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Monitoring cerebral oxygenation may improve the 
understanding of brain dysfunction after an acute brain 
injury (ABI) [1]. Indeed, ABI leads to a cascade of events 
resulting in altered cerebral metabolism, reduced oxy-
gen delivery, and increased oxygen consumption, further 
aggravating the severity of the initial damage and becom-
ing a significant determinant of worse outcomes in this 
setting [1].

Although the cornerstone of the medical therapy in 
ABI patients is driven by the monitoring of intracra-
nial pressure (ICP) [2], the implementation of cerebral 
oxygen monitoring has recently gained interest, as cer-
ebral hypoxia can occur even in the absence of intracra-
nial hypertension, and strategies to control ICP do not 
always guarantee optimal oxygen delivery. Recent clini-
cal algorithms have therefore sought to incorporate both 
ICP- and brain oxygen-based targets and therapeutic 
algorithms into the management of ABI patients [3, 4], 
suggesting the possibility for an individualized approach 
to minimize the occurrence of secondary hypoxic brain 
events, especially in patients with traumatic brain injury 
(TBI).

Pathophysiology of cerebral oxygenation
Brain metabolism is aerobic, and cerebral oxygenation 
depends on oxygen supply and consumption equilib-
rium. It is directly correlated to cerebral blood flow (CBF) 
and the difference between arterial (CaO2) and venous 
(CvO2) oxygen contents, i.e., {CBF × (CaO2 – CvO2)} [5] 

(Fig. 1), and it represents the product of CBF and the cer-
ebral arteriovenous oxygen tension difference rather than 
a direct measurement of total oxygen delivery or cerebral 
oxygen metabolism [5].

Arterial blood oxygen content (CaO2) is a significant 
determinant of oxygen delivery, and it depends on the 
haemoglobin (Hb) levels, the percentage of haemoglobin 
saturation in oxygen (SaO2), and, to a small extent, the 
partial pressure of oxygen in arterial blood (PaO2). Con-
sequently, respiratory failure with systemic hypoxemia 
can lead to cerebral hypoxia, especially if the cerebro-
vascular reserve (i.e., changes in vascular tone to regu-
late CBF) is impaired [6]. Optimizing Hb levels can also 
improve brain oxygenation in selected cases [7].

Oxygen delivery mainly depends on CBF, which has 
as main determinants cerebral perfusion pressure (CPP, 
the difference between mean arterial pressure and ICP), 
cerebral vasoreactivity and autoregulation, aimed to 
maintain CBF adequate to the metabolic needs. Oxygen 
delivery can also be limited by alterations in cerebral 
microcirculation, which would reduce the oxygen diffu-
sion to the brain cells. Increased oxygen consumption 
can be observed in agitated patients, high body tempera-
ture, and seizures.

The technology of cerebral oxygen measurement
The most used cerebral blood oxygen monitoring meth-
ods in ABI patients include jugular venous oxygen 
saturation (SjvO2) monitoring, near-infrared spectros-
copy (NIRS) and brain tissue partial pressure of oxygen 
(PbtO2). These tools are based on different principles and 
techniques and have advantages and pitfalls regarding 
invasiveness, accuracy, temporal and spatial resolution, 
cost, and noise artifacts (Fig. 1).

The most accepted and reliable method to assess and 
manage cerebral oxygenation in severe ABI patients 
is PbtO2, developed with advances in electronics and 
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optical fiber technology. PbtO2 measures the oxygenation 
of brain tissues at the interstitial level, which is depend-
ent on the flux of oxygen through the extracellular com-
partment, which arises from a concentration gradient 
maintained by a balance between supply at the capillar-
ies and consumption within the cells [8]. Different cath-
eters are available for PbtO2 monitoring, in particular 
the “Licox” and “Neurovent,” which are directly inserted 
in the penumbra cerebral area, i.e. close to the contu-
sional or hypoperfused area or at higher risk of second-
ary damage, through a burr hole. The placement of the 
probe is evaluated by brain imaging and an oxygen chal-
lenge (i.e. fraction of inspired oxygen, FiO2 at 100% for 
5 min) is generally performed to evaluate probe function. 
Despite being invasive, this technique is usually relatively 
safe; in a cohort of 123 patients, intracranial bleeding 
was observed in 14 placements (11%), of which only one 
required surgical drainage [9].

A PbtO2 threshold of < 20 mmHg is considered a trig-
ger for treatment and interventions, especially in patients 
with severe TBI [1].

Finally, SjvO2 monitoring has seen a recent increase of 
interest, as vascular catheters, which can continuously 
report blood saturation, have been a significant advance 
over the historical approach of intermittent venous blood 
sampling and may provide more global cerebral oxygena-
tion measurements.

Evidence and clinical applications
Several observational studies have reported a relationship 
between reduced PbtO2 and poor outcomes after TBI [10, 
11]. In the Brain Oxygen Optimization in Severe  Trau-
matic Brain Injury Phase-II Randomized Trial (BOOST-
II) [12], the primary aim was to assess whether a specific 
therapeutic algorithm based on ICP and PbtO2 values 
could improve cerebral oxygenation in severe TBI when 
compared to ICP alone. The trial included 119 patients 
and demonstrated that using a management proto-
col based on both ICP and PbtO2 significantly reduced 
the time spent within cerebral hypoxia (reduction of 
the total duration of hypoxia by 66% and an average 
depth of hypoxia by 72%). In addition, the trial demon-
strated the safety (i.e., low incidence of complications) 

Fig. 1  Main determinants of brain oxygenation and most used devices currently used in clinical practice. CPP cerebral perfusion pressure, CBF 
cerebral blood flow, PaO2 arterial partial pressure of oxygen, Hb hemoglobin, ABP arterial blood pressure, FiO2 inspired fraction of oxygen
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and feasibility of the use of such monitoring in these 
patients. Although the trial was not powered for clinical 
outcomes, a non-significant trend towards a better neu-
rological outcome was observed in the ICP/PbtO2 group. 
Currently, three randomized controlled trials investigat-
ing the impact on clinical outcomes of PbtO2-guided 
therapy in TBI patients are ongoing: the BOOST-III trial 
(NCT03754114) [13] and the Brain Oxygen Neuromoni-
toring in Australia and New Zealand Assessment Trial 
(BONANZA) (ACTRN12619001328167) [14], which will 
both assess the effects of this strategy on the long-term 
neurological outcome (i.e., Glasgow Outcome Scale-
Extended, GOS-E, scale evaluated at 6 months) and 
the French OXY-TC trial (NCT02754063) [15], which 
will assess the impact of such approach on brain injury 
assessed by brain imaging (Table  1, Electronic Supple-
mentary Material).

While awaiting the results of these trials, current 
recommendations and clinical algorithms for the 
management of TBI counsel that, when progression 
in the intensity of care would exceed the “Tier 1” for 
ICP treatment, additional PbtO2 monitoring should 
be taken into consideration to individualize patients’ 
treatment, i.e., CPP and haemoglobin targets [16, 
17]. Whether such an approach might also help non-
TBI patients with an acute brain injury remains to be 
demonstrated.

Monitoring invasive cerebral oxygenation has significant 
implications for individualizing the clinical management 
of ABI patients. Such tool should be part of the multi-
modal neuromonitoring methods  and could drive spe-
cific interventions in this setting to minimize secondary 
brain injuries.
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