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Summary
Background Optimisation of brain oxygenation might improve neurological outcome after traumatic brain injury. The 
OXY-TC trial explored the superiority of a strategy combining intracranial pressure and brain tissue oxygen 
pressure (PbtO2) monitoring over a strategy of intracranial pressure monitoring only to reduce the proportion of 
patients with poor neurological outcome at 6 months.

Methods We did an open-label, randomised controlled superiority trial at 25 French tertiary referral centres. 
Within 16 h of brain injury, patients with severe traumatic brain injury (aged 18–75 years) were randomly assigned via 
a website to be managed during the first 5 days of admission to the intensive care unit either by intracranial pressure 
monitoring only or by both intracranial pressure and PbtO2 monitoring. Randomisation was stratified by age and 
centre. The study was open label due to the visibility of the intervention, but the statisticians and outcome assessors 
were masked to group allocation. The therapeutic objectives were to maintain intracranial pressure of 20 mm Hg or 
lower, and to keep PbtO2 (for those in the dual-monitoring group) above 20 mm Hg, at all times. The primary outcome 
was the proportion of patients with an extended Glasgow Outcome Scale (GOSE) score of 1–4 (death to upper severe 
disability) at 6 months after injury. The primary analysis was reported in the modified intention-to-treat population, 
which comprised all randomly assigned patients except those who withdrew consent or had protocol violations. This 
trial is registered with ClinicalTrials.gov, NCT02754063, and is completed.

Findings Between June 15, 2016, and April 17, 2021, 318 patients were randomly assigned to receive either intracranial 
pressure monitoring only (n=160) or both intracranial pressure and PbtO2 monitoring (n=158). 27 individuals with 
protocol violations were not included in the modified intention-to-treat analysis. Thus, the primary outcome was 
analysed for 144 patients in the intracranial pressure only group and 147 patients in the intracranial pressure and 
PbtO2 group. Compared with intracranial pressure monitoring only, intracranial pressure and PbtO2 monitoring did 
not reduce the proportion of patients with GOSE score 1–4 (51% [95% CI 43–60] in the intracranial pressure 
monitoring only group vs 52% [43–60] in the intracranial pressure and PbtO2 monitoring group; odds ratio 1·0 
[95% CI 0·6–1·7]; p=0·95). Two (1%) of 144 participants in the intracranial pressure only group and 
12 (8%) of 147 participants in the intracranial pressure and PbtO2 group had catheter dysfunction  (p=0.011). 
Six patients (4%)  in the intracranial pressure and PbtO2 group had an intracrebral haematoma related to the catheter, 
compared with none in the intracranial pressure only group (p=0.030). No significant difference in deaths was found 
between the two groups at 12 months after injury. At 12 months, 33 deaths had occurred in the intracranial pressure 
group: 25 (76%) were attributable to the brain trauma, six (18%) were end-of-life decisions, and two (6%) due to 
sepsis. 34 deaths had occured in the intracranial pressure and PbtO2 group at 12 months: 25 (74%) were attributable 
to the brain trauma, six (18%) were end-of-life decisions, one (3%) due to pulmonary embolism, one (3%) due to 
haemorrhagic shock, and one (3%) due to cardiac arrest.

Interpretation After severe non-penetrating traumatic brain injury, intracranial pressure and PbtO2 monitoring did not 
reduce the proportion of patients with poor neurological outcome at 6 months. Technical failures related to 
intracerebral catheter and  intracerebral haematoma were more frequent in the intracranial pressure and PbtO2 group. 
Further research is needed to assess whether a targeted approach to multimodal brain monitoring could be useful in 
subgroups of patients with severe traumatic brain injury–eg, those with high intracranial pressure on admission.
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Introduction
Severe traumatic brain injury, as defined by an initial 
Glasgow Coma Scale (GCS) score of less than 9 on 
admission, is a condition from which 25–40% of patients 
will die, and only 20% of patients avoid long-lasting 
disabilities.1,2 A cascade of biochemical events including 
excitotoxicity, changes in calcium homoeostasis, 
oxidative stress, and inflammation leads to secondary 
brain damage and exacerbates the primary injury. 
Despite large clinical and structural heterogeneity in 
the presentation of severe traumatic brain injury, the 
reduction of secondary brain damage is the focus of 
modern traumatic brain injury management.

Early recognition of secondary brain damage relies on 
neuromonitoring in critically ill patients. Because 
intracranial hypertension is an independent risk factor 
for mortality and neurological disabilities,3 international 
guidelines emphasise the use of intracranial pressure 
monitoring following severe traumatic brain injury.4,5 
Intracranial pressure monitoring is associated with 
higher therapy intensity, lower mortality, and better 
functional outcome at 6 months compared with 
no intracranial pressure monitoring.6 However, 
maintaining intracranial pressure at 20 mm Hg and 
lower does not guarantee improved neurological 
outcome, as shown by findings of clinical trials of 
prolonged hyperventilation7 and secondary decompressive 
craniectomy.8,9 Brain tissue hypoxia can develop 
independently of high intracranial pressure, and might 
be independently associated with poor neurological 
outcome.10–12

Brain tissue oxygen pressure (PbtO2) probes are used to 
monitor cerebral oxygenation at the bedside. PbtO2 

reflects brain perfusion and diffusion of dissolved plasma 
oxygen across the blood–brain barrier.13 A PbtO2 value 
that is lower than 15 mm Hg for more than 30 min is an 
independent predictor of unfavourable outcome and 
death.10 In a phase 2 randomised controlled trial, 
Okonkwo and colleagues14 compared intracranial pressure 
monitoring with both intracranial pressure and PbtO2 

monitoring to guide treatment. PbtO2 monitoring 
reduced the time spent in brain hypoxia.14 However, 
uncertainty remains about the effect of a strategy guided 
by focal measurements of PbtO2 on global brain 
oxygenation.15 In two meta-analyses,16,17 a dual strategy of 
intracranial pressure and PbtO2 monitoring to guide 
treatment indicated a potential benefit on outcome, but 
the certainty of evidence from the analysed data was 
considered low quality.

