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Abstract

Traumatic brain injury (TBI) is a major public health burden, causing death and disability worldwide. Intracranial
hypertension and brain hypoxia are the main mechanisms of secondary brain injury. As such, management strate-
gies guided by intracranial pressure (ICP) and brain oxygen (PbtO,) monitoring could improve the prognosis of these
patients. Our objective was to summarize the current evidence regarding the impact of PbtO,-guided therapy on

the outcome of patients with TBI. We performed a systematic search of PubMed, Scopus, and the Cochrane library
databases, following the protocol registered in PROSPERO. Only studies comparing PbtO,/ICP-guided therapy with
ICP-guided therapy were selected. Primary outcome was neurological outcome at 3 and 6 months assessed by using
the Glasgow Qutcome Scale; secondary outcomes included hospital and long-term mortality, burden of intracranial
hypertension, and brain tissue hypoxia. Out of 6254 retrieved studies, 15 studies (n = 37,245 patients, of who 2184
received PbtO,-guided therapy) were included in the final analysis. When compared with ICP-guided therapy, the use
of combined PbO,/ICP-guided therapy was associated with a higher probability of favorable neurological outcome
(odds ratio 2.21 [95% confidence interval 1.72-2.84]) and of hospital survival (odds ratio 1.15 [95% confidence interval
1.04-1.28]). The heterogeneity (%) of the studies in each analysis was below 40%. However, the quality of evidence
was overall low to moderate. In this meta-analysis, PbtO,-guided therapy was associated with reduced mortality

and more favorable neurological outcome in patients with TBI. The low-quality evidence underlines the need for the
results from ongoing phase Ill randomized trials.
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Introduction
Traumatic brain injury (TBI) is an important cause of
death, disability, and high socioeconomic burden world-
wide, with an annual incidence estimated between 27 and
69 million cases [1, 2]. The cornerstone of the intensive
care management of these patients is to minimize sec-
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brain death [3]. Indeed, intracranial hypertension is asso-
ciated with mortality and poor neurological outcome in
patients with TBI [4]. Therefore, most guidelines recom-
mend monitoring and treatment of intracranial pressure
(ICP) in this setting [5, 6], even though this strategy alone
may not be sufficient to improve patients’ prognosis [7].

Another important mechanism of secondary brain
injury, which is also associated with poor outcome after
TBIL is brain hypoxia [8, 9]. Importantly, brain hypoxia
can occur in the absence of elevated ICP and/or low
cerebral perfusion pressure (CPP) [10]. A multimodal
approach that includes invasive brain tissue oxygenation
(PbtO,) monitoring may help optimize and individualize
brain hemodynamics and improve cerebral oxygen deliv-
ery in this setting [11]. Indeed, there are three ongoing
randomized clinical trials (RCTs) investigating the effect
of PbtO,-guided therapy on the outcome of patients
with TBI (i.e., BONANZA, ACTRN12619001328167;
BOOST-3, NCT03754114; and OXY-TC, NCT02754063).
Previously, two meta-analyses [12, 13] have been con-
ducted to explore the impact of PbtO,-guided therapy
after TBI. However, since then, few large observational
studies [14, 15] and at least one RCT [16] were published.
Moreover, most of these studies are retrospective or
observational [12, 13, 17-20] and RCTs were underpow-
ered to detect differences in outcome [16, 17, 21]. There-
fore, a new, updated systematic review and meta-analysis
would be of interest to summarize the current evidence
while waiting for the conclusions of ongoing RCTs.

Methods

We adhered to the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analysis guidelines [22].
The protocol of this study was registered with the Inter-
national Prospective Register of Systematic Reviews
(PROSPERO) and last edited on the 11th of April 2022
(CRD42021295223).

Data Sources and Study Selection

We conducted a systematic review and meta-analyses of
both retrospective and prospective observational stud-
ies, interventional studies, and RCTs. The PubMed/
Medline, Scopus, and Cochrane library databases were
searched on April 2022 and May 2022, including publi-
cations of adult human studies without date or language
restriction. The research strategy is shown in the Sup-
plemental Electronic Material S1. The Cochrane library
Population Intervention Comparison Outcome (PICO)
research terms were population “Traumatic Brain Injury”
OR intervention (“Neurological Monitoring Regime”
OR “Oxygenation Monitoring”) OR outcome (“Raised

Intracranial Pressure” OR “Mortality” OR “Glasgow Out-
come Scale”).

