrial Uncoupling 

GENERAL ANTIOXIDANTS 
@ Selenium 
@ Vit C 
@ N-Acetylcysteine 
@ NOS Inhibitors. 
@ Melatonin 
 
MITOCHONDRIAL ANTIOXIDANTS 
@ MitoQ consists of the antioxidant ubiquinone (or co-enzyme Q10) attached to a 

lipophilic triphenylphosphonium  
@ MitoVitE is a form of tocopherol (vitamin E) attached to lipophilic 

triphenylphosphonium 
@ Hemigramicidin-TEMPOL 
@ Antioxidant peptides 
@ Increasing endogenous mitochondrial antioxidants by glutathione N-acetyl-L-

cysteine choline esters or genetic approach  

OXIDATIVE STRESS-INDUCED MITOCHONDRIAL DAMAGE: 
PREVENTION and/or THERAPY ? 



O2 therapy  
IN TRAUMA 

@ 471 Critically ill patients with traumatic injuries (including TBI)  undergoing invasive 
mechanical ventilation (prospective cohort of study on biomarkers in ALI) 

@ Primary analysis was comparison of the highest PaO2 between hospital survivors and 
non-survivors. 



O2 therapy  
MYOCARDIAL INFARCTION 

@ Patients with suspected myocardial infarction and an oxygen saturation of 90% or higher were 
randomly assigned to receive either supplemental oxygen (6L O2) or ambient air. 

@ Median duration of oxygen therapy 11.6 hours, median O2 saturation was 99% in oxygen group 
and 97% in ambient air group 

@ Safety: hypoxemia in 62 patients (1.9%) in oxygen group and 254 patients (7.7%) in the ambient-air 
group. 

@ Rehospitalization with myocardial infarction within 1 year occurred in 126 patients (3.8%) assigned 
to oxygen and in 111 patients (3.3%) assigned to ambient air (hazard ratio, 1.13; 95% CI, 0.88 to 
1.46; P = 0.33). 
 



@ 434 patients with ICU lenght of stay > 72 hours 
@ Randomly assigned:  
SpO2 between 94% and 98% with PaO2 values between 70-100 mmHg (conservative group)  
SpO2 between 97% and 100% with PaO2 values up to 150 mmHg (conventional control group). 

Oxygen-ICU trial  



@ 434 patients with ICU lenght of stay > 72 hours 
@ Randomly assigned: SpO2 between 94%-98% (conservative group) or between 97% - 100% 

(conventional control group). 
@ Time weighted PaO2: Conventional 102 mmHg (88-118); Conservative 87 mmHg (79-97) 

Oxygen-ICU trial  



MILD HYPOXIA 

PaO2  50-60 mmHg 

Mild Hypoxia for reducing 

the harmful effects of 

reactive oxygen species  

HYPEROXIA  

PaO2 >100 mmHg 

High level of PaO2 for 

avoiding tissue hypoxia 

Which is the appropriate  level of Arterial PO2 in 
critically ill patients ? 

STRICT NORMOXIA 

PaO2 60-100 mmHg 



MILD HYPOXIA 

PaO2  50-60 mmHg 

Mild Hypoxia for reducing 

the harmful effects of 

reactive oxygen species  

HYPEROXIA  

PaO2 >100 mmHg 

High level of PaO2 for 

avoiding tissue hypoxia 

Which is the appropriate  level of Arterial PO2 in 
critically ill patients ? 

STRICT NORMOXIA 

PaO2 60-100 mmHg 



TAKE HOME PICTURE 

Waiting for the publication of H2S  
trial (hyperoxia and hypertonic  
saline in sepsis) 