In view of the sparse evidence base, the OXY-TC trial 
group designed a randomised controlled trial to explore 
the hypothesis that a therapeutic strategy based on early 
intracranial pressure and PbtO2 monitoring would be 
superior to a strategy of intracranial pressure monitoring 
only, to reduce the proportion of patients with poor 
neurological outcome at 6 months after severe traumatic 
brain injury.

Methods
Study design
The OXY-TC trial was a multisite, open-label, randomised 
superiority trial at 25 tertiary referral centres in France; 
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Research in context

Evidence before this study
We assessed evidence for the usefulness of brain tissue oxygen 
pressure (PbtO2) monitoring in changing outcome following 
severe traumatic brain injury with a MEDLINE search of papers 
published in English between Jan 1, 1998, and Jan 1, 2023, 
using the terms “severe traumatic brain injury”, “brain tissue 
oxygen pressure”, “brain hypoxia”, “adult” and “outcome”. 
Most studies were single-centre, observational, or 
retrospective, and indicated a possible association between low 
PbtO2 and poor neurological outcome after severe traumatic 
brain injury. In these studies, brain tissue hypoxia was viewed as 
an independent contributor to poor outcome despite 
normalisation of intracranial pressure. One randomised trial 
showed that the information given by PbtO2 monitoring could 
help to reduce the time spent in brain hypoxia. Two meta-
analyses suggested that the combination of intracranial 
pressure and PbtO2 monitoring to guide treatment might 
improve neurological outcome, but the certainty of evidence 
from analysed data was considered low quality. However, 
according to PET data, uncertainties existed on whether focal 
measurements of PbtO2 could reflect the diffuse vascular 
changes found after brain trauma.

Added value of this study
To our knowledge, the OXY-TC trial is the first randomised trial 
to compare a dual strategy of intracranial pressure and PbtO2 
monitoring with a strategy of intracranial pressure monitoring 
only in patients after severe traumatic brain injury. The primary 
objective of our study was to test the hypothesis that early dual 
brain monitoring would be superior to intracranial pressure 
monitoring alone at reducing poor neurological outcome 
(ie, extended Glasgow Outcome Scale [GOSE] score 1–4 at 
6 months).

Implications of all the available evidence
Our study indicates that, after severe traumatic brain injury, 
during the first 5 days of admission to an intensive care unit, 
a dual strategy combining intracranial pressure and PbtO2 
monitoring was not superior to intracranial pressure 
monitoring only to reduce the proportion of patients with 
GOSE score 1–4 at 6 months. However, the dual strategy might 
reduce the proportion of patients with poor neurological 
outcome who have high intracranial pressure on admission and 
a targeted approach to management therefore deserves further 
investigation.
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these centres had experience in the management of 
patients with severe traumatic brain injury and had 
constant availability of neurosurgery (appendix pp 12–47). 
The Institutional Review Board of Sud-Est V (Grenoble, 
France; (ref 14-CHUG-48), and Agence Nationale de 
Sécurité du Médicament et des produits de santé 
(ref 141435B-31) approved the published trial protocol.18

Participants
Individuals (aged 18–75 years) were screened for 
inclusion if they were admitted to one of the tertiary 
centres for a severe non-penetrating traumatic brain 
injury, had a best pre-hospital GCS of 3–8 and motor 
component of 1–5, and required intracranial pressure 
monitoring. Patients were included if sedation and 
mechanical ventilation were expected to exceed 48 h 
with a stable condition (the partial pressure of oxygen 
in the arterial blood [PaO₂] to the fraction of inspiratory 
oxygen concentration [FiO₂] ratio >150 and mean 
arterial blood pressure >70 mm Hg). Intracerebral 
monitoring (intracranial pressure with or without 
PbtO2) had to be initiated within 16 h after the injury for 
inclusion.

Patients were excluded if they had any of the following 
criteria: penetrating head injury; pre-hospital GCS 
score of 3 with bilateral fixed dilated pupils; decom-
pressive craniectomy before enrolment; quadriplegia; 
coagulation disorders contraindicating intra cranial 
pressure or PbtO2 monitoring; body temperature 
less than 34°C; anticipated life expectancy of less 
than 24 h; post-traumatic cardiac arrest; neuro psychiatric 
comorbidities that could interfere with the outcome 
assessment at 6 months and 12 months; ischaemic stroke 
after traumatic internal carotid artery dissection; par-
ticipation in an ongoing interventional trial; follow-up 
not possible; incapacitated in accordance with article 
L1121-5 to L1121-8 of the French public health code; and, 
according to French law, no health insurance.

Investigators obtained written informed consent from 
a next of kin or a legal surrogate. If next of kin or a legal 
surrogate were unable to provide written consent, the 
onsite investigator approved enrolment of the patient 
in accordance with French law (ie, procedural 
authorisation).19

Randomisation and masking
Participants were randomly allocated (1:1) to receive either 
intracranial pressure monitoring alone or both intracranial 
pressure and PbtO2 monitoring. Randomisation was done 
through a dedicated password-protected, encrypted 
website created and implemented by Medsharing 
(Fontenay-sous-Bois, France), with blocks of variable size 
and stratification by centre and age (<50 years and 
≥50 years). This study was open label due to the nature of 
PbtO2 monitoring. Statisticians and assessors were 
masked to group allocation for the central assessment of 
the outcome and the statistical analyses.