We considered the following criteria for study inclu-
sion: (1) full-length reports published in peer-reviewed
journals; (2) RCT, interventional studies, observational
cohorts, case control studies of adult human patients;
(3) studies that included PbtO, monitoring (in addition
to ICP monitoring) and management protocol guided
by PbtO,; (4) studies that included outcomes measures
(i.e., hospital mortality, mortality at 3 months, neuro-
logical outcome at 3 and 6 months, and the incidence
of intracranial hypertension) in patients with TBIL
Studies conducted in children, healthy volunteers, or
animal models were excluded. Editorials, commentar-
ies, letters to editor, opinion articles, reviews, meeting
abstracts, and case reports were also excluded. When
multiple publications of the same research group or
center described case series with potential overlap, the
more recent publication, if eligible, was considered. We
also included into the systematic review a recent study
from our group, which was concomitantly submitted
with the present work and subsequently published [23].

The main investigators (AD, EGB, FST) performed
the study selection process, including the initial search
for the identification of references, the selection of
potentially relevant titles for review of abstracts, and,
among these, the choice for review of the full-length
reports. All selections were decided by consensus.

Data Extraction and Study Quality Assessment

The main investigators (AD, EGB, FST) independently
extracted information from the selected articles by
using a standardized data collection system. The fol-
lowing data fields were collected (when available): study
location, period of enrollment, patient enrollment
criteria, number of patients enrolled, critical values
in the PbtO,, rates of mortality, unfavorable neuro-
logical outcome, and intracranial hypertension in the
intervention (combined PbtO,/ICP and CPP-guided
therapy) group and in the control group (ICP/CPP-
guided therapy.) To assess the methodological quality
of the studies, we used the Cochrane risk of bias tool
(risk of bias 2) [24] for randomized trials, the Risk of
Bias in Nonrandomized Studies of Interventions tool
[25] for interventional nonrandomized studies, and the
Newcastle-Ottawa Quality Assessment Scale [26] for
cohort and case control studies. This assessment was
performed by two independent reviewers (EGB and
AD), and in case of discordant analysis, a third inves-
tigator (FST) made the final decision. Overall, a study
was considered as “low” risk of bias if each single com-
ponent of tools described above was classified as “low”
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We determined the level of evidence by using the Grad-
ing of Recommendations, Assessment, Development
and Evaluation (GRADE) classification system [27].

Outcomes

The primary outcome of the meta-analysis was the
occurrence of favorable neurological outcome, favorable
neurological outcome was defined as a Glasgow Out-
come Scale of 4-5 or an extended Glasgow Outcome
Scale of 5-8 [28]. Secondary outcomes were mortality
rate, burden of intracranial hypertension (defined as the
dose and duration of an ICP>20 mm Hg), and burden of
tissue hypoxia (defined as dose and duration of a PbtO,
below the hypoxic threshold, as reported in each study),
whenever this was collected. Predefined analyses were
performed in subgroups of studies: (1) RCT only and (2)
observational studies only.

Statistical Analysis

We performed the meta-analysis by using the fixed
effect inverse variance method. The results were pooled
together in a forest plot. We computed pooled odds ratio
(OR) with 95% confidence intervals (Cls) for dichoto-
mic outcomes and pooled mean difference with 95% Cls
for continuous variables. Heterogeneity was assessed by
means of the I statistic, which reflects the amount of
between-study heterogeneity over and above the sam-
pling variation and is robust to the number of studies and
choice of effect measure. We assessed the potential of
publication bias through funnel plot generation. We per-
formed all analyses by using Review Manager version 5.3.

Results

Study Selection

A total of 15 studies from 6245 record identified after the
initial search were included in the final analysis, result-
ing in 37,245 studied patients, of whom 2184 received
PbtO,-guided therapy (Fig. 1).