Procedures
Before initiation of the trial, specific training was provided 
to local clinicians to interpret PbtO2 monitoring and adapt 
patient management accordingly. All patients had 
intracranial pressure monitoring through an intracranial 
pressure probe (Codman Microsensor intracranial 
pressure transducer, Codman, Saint Priest, France; or 
Sophysa Pressio, Sophysa, Orsay, France). For patients in 
both groups, clinical management during the first 5 days 
in the intensive care unit followed international 
guidelines,4,5 using tier-one therapies—eg, continuous 
sedation and analgesia, and mechanical ventilation—to 
obtain normocapnia (partial pressure of carbon dioxide in 
arterial blood [PaCO₂] 35–40 mm Hg) and normoxia (PaO₂ 
80–140 mm Hg) and to maintain cerebral perfusion 
pressure of 60–70 mm Hg (with the equation: cerebral 
perfusion pressure=mean arterial blood pressure  –  intra-
cranial pressure), serum glucose of 6–10 mmol/L and 
sodium of 140–150 mmol/L, haemoglobin of 7–10 g/dL, a 
body temperature of 36–38°C, and head elevation at 15°. 
The therapeutic objectives were to maintain intracranial 
pressure at 20 mm Hg or lower, and to keep PbtO2 (for 
those in the dual-monitoring group) above 20 mm Hg, at 
all times.

For patients allocated to intracranial pressure monitoring 
only, if intracranial pressure exceeded 20 mm Hg, tier-two 
treatments were intro duced—eg, a deep level of sedation 
or analgesia, use of vasopressors to maintain cerebral 
perfusion pressure above 70 mm Hg, moderate hyper-
ventilation (PaCO₂ 30–35 mm Hg), bolus osmo therapy, 
external ventricular drainage, neuromuscular blockade, or 
interventions for strict normothermia or mild hypothermia 
(35–37°C). For refractory intracranial hypertension in 
patients allocated intracranial pressure monitoring only, 
tier-three treatments were initiated,4,5 which consisted of 
moderate therapeutic hypo thermia (33–35°C), secondary 
decom pressive craniectomy, and barbiturate coma.

For patients allocated both intracranial pressure and 
PbtO2 monitoring, an intraparenchymal catheter 
combining oxygen and temperature probes (Licox PMO 
catheter, Integra Lifescience, Saint Priest, France) was 
inserted at 20–25 mm below the dura mater, which was 
located either in an area unaffected by the traumatic 
brain injury or in the right frontal lobe (in the case of 
diffuse brain injury). A FiO₂ challenge was done 
within 2 h after probe placement, to assess the probe’s 
functionality (with a goal of 100–300% increase in PbtO2 
with 100% FiO₂). The tier-two intracranial pressure 
management principles that were used in the intracranial 
pressure only group were also used in the dual-
monitoring group. Additionally, for the dual-monitoring 
group, if PbtO2 dropped below 20 mm Hg, even with 
intracranial pressure lower than 20 mm Hg, interventions 
were initiated to reach the following parameters in this 
predefined order (which was derived partly from 
Adamides and colleagues’ observational study):20 PaO₂ 
of 100–150 mm Hg; PaCO₂ of 35–45 mm Hg; temperature 
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of 35–37°C; cerebral perfusion pressure of 60–100 mm Hg; 
a cardiac index higher than 2·5 L per min per m²; 
haemoglobin of 9–12 g/dL; and PaO₂ higher than 
150 mm Hg. In the dual-monitoring group, management 
followed four distinct clinical scenarios—ie, when PbtO2 
was either 20 mm Hg or greater or lower than 20 mm Hg, 
and when intracranial pressure was 20 mm Hg or lower 
or greater than 20 mm Hg; appendix pp 2–3).14,21

At every study centre, trained research associates—
under the supervision of the principal site investigator—
collected patients’ data using a web-based electronic case 
report form (Medsharing). Data obtained were baseline 
demographic information, intracerebral monitoring 
parameters (ie, intracranial pressure, cerebral perfusion 
pressure, and PbtO2) every hour (days 1–5), extracerebral 
information on vital signs and therapies every 6 h 
(days 1–5), standard laboratory parameters every 12 h 
(days 1–5), adverse events during the entire stay in the 
intensive care unit, duration of stay in the intensive care 
unit, and survival status at day 28. The International 
Mission on Prognosis and Analysis of Clinical Trials in 
Traumatic Brain Injury (TBI-IMPACT) score was 
calculated at randomisation (core and CT variables only) 
for the assessment of unfavourable outcome at 6 months.

A coordinating team from Grenoble Alpes University 
Hospital (Grenoble, France) did central data management 
and safety monitoring, including regular on-site visits. 
The sponsor safety department (Leo L, Centre Hospitalier 
Universitaire Grenoble Alpes) monitored continuously all 
serious adverse events. An independent and masked Data 
and Safety Monitoring Committee advised the trial 
management committee after inclusion of every 
50 randomised patients.

Outcomes
The primary outcome was the proportion of patients with 
an extended Glasgow Outcome Scale (GOSE) score of 1–4 
(death to upper severe disability) at 6 months after 
traumatic brain injury.22 Trained outcome assessors 
masked to group allocation did a central, structured 
telephone interview to assess GOSE at 6 months. The 
original primary outcome—early MRI quantification of 
brain injury volume between day 6 and day 10 after 
injury—was changed on Feb 7, 2018, due to major 
technical difficulties.18 The French legal authorities 
(International Review Board Sud-Est V and National 
Agency for Medicines and Health Products Safety, 
ref 2014-A01674-43/5) approved the change in primary 
outcome.

Secondary outcomes were the proportion of patients 
with a GOSE score of 1–4 at 12 months; GOSE scores at 
6 months and 12 months; scores on the disability rating 
scale (DRS) at 6 months and 12 months; quality of life at 
6 months and 12 months; survival at 28 days; therapeutic 
intensity during the first 5 days in the intensive care unit; 
and the proportion of critical events. GOSE is measured 
on an eight-point scale, with a score of 1 representing death 

and a score of 8 representing no disability. DRS scores 
range from 0 (ie, no disability) to 29 (ie, extreme vegetative 
state). Quality of life was assessed at 6 months and 
12 months after trauma using the functional indepen-
dence measure (FIM) to assess cognitive and motor 
independency, ranging from 18 points (ie, complete 
dependence) to 126 points (ie, complete independence). 
During the first 5 days of stay in the intensive care unit, 
investigators recorded the number of patients receiving at 
least one tier-two and tier-three treatment, which allowed 
the calculation a posteriori of the daily therapeutic 
intensity level score (TIL24) and the highest TIL24 score 
during the 5-day monitoring period (TILmax).23 Critical 
events in both groups during the first 5 days of stay in the 
intensive care unit were defined as intracranial pressure 
higher than 30 mm Hg lasting for more than 30 min and 
intracranial pressure higher than 40 mm Hg lasting for 
more than 5 min. Critical events in the intracranial 
pressure and PbtO2 group also included PbtO2 below 
10 mm Hg for at least 30 min. Deaths were monitored for 
12 months, with survival reported at day 28 and for 
12 months after trauma.

Statistical analysis
According to available literature at the time of study 
design (Sept 23, 2013),1,8 the proportion of patients with 
unfavourable neurological outcome after severe traumatic 
brain injury—ie, GOSE score of between 1 (ie, death) 
and 4 (ie, upper severe disability)—was expected to be 
around 55% in the intracranial pressure only group. To 
obtain a 30% reduction in the relative risk of GOSE 1–4 at 
6 months in the intracranial pressure and PbtO2 PbtO2 
group, we aimed for a target sample size of 300 patients, 
including a possible 14 patients lost to follow-up. This 
target corresponds to an absolute reduction of 17%, with 
80% power and a two-sided α risk of 0·05. No interim 
analysis was performed. After approval from the 
International Review Board of Sud-Est V (ref 2014-A01674-
43/8), an additional group of 20 patients was enrolled 
during the study period, an amendment that was deemed 
necessary due to a higher than expected number of 
erroneous inclusions that would have otherwise impaired 
the statistical power of the trial.

Independent statisticians masked to group allocation 
did all data handling and analyses (appendix pp 48–54). 
Results were expressed as median (IQR) and n (%). Odds 
ratios (ORs) were expressed as means with associated 
95% CIs. The primary analysis was reported in the 
modified intention-to-treat population, which included all 
patients who were randomly assigned, except those who 
withdrew consent or had protocol violations. Protocol 
violations corresponded to non-inclusion criteria detected 
between randomisation and planned probe insertion. 
Multiple imputation by chained equations (MICE) was 
used to estimate missing data for the primary outcome in 
patients who were lost to follow-up; the resulting data 
were exclusively used in the sensitivity analysis.

For the TBI-IMPACT score see 
http://www.tbi-impact.

org/?p=impact/calc
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The primary outcome was analysed using logistic 
regression, with GOSE scores 1–4 at 6 months as the 
dependant variable and the allocated group as the 
independent variable. ORs and 95% CIs for unfavourable 
outcomes at 6 months were calculated using the 
intracranial pressure group as the reference, after 
adjustment for age as a fixed effect and for centres as a 
cluster. For secondary outcomes, GOSE at 12 months 
was analysed according to the same strategy. A linear 
regression model analysed data from DRS and FIM at 
6 months and 12 months. Kaplan-Meier and Cox 
analyses, adjusted for age and centre, compared survival 
rates over the 12 months after trauma. The number of 
patients with tier-three treatments, and the incidence of 
critical events, were analysed using logistic regression 
after adjustment for age and centre. The TIL24 was 
analysed using a mixed linear regression model and the 
TILmax compared groups using linear regression. The 
changes in mean intracranial pressure and cerebral 
perfusion pressure values between the two groups over 
each 6 h period were analysed using a mixed linear 
regression model.

All analyses were repeated in the per-protocol 
population in a sensitivity analysis. This population 
included all patients who were randomly assigned, except 
those with consent withdrawal, protocol violations, and 
protocol deviations (ie, no neuromonitoring within the 
first 16 h after traumatic brain injury; inability to measure 
intracranial pressure for either group or PbtO2 for the 
intracranial pressure and PbtO2 group for at least 
48 consecutive h in living patients; or erroneous use of 
PbtO2 in the intracranial pressure only group). In post-
hoc analyses, we assessed the effect of PbtO2 monitoring 
on the proportion of patients with unfavourable 
outcomes at 6 months in the most severe subgroups at 
baseline (ie, intracranial pressure ≥20 mm Hg; Marshall 
CT classification 3, 4, and 6; GCS motor score 1–2; and 
patients with major extracranial injuries [ie, abbreviated 
injury severity score ≥3]). In case of a significant 
difference between groups regarding any of these 
criteria, a search for an interaction was done between the 
most severe patients versus the other patients on 
outcome (GOSE 1–4 vs GOSE 5–8) at 6 months.

Serious adverse events were assessed from data 
collected by the sponsor safety department on all 
randomly assigned patients. Analyses were done using 
Stata version 15.0. This trial is registered at ClinicalTrials.
gov, NCT02754063.

Role of the funding source
The funder of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of 
the report.