Study Characteristics

The characteristics of the selected studies are summa-
rized in Table 1. We identified four RCTs, one prospec-
tive study, and ten retrospective studies. The risk of bias
for RCTs was “some concern” in three studies and low
in one (Table 2). For cohort and case control studies,
the risk of bias was high in two, moderate in eight, and
moderate to low in one (Table 3). The level of evidence
assessed by the GRADE scale was moderate in all RCTs
and in one prospective observational study (Tables 2,
3). The other observational studies were graded as “low
quality” of evidence. The studies targeted an ICP <20 mm
Hg, a PbtO, >10-25 mm Hg, and a CPP>50-70 mm Hg;

& | Records identified Records identified
& | through database through other
= searching ) S )
3 - author's own data,
~§ (n=6254) (=1)
£ l |
P
o0 Records after duplicates removed
g (n=3467)
g I
g Records screened Records excluded
(n=3467) — (n=3402)
:5‘ Full text article Full text article excluded
B ass_es.se_d. for 1=40
é‘) eligibility > 8 studies used NIRS instead of PbtO:
m (n=55) 17 case series/ case report
7 reviews
2 study protocols
3 experimental
. 3 studies conducted exclusively in a
'8 Fl_‘l“ text lpclgded p:dialﬁc population
o 1n quantitative
% synthesis
g (meta-analysis)
(n=15)
Fig. 1 Preferred reporting items for systematic reviews and meta-
analysis (PRISMA) flow diagram of the search results for original stud-
ies and selection of eligible trials. NIRS, near infrared spectroscopy,
PbtO,, brain tissue partial pressure of oxygen

the most frequently used thresholds for PbtO, and CPP
were >20 mm Hg and >60 mm Hg, respectively (Table 1)
[15, 17-19, 21, 29-33]. The duration of intracranial
hypertension and tissue hypoxia that triggered an inter-
vention was reported in five studies: three studies used
an ICP threshold of >20 mm Hg for more than 5 min [16,
20, 34], whereas one study used an ICP>20 mm Hg for
2 min [18]. Regarding tissue hypoxia, two studies used a
PbtO, <20 mm Hg for 5 min [16, 34], whereas one used a
PbtO, <15 mm Hg for 5 min [30]. General management
of patients included in the selected studies was reported
in 13 studies (Supplemental Table S1).

Neurological Outcome at 3 and/or 6 Months

We identified four studies that reported data on neuro-
logical outcome at 3 months. The pooled OR was 2.46
(95% CI 1.64-3.69) in favor of using combined PbtO,/
ICP-guided therapy, with a low heterogeneity of the
studies (*=0; Fig. 2a) regarding the desired outcome,
as shown in Fig. 2a. We also identified eight studies that
reported neurological outcome at 6 months; the pooled
OR was also 2.07 (95% CI 1.50-2.84) in favor of using
PbtO,/ICP—-guided therapy, with a low heterogeneity of
the studies (I*=0; Fig. 2b) regarding the desired outcome.
When all studies were combined, the OR for improved
neurological outcome was 2.21 (95% CI 1.72-2.84;
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Table 1 (continued)
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Study population

Study characteristics

ICP group: n=27

ICP <20 mm Hg

Patients aged between 17-70 years old

GCS4-12

Multicentric

RCT

Linetal [17]

23

PbtO,/ICP group: n

CPP>60 mm Hg

Patients managed with PbtO, had lower ICP and

PbtO,>20 mm Hg

=3, fixed and dilated

Exclusion criteria: GCS

Taiwan

higher CPP values than others
No statistically significant differences in outcome

pupils, hemodynamic/respiratory instability,
multiple traumas, stay < 24 h in institution,

limitations of care

Adult

2009-2010

64

ICP group: n

ICP <20 mm Hg

Single center

McCarthy et al. [33]

81

GCS<9 CPP>60 mm Hg =

Retrospective

USA

PbtO,/ICP group: n

No statistically significant differences in outcome

PbtO,>20 mm Hg

2005-2008

ICP group:n=16

ICP <20 mm Hg

Patients aged between 12 and 70 years old

Nonpenetrating TBI

GCS 4-8

Single center

RCT

Lee etal. [21]