Results
Between June 15, 2016, and April 17, 2021, 2578 patients 
were screened for eligibility, and 318 patients with severe 

traumatic brain injury were randomly assigned to study 
groups. 160 patients were assigned to the intracranial 
pressure only group and 158 patients were assigned to the 
intracranial pressure and PbtO2 group. Of these, 
16 patients in the intracranial pressure only group and 
11 patients in the intracranial pressure and PbtO2 group 
were not included in the primary analysis due to consent 
withdrawals (n=8) and protocol violations (n=19). 20 
individuals with missing data had analyses using MICE 
imputation. 291 patients were available for 
the primary analysis (modified intention-to-treat 
population): 144 patients in the intracranial pressure only 
group and 147 patients in the intracranial pressure and 

Figure 1: Trial profile
GCS=Glasgow coma scale. PbtO2=brain tissue oxygen pressure. RCT=randomised controlled trial. TBI=traumatic 
brain injury. *533 did not have a severe TBI; 336 had no indication for intracranial pressure monitoring; 266 were 
not aged 18–75; 253 begun monitoring >16 h after TBI; 226 had a life expectancy <24 h; 146 had decompressive 
craniectomy; 97 had no indication for sedation for >48 h; 73 had screening failure; 51 had GCS score 3 with bilateral 
fixed dilated pupils; 36 had cardiac arrest at presentation; 34 had penetrating TBI; 27 had persistent haemodynamic 
instability; 22 had no insurance; 17 had consent withdrawn; 143 for other reasons. †Randomisation was stratified 
by age and centre. ‡Protocol violations of inclusion criteria detected between randomisation and planned probe 
insertion led to exclusion of these patients. §Protocol deviations did not preclude inclusion in the primary analysis 
because these patients were considered to have met all other inclusion criteria.

2578 patients assessed for eligibility

2260 ineligible* 

318 randomly assigned†

139 with 5-day brain monitoring

144 included in modified intention-to-treat 
         analysis

  5 withdrew consent
11 had protocol violations‡
 2 incapacitated 
 1 participated in another RCT
 4 had no intracranial pressure 
          monitoring
 1 did not have a severe TBI
 2 had decompressive craniectomy 
 1 had GCS score 3 with bilateral 
          fixed dilated pupils

158 assigned to intracranial pressure and 
         PbtO₂ group

160 assigned to intracranial pressure only group

 

3 withdrew consent 
8 had protocol violations‡
 1 participated in another RCT
 2 had haemodynamic instability
 2 did not have a severe TBI
 1 had body temperature <34°C
 2 had GCS score 3 with bilateral 
        fixed dilated pupils

125 with 5-day brain monitoring

147 included in modified intention-to-treat 
        analysis

5 had protocol deviations§
 2 had technical failures
 1 had PbtO₂ monitoring
 1 had an unknown time of TBI
 1 started monitoring >16 h after 
  TBI

22 had protocol deviations§
 12 had technical failures
 2 had accidental removal of 
            catheter
 5 had no PbtO₂ monitoring
 1 had an unknown time of TBI
 2 started monitoring >16 h after 
            TBI
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PbtO2 group (figure 1). The per-protocol population 
comprised 264 patients who received monitoring during 
the first 5 days of their admission to the ICU: 139 patients 
in the intracranial pressure only group and 125 patients 
in the intracranial pressure and PbtO2 group.

No difference was found between the two groups 
regarding variables at baseline (table 1), except that 
the proportion of patients who had been given 
norepinephrine at admission was visibly higher in the 
intracranial pressure and PbtO2 group. The PaO₂:FiO₂ 
ratio on admission was well above 150 in both groups, 
indicating no change in pulmonary gas exchange in the 
study population. Intracranial pressure, cerebral per-
fusion pressure, and PbtO2 PbtO2 values remained within 
the predefined ranges for therapeutic outcomes during 
the 5-day monitoring period in both groups (appendix 
pp 4–6). The median duration of stay in the intensive 

care unit was similar between the two groups: 
20 days (IQR 10–32) in the intracranial pressure only 
group versus 22 days (12–35) in the intracranial pressure 
and PbtO2 group (p=0·18).

Primary outcome data were available for 271 patients. 
The proportion of patients with a GOSE score of 1–4 at 
6 months did not differ between the intracranial pressure 
only group (70 [53%] of 132 patients) and the intracranial 
pressure and PbtO2 group (72 [52%] of 139 patients; 
OR 0·9, 95% CI 0·6–1·6, p=0·83; figure 2, table 2). After 
imputing primary outcome data for the 20 patients who 
were lost to follow-up, the proportion of patients with a 
GOSE score of 1–4 at 6 months did not differ between the 
two groups: 51% (95% CI 43–60) in the intracranial 
pressure only group versus 52% (43–60) in the intra-
cranial pressure and PbtO2 group (OR 1·0, 
95% CI 0·6–1·7, p=0·95).

With respect to secondary outcomes, GOSE 
scores of 1–4 at 12 months (appendix p 7), DRS at 

Intracranial 
pressure only

Intracranial 
pressure and PbtO2

Age, years 38 (26–55) 40 (26–55)

Male 107/144 (74%) 108/147 (74%)

Female 37/144 (26%) 39/147 (27%)

Cause of injury

Road traffic accident 92/144 (64%) 92/147 (63%)

Fall 34/144 (24%) 36/147 (25%) 

Violence or assault 2/144 (1%) 0/147

Suicide attempt 2/144 (1%) 1/147 (1%)

Other 14/144 (10%) 18/147 (12%)

Best prehospital GCS score

3–4 42/144 (29%) 51/145 (35%)

5–8 102/144 (71%) 94/145 (65%)

Best prehospital GCS motor score

1–2 43/128 (34%) 53/128 (41%)

3–5 85/128 (66%) 75/128 (59%)

Prehospital mechanical 
ventilation

135/144 (94%) 139/145 (96%)

Pupillary reactivity on admission

Both pupils reacting 87/132 (66%) 95/132 (72%)

One pupil reacting 8/132 (6%) 11/132 (8%)

No pupils reacting 37/132 (28%) 26/132 (20%)

Norepinephrine at admission 90/144 (63%) 106/145 (73%)

ISS score 31 (21–43) 29 (21–41)

Major extracranial injuries 78/140 (56%) 73/145 (50%)

SAPS II score 46 (37–53) 45 (39–55)

TBI-IMPACT probability of 
poor outcome at 6 months

0·57 (0·39–0·74) 0·57 (0·38–0·71)

Marshall classification on initial CT

Diffuse injury I 8/141 (6%) 5/141 (4%)

Diffuse injury II 49/141 (35%) 52/141 (37%)

Diffuse injury III 8/141 (6%) 7/141 (5%)

Diffuse injury IV 3/141 (2%) 4/141 (3%)

Evacuated mass lesion 11/141 (8%) 8/141 (6%)

Non evacuated mass lesion 62/141 (44%) 65/141 (46%)

(Table 1 continues in next column)

Intracranial 
pressure only

Intracranial 
pressure and PbtO2

(Continued from previous column)

Traumatic subarachnoid 
haemorrhage on initial CT*

120/144 (83%) 115/145 (79%)

Acute subdural haematoma 
on initial CT*

77/135 (57%) 84/140 (60%)

Intraventricular haemorrhage 
on initial CT*

54/144 (38%) 50/145 (35%)

Epidural haematoma on 
initial CT*

22/135 (16%) 28/140 (20%)

Body temperature at 
randomisation, °C

36·5 (35·9–37·5) 37·0 (36·1–37·6)

Blood glucose at 
randomisation, mmol/L

7·5 (6·3–8·4) 7·3 (6·2–8·7)

Blood sodium at 
randomisation, mmol/L

141 (138–144) 141 (139–143)

Haemoglobin at 
randomisation, g/dL

12·5 (11·4–13·7) 12·8 (11·5–13·9)

PaO₂:FiO₂ at randomisation 400 (260–470) 390 (270–520)

Intracranial pressure on 
intensive care unit admission, 
mm Hg

11 (6–19) 12 (8–16)

Cerebral perfusion pressure 
on intensive care unit 
admission, mm Hg

69 (62–77) 72 (66–79)

Mean arterial blood pressure 
on intensive care unit 
admission, mm Hg

83 (75–90) 84 (78–93)

PbtO2 on intensive care unit 
admission, mm Hg

·· 14 (8–21)

Data are median (IQR) or n/N (%). Data for some variables were not available for 
all patients. FiO₂=fraction of inspired oxygen. GCS=Glasgow coma scale. 
ISS=injury severity score. PaO₂=partial pressure of oxygen in arterial blood. 
PbtO2=brain tissue oxygen pressure. SAPS=simplified acute physiology score. 
TBI-IMPACT=International Mission on Prognosis and Analysis of Clinical Trials 
in Traumatic Brain Injury. *Denominators vary due to available information for 
brain lesions.

Table 1: Baseline characteristics in the modified intention-to-treat 
population
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6 months and 12 months, FIM at 6 months and 
12 months, and survival at day 28 did not differ between 
groups (table 2). All patients received at least one tier-two 
treatment; around a third of patients in each group 
required at least one tier-three treatment to control 
intracranial pressure. Of note, 101 (74%) of 137 patients 
in the intracranial pressure and PbtO2 group received at 
least one treatment to correct brain hypoxia. 38 (29%) of 
132 patients in the intracranial pressure and PbtO2 group 
had at least one critical event of PbtO2 less than 10 mm Hg 
during the 5-day monitoring period. TIL24 decreased 
similarly between groups over the 5-day monitoring 
period (appendix p 8). The incidence of high intracranial 
pressure events was similar between groups. Information 
about survival at 12 months was available for 
275 (95%) of 291 patients. There was no difference in 
survival between groups (hazard ratio 1·09, 95% CI 
0·67–1·77); p=0·72; figure 3). At 12 months after injury, 
33 deaths had occurred in the intracranial pressure 

group: 25 (76%) were attributable to the brain trauma, six 
(18%) were end-of-life decisions, and two (6%) due to 
sepsis. 34 deaths had occured in the intracranial pressure 
and PbtO2 group at 12 months: 25 (74%) were attributable 
to the brain trauma, six (18%) were end-of-life decisions, 
one (3%) due to pulmonary embolism, one (3%) due to 
haemorrhagic shock, and one (3%) due to cardiac arrest.

Investigators repeated all analyses in the per-protocol 
population as a sensitivity analysis. No differences from 
the primary analysis were noted with respect to the 
primary and secondary outcomes (appendix p 10).

In a post-hoc analysis of the subgroup of patients with 
high intracranial pressure (≥20 mm Hg) on admission, a 
significant reduction in the proportion of patients with 
GOSE scores of 1–4 occurred in the intracranial pressure 
and PbtO2 group at 6 months: 14 (52%) of 27 patients, 
versus 25 (89%) of 28 patients in the intracranial pressure 
group (OR 0·13, 95% CI 0·02–0·86, p=0·034; 
appendix p 11). There was an interaction between 

Intracranial pressure
and PbtO₂ group

Intracranial pressure
group

GOSE score at 6 months

33
(24%)

33
(25%)

7
(5%)

20
(15%)

10
(8%)

13
(10%)

12
(9%)

13
(10%)

24
(18%)

24
(17%)

5
(4%)

20
(14%)

14
(10%)

11
(8%)

16
(12%)

16
(12%)

Dead
Lower moderate disability

Vegetative state
Upper moderate disability

Lower severe disability
Lower good recovery

Upper severe disability
Upper good recovery

Figure 2: Distribution of GOSE scores at 6 months
Missing data were not imputed. Each cell corresponds to a score on the scale and the length of each cell represents the proportion of patients with equivalent scores. 
GOSE=Extended Glasgow Coma Scale. PbtO2=brain tissue oxygen pressure.