CPP>60 mm Hg

15

CP group + mild hypothermia: n

PbtO,>20 mm Hg

Taiwan

Exclusion criteria: pregnant women; multiply PbtO2/ICP group 4 mild hypothermia: n=14

2006-2007

Similar ICP and outcome between ICP + hypo-

injured patients; and those with any previous

disabling neurologic disease

thermia and PbtO, 4+ hypothermia groups

CNS, central nervous system, CPP, cerebral perfusion pressure, GCS, Glasgow Coma Scale, GOS, Glasgow Outcome Scale, ICP, intracranial pressure, ISS, injury severity score, PbtO,, brain tissue partial pressure of oxygen,

RCT, randomized clinical trial, SatO,, arterial oxygen saturation, SBP, systolic blood pressure, TBI, traumatic brain injury

Fig. 2¢). The funnel plots of this analysis are presented in
the Supplemental Fig. S1, panels a—c.

When considering only RCTs, combined PbtO,/ICP-
guided therapy was associated with a higher probability
of favorable neurological outcome (pooled OR 2.10 [95%
CI 1.36-3.25]; Supplemental Fig. 2a). Similarly, when
considering only observational studies, combined PbtO,/
ICP-guided therapy was associated with a higher chance
of overall favorable outcome (pooled OR 2.26 [95% CI
1.67-3.07]; Supplemental Fig. 2b).

Hospital Survival and Survival at 6 Months

Specific data on hospital survival were reported in nine
studies. Combined PbtO,/ICP—guided therapy increased
the probability of hospital survival (pooled OR 1.15
[1.04—-1.28]) but not at 6 months (1.20 [0.75-1.92]), when
compared with ICP-guided therapy (Fig. 3a, b). Overall,
PbtO,-guided therapy increased the chance of survival
(OR 1.15 [1.04-1.27], Fig. 3c). The funnel plots are pre-
sented in the Supplemental Fig. S1, panels d—f.

ICP and PbtO, Values

Patients who underwent PbtO,/ICP-guided therapy
experienced lower mean ICP values than patients who
underwent ICP-guided therapy; the mean difference
was —2.87 (—3.46 to—2.27) mm Hg. The forest and
funnel plots of this analysis are presented in the Supple-
mental Fig. S3. However, the occurrence of intracranial
hypertension was similar between the two groups (n=9
studies). No meta-analysis was possible for this outcome,
as definition and reporting of intracranial hypertension
significantly varied across the studies (i.e., episodes of
intracranial hypertension, time spent with ICP>20 mm
Hg, occurrence of intracranial hypertension at least
once); in addition, specific etiologies of intracranial
hypertension were not described (i.e., hyperemia, edema
with oligemia, or hydrocephalus).

Only three studies compared PbtO, values between
groups [16, 30, 35]. In these studies, the treating physi-
cians were blinded to the PbtO, value in the control group
(i.e., ICP-guided therapy) or PbtO, was implemented but
not used to guide therapy. In the RCT reporting PbtO, in
the two groups [16], there was a significant reduction of
the burden of brain hypoxia in the PbtO,-guided group,
when compared with the ICP-guided strategy [16]. In
the other two studies [30, 35], there was a trend toward
a lower burden of brain hypoxia in the patients receiving
PbtO,-guided therapy, although this did not reach sta-
tistical significance. The most used strategies to improve
PbtO, were correct positioning of the head, fever avoid-
ance, treatment of intracranial hypertension, induced
hypertension (i.e., vasopressors), red blood cells transfu-
sions, changes in ventilatory settings and in the inspired



785

Table 2 Quality of evidence (GRADE) and of the risk of bias assessment by using the Cochrane ROB tool 2 for randomized

clinical trials

Randomization Deviation

Missing outcomes Measurement

Selection of the Overall ROB

Quality

process from the data of the outcome reported results of level
intended inter- GRADE
ventions
Wang et al. [32] Some concern Some concern Low Low Low Some concern  Moderate
Okonkwo et al.[16] Low Low Low Low Low Low Moderate
Leeetal. [21] Some concern Low Low Low Low Some concern  Moderate
Linetal. [17] Some concern Low Some concern Low Low Some concern  Moderate