Intracranial pressure only 
(ref)

Intracranial pressure and 
PbtO2

Regression coefficient or 
OR (95% CI)

p value

Primary outcome

GOSE 1–4 at 6 months 70/132 (53%) 72/139 (52%) 0·9 (0·6 to 1·6)* 0·83

Secondary outcomes

GOSE 1–4 at 12 months 61/126 (48%) 58/135 (43%) 0·8 (0·5 to 1·3)* 0·34

DRS at 6 months† 3 (0–5) 3 (0–6) 0·0 (–2·6 to 2·7)‡ 0·98

DRS at 12 months§ 3 (0–5) 3 (0–5) –0·3 (–2·8 to 2·1)‡ 0·77

FIM at 6 months¶ 122 (112–126) 123 (113–126) 0·6 (–10·3 to 11·5)‡ 0·91

FIM at 12 months|| 124 (110–126) 124 (115–126) 3·5 (–6·8 to 13·8)‡ 0·49

Tier-three treatment 49/142 (35%) 48/141 (34%) 1·0 (0·6 to 1·6)* 0·94

TILmax** 10 (7–16) 11 (7–16%) 0·2 (–1·1 to 1·6)‡ 0·74

Patients with critical events

Intracranial pressure >30 mm Hg for 30 min 54/144 (38%) 58/135 (43%) 1·3 (0·7 to 2·2)* 0·43

Intracranial pressure >40 mm Hg for 5 min 41/144 (29%) 39/135 (29%) 1·0 (0·5 to 1·9)* 0·95

PbtO2 <10 mm Hg for 30 min ·· 38/132 (29%) ·· ··

Deaths at day 28 28/144 (19%) 25/145 (17%) 0·8 (0·5 to 1·5)* 0·53

Data are n/N (%), n/N (%, 95% CI), or median (IQR) unless otherwise indicated. RCs and ORs are adjusted for age and centre. DRS=disability rating scale. FIM=functional 
independence measure. GOSE=Extended Glasgow Outcome Scale. OR=odds ratio. PbtO2=brain tissue oxygen pressure. RC=regression coefficient. TILmax=highest therapy 
intensity level score. *OR. †177 patients. ‡Regression coefficient. §182 patients. ¶200 patients. ||192 patients. **287 patients.

Table 2: Trial outcomes in the modified intention-to-treat population
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intracranial pressure values on admission (≥20 mm Hg 
vs <20 mm Hg) and neurological outcome at 6 months 
(p=0·054). Patients with high intracranial pressure (ie, 
≥20 mm Hg) received at least one tier-three treatment: 
15 (56%) of 27 in the intracranial pressure and PbtO2 
group versus 18 (67%) of 27 in the intracranial pressure 
only group (0·6, 0·2–2·1, p=0·45). Furthermore, 
22 (88%) of 25 patients in the intracranial pressure and 
PbtO2 group received specific treatments to correct brain 
hypoxia. Other post-hoc analyses of subgroups of the 
most severely affected patients did not show any 
difference between groups.

In the intracranial pressure only group, two (1%) of 
144 patients had serious adverse events related to the trial, 
whereas in the intracranial pressure and PbtO2 group, 

seven (5%) of 147 patients did (OR 3·5, 95% CI 0·8–15·5, 
p=0·090; table 3). Technical failures and intracerebral 
haematomas were significantly more frequent in the 
intracranial pressure and PbtO2 group than in the intra-
cranial pressure group (table 3). No significant difference 
in the intensive care unit-related complications was found 
between the two groups (table 3). 

Discussion
The findings of the open-label, randomised controlled 
superiority OXY-TC trial, do not support the superiority 
of a strategy of combined intracranial pressure and PbtO2 
monitoring over one of intracranial pressure monitoring 
alone to reduce the proportion of patients with poor 
neurological outcome at 6 months after severe traumatic 
brain injury. Post-hoc results, however, suggest that an 
intracranial pressure and PbtO2-guided strategy could 
reduce the number of patients with poor neurological 
outcomes in the case of high intracranial pressure on 
admission.

Although intracranial pressure monitoring in patients   
with severe traumatic brain injury can mitigate tissue 
damage, evidence suggests that brain hypoxia might 
still develop, even if intracranial pressure is within the 
normal range, thereby causing a deterioration in out-
come.10–12 In people with traumatic brain injury, systemic 
factors such as arterial hypotension, hypocapnia, 
hypoxaemia, and anaemia can compromise brain 
oxygenation. Brain hypoxia can also result from local 
causes such as microthrombosis, microvascular 
collapse, and perivascular oedema, which decrease 
cellular oxygen delivery, even in the absence of 
macrovascular ischaemia.24,25 For these reasons, PbtO2 
monitoring is a promising method to improve brain 
oxygenation in real-time at the bedside. In patients with 
traumatic brain injury, PbtO2 monitoring can assess the 
effects of anaemia or hypoxaemia on brain oxygenation 
and detect cerebral areas in hypoperfusion.26 
Information from PbtO2 monitoring has been shown to 
reduce the duration and depth of brain hypoxia.14,20 
However, the small volume of brain tissue that can be 
assessed with a PbtO2 probe (<10 mm³) has raised 
concerns about the accuracy of this method to reflect 
global brain hypoxia in heterogeneously affected brain 
regions. Accordingly, PbtO2 values have been shown to 
correlate poorly with abnormalities in flow-metabolism 
coupling and cerebral vasoregulation in patients 
with traumatic brain injury.15 Notwithstanding these 
limitations, the Seattle Brain Injury Consensus 
Conference guidelines recommend a strategy of 
monitoring intracranial hypertension, brain hypoxia, or 
both.21 The OXY-TC trial shares this specific rationale—
ie, to assess the effect of brain oxygenation monitoring 
on neurological outcome—with two large ongoing 
trials: BOOST-3 (NCT03754114)27 and the Brain Oxygen 
Monitoring in Australia and New Zealand Assessment 
(BONANZA; ACTRN12619001328167).
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HR 1·09 (95% CI 0·67–1·77); p=0·72

Figure 3: Survival at 12 months
Data are adjusted for age and centre. Time from randomisation was to 12-month follow-up or death. HR=hazard 
ratio. PbtO2=brain tissue oxygen pressure.