GRADE, Grading of Recommendations, Assessment, Development and Evaluation system, ROB, risk of bias

Table 3 Quality of evidence (GRADE) and risk of bias analysis assessed by the Newcastle-Ottawa scale for observational

studies (cohort or case control studies)

Selection
of cases

Comparability
of cohorts

Exposure and out-  Overall risk of bias

Quality of level

Stiefel et al. [20]
Spiotta et al. [18]
Meixenberger et al. [35]
Narotam et al. [19]
Martini et al. [29]
Green et al. [31]
Komisarow et al. [14]
McCarthy et al. [33]
Barrit et al. [23]
Adamides et al. [30]
Hoffman et al. [15]

w w NN WA WA W W W w
_ a2 0O - 0O 0O O — = —

come GRADE
3 Moderate Low

3 Moderate Low

3 Moderate Low

2 High Low

2 Moderate Low

3 Moderate Low

3 Moderate to low Low

2 High Low

3 Moderate Low

3 Moderate Moderate
3 Moderate Low

GRADE, Grading of Recommendations, Assessment, Development and Evaluation system

fraction of oxygen (FiO,), or increased sedation and anal-
gesia levels. We also performed a quantitative analysis of
the proportion of time that PbtO, values were below the
hypoxic threshold, as reported in each study, comparing
the two strategies. We found a reduction of 10% (95% CI
6—14%) in the time spent below the hypoxic threshold
in the group treated with a PbtO,/ICP—guided therapy,
when compared with the group treated with ICP-guided
therapy alone (Supplemental Fig. S4). However, this
result was mainly driven by one study [16].

Discussion

This systematic review and meta-analysis investigated
the impact of PbtO,-guided therapy on the outcome of
patients with severe TBI. We found that this approach
was associated with better neurological outcome and
reduced hospital survival, when compared with the
standard ICP-guided therapy. Moreover, ICP levels were
lowered with the implementation of a protocolized strat-
egy that included PbtO, monitoring. However, the evi-
dence of the existing literature was low to very low.

The cornerstone of neurological monitoring in patients
with TBI remains clinical evaluation [36]; however, physi-
ological monitoring can help clinicians understand the
pathophysiological mechanisms of brain injury and detect
neurological deterioration earlier, especially in sedated or
comatose patients, as well as to individualize treatments
[37]. Identifying the cause and the underlying pathophysi-
ological pathway of intracranial hypertension can help cli-
nicians to select specific therapies (i.e., ventriculostomy
for hydrocephalus, hyperventilation for hyperemia, or
osmotherapy for cerebral edema), as highlighted in a recent
review [38]. In this setting, a combination of invasive and
noninvasive monitoring tools would be the most effective
way to identify different phenotypes of intracranial hyper-
tension. PbtO, monitoring is a safe and reliable technique
[39] that can be included as a part of a multimodal moni-
toring strategy in this setting; PbtO, is a regional monitor
of the pool of oxygen available in the brain interstitial space,
which depends on the balance between oxygen delivery
(i.e., cerebral blood flow, hemoglobin, and arterial oxygena-
tion), consumption (i.e., brain metabolism, mitochondrial
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A) Favorable outcome in 3 months O) Overall favorable outcome
‘Weight Odds ratio (95% CI) Weight  Odds ratio (95%CI)
Wang et al 2021 i 30.1%  1.95(0.93-4.09) Narotam et al 2009 —o—i 119%  2.44 (1.18-5.05)
Spiotta et al 2010 e 303% 274 (131-573) Okonkwo et al 20174 He 99%  1.64(1.743.63)
o, X
Mc Carthy et al 2009 — e 17.1% 329 (1.23-8.80) Meixensberger et al 2003 o 22.9%  1.62(0.96-2.73)
o
Barrit et al 2022 —e— 5% 233 (095-548) Lin et al 2015+ H—e— 2.7% 293 (0.63-13.63)
o
Total (95% CI)-| — 100%  246(1.643.69) Lee et al 2010 e 26%  1.67(035-797)
o1 3 10 Adamides et al 2009 —e—i| 2.6% 6.25 (1.33-29.37)
Favors Favors 4 179%  2.37(1314.2
ICP guided therapy ~ PbtO,/ICP guided therapy ‘Wang et al 2021 o o .37 (1.3 9)
Heterogeneity: Chi>=0.81, df=3 (P=0.85; =0% Spiotta et al 2010 —e— 11.5% 2.74 1.31-5.73)
Test for overall effect: Z=4.34 (P<0.001)
4 —e—i 94%  2.69(1.19-6.10)
B) Favorable outcome in 6 months Me Carthy et al 2009 ’ ( )
Weight Odds ratio (95%CI) Barrit et al 2022 - 8.6 2.33 (0.99-5.48)
Wang et al 2021- e 104% 336 (1.25-9.03) Total (95% CI)- ol 100%  2.21(1.72-2.84)
i 192% 2.4 (1.18-5.05) T T 1
Narotam et al 2009 —o— o 0.01 o1 1 10 100
Okonkwo et al 2017 e 16% 1.64 (0.74-3.63)
Favors Favors
Meixensberger et al 2003 o] 37% 1.62 (0.96-2.73) ICP guided therapy ~ PbtO,/ICP guided therapy
| g Heterogeneity: Chi’=4.57, df=9 (P=0.87; >=0%
Mec Carthy et al 2009 —e—i 46%  1.71(039-7.50 sl affon, 226,19 (520001
Lin et al 2015+ H—e—i 43% 293 (0.63-13.63)
Lee et al 2010 JH — 42%  1.67(0357.97)
Adamides et al 2009 —e—  42%  625(133-29.37)
Total (95% CD g 100%  2.07 (1.50-2.84)
—— —r——
001 01 1 10 100
Favors Favors
ICP guided therapy ~ PbtO,/ICP guided therapy
Heterogeneity: Chi>=4.58, df=7 (P=0.71; >=0%
Test for overall effect: Z=4.46 (P<0.001)
Fig. 2 Forest plot for favorable neurological outcome at 3 months (a) and 6 months (b) and overall (c). The horizontal bars represent 95% confi-
dence intervals (Cls). ICP, intracranial pressure, PbtO,, brain tissue partial pressure of oxygen

function, body temperature) and extraction (i.e., blood—
brain barrier and microcirculation) [40].

Because brain tissue hypoxia is associated with poor out-
come after TBI [8, 9, 41-44], optimizing PbtO, could lead
to better functional recovery and survival rates. In fact, six
observational studies [15, 18, 19, 30, 31, 33] and one RCT
[32] included in this systematic review have shown a sta-
tistically significant benefit regarding neurological func-
tion when PbtO, was integrated in clinical management;
all other studies also showed a nonstatistically significant
trend toward better neurological recovery, which in the
pooled analysis led to a two-times higher probability of
favorable neurological outcome when PbtO,-guided ther-
apy was used. Additionally, six studies showed a significant
improvement of survival, whereas one study [29] reported
a nonstatistically significant trend toward lower hospital
death in patients treated with PbtO,-guided therapy.

The lack of benefit in some studies can be explained
by several factors: (1) normalizing PbtO, may not
always improve alterations of brain metabolism [45—
48]; (2) PbtO, is a regional device, and an adequate
PbtO, reading in one specific cerebral area may not
reflect or detect tissue hypoxia in the entire brain oxy-
genation level; (3) therapies used to optimize PbtO,,

such as sedation, transfusion, fluid administration,
and vasopressors, may have some adverse effects that
can negatively impact outcomes, be associated with
lung injury and cardiac overload, and lead to pro-
longed mechanical ventilation and prolonged intensive
care unit stay [49-53]. Moreover, therapeutic proto-
cols based on PbtO, and ICP could require different
interventions and are not homogenous. For research
purposes, the adherence to a recent consensus that
provided