Intracranial 
pressure only 
(n=144)

Intracranial 
pressure and 
PbtO2 (n=147)

p value

Technical failures related to intracerebral catheter

Catheter dysfunction 2 (1%) 12 (8%) 0·011

Accidental removal 0 2 (1%) 0·050

Serious adverse event related to the trial

Severe hypoxaemia during MRI 1 (1%) 0 0·49

Intracerebral haematoma 0 6 (4%) 0·030

Cardiorespiratory arrest during MRI 1 (1%) 0 0·49

Intracranial pressure increased 0 1 (1%) 1·00

Intensive care unit-related serious adverse event

Ventilator-acquired pneumonia 45 (31%) 62 (42%) 0·067

Septic shock 6 (4%) 5 (3%) 0·77

Seizure 6 (4%) 9 (6%) 0·60

Meningitis 4 (3%) 0 0·059

Pulmonary embolism 5 (4%) 12 (8%) 0·13

Data are n (%). PbtO2=brain tissue oxygen pressure.

Table 3: Serious adverse events and intensive care unit-related complications in the modified 
intention-to-treat population
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Despite the strong rationale, OXY-TC investigators did 
not find any difference in neurological outcome at 
6 months between patients having intracranial pressure 
monitoring only and those undergoing intracranial 
pressure and PbtO2 monitoring. In the OXY-TC trial, 
groups were balanced with respect to baseline 
characteristics. Moreover, all patients needed tier-two 
treatments, and around a third in each group needed 
at least one tier-three treatment to maintain the 
recommended therapeutic outcomes. These data show 
that clinical teams successfully applied the management 
protocols with a high level of compliance. The stepwise 
escalation in therapy intensity—ie, exhausting tier-two 
treatment before considering tier-three treatment—has 
not always been observed among European centres, 
according to findings from the Collaborative European 
NeuroTrauma Effectiveness Research (CENTER-TBI) 
study.28

Findings of a post-hoc analysis of patients with 
intracranial pressure of 20 mm Hg or higher on 
admission suggested that, in this subgroup of patients, a 
strategy of both intracranial pressure and PbtO2 
monitoring could be more effective than a strategy of 
intracranial pressure monitoring alone to reduce the 
incidence of poor neurological outcome. Moreover, an 
interaction between intracranial pressure on admission 
and outcome at 6 months was noted, which supports the 
finding. This observation did not occur in other 
subgroups, such as patients with extended brain tissue 
damage documented on the initial CT scan, those with 
major extracranial injuries, and people with a low GCS 
motor score. Therefore, additional PbtO2 monitoring 
might successfully correct brain hypoxia, intracranial 
hypertension, or both, within the first hours of admission, 
with a potential benefit for this subgroup of very severe 
patients. These results require validation in a larger 
sample.

The findings of the OXY-TC trial also indicate that 
baseline GCS score does not reflect the heterogeneity of 
patients with severe traumatic brain injury. Similar 
to this finding, a CENTER-TBI dataset identified 
three endotypes of patients with severe traumatic brain 
injury based on six specific features,29 and the risk of 
intracranial hypertension varied according to injury 
types.3 The results of the OXY-TC trial advocate for a 
targeted multimodal brain monitoring approach in 
patients with severe traumatic brain injury.

Although no difference between groups in neurological 
outcome was recorded, intracerebral catheter-related 
adverse events and technical failures were significantly 
more frequent in the intracranial pressure and PbtO2 
group. A risk–benefit evaluation should guide indications 
for invasive brain monitoring in patients with traumatic 
brain injury.

The OXY-TC trial has several limitations. First, the trial 
was done in France only; considering the diversity in the 
management of traumatic brain injury patients across 

countries,28 these findings require confirmation in 
international trials. However, the therapeutic algorithms 
for intracranial pressure monitoring and PbtO2 PbtO2 
monitor ing followed international guidelines4,5 and 
published protocols.14,21 Moreover, we controlled for 
various sources of bias via centralised randomisation and 
allocation concealment, and primary endpoint assess-
ment was done by assessors masked to group allocation. 
Second, the OXY-TC investigators hypothesised that 
management in the first 5 days would most affect 
neurological outcome. In traumatic brain injury, the 
highest therapeutic intensity is usually observed during 
the first week and can rapidly decrease, as shown by TIL24 
scores collected over the first 5 days in this trial (appendix 
p 8). Since patients with severe traumatic brain injury are 
expected to stay in the intensive care unit for about 
10–20 days, we believe that our focus on the first 5 days 
was an acceptable compromise to ensure high protocol 
compliance while maximising outcome effect. Third, the 
OXY-TC group estimated a 30% relative reduction in 
unfavourable outcome in the intracranial pressure and 
PbtO2 monitoring group compared with intracranial 
pressure monitoring only, which required inclusion of 
300 patients for suitable power. This hypothesis might 
appear optimistic but was in line with retrospective cohort 
studies at the time of trial design, and such an effect size 
was suggested in two meta-analyses.16,17 Fourth, due to the 
absence of high-resolution intracranial pressure 
monitoring data, investigators were unable to calculate 
the magnitude and duration of high intracranial pressure 
(ie, the cumulative dose of intracranial pressure, in the 
two groups).30 Therefore, we cannot ascertain whether 
PbtO2 monitoring reduces the cumulative dose of 
intracranial pressure. Finally, due to patients lost to 
follow-up, the target sample size could not be reached, 
implying a potential lack of statistical power for the 
primary outcome analysis. However, after imputation of 
missing data from these patients, no difference in the 
primary outcome was observed, suggesting that the effect 
of missing data was negligible.

In conclusion, a therapeutic strategy based on the 
combination of intracranial pressure and PbtO2 
monitoring did not reduce the proportion of patients 
with poor neurological outcome at 6 months after 
severe traumatic brain injury. Further research 
to ascertain the role of PbtO2 monitoring in patients 
with high intracranial pressure on admission is 
required.
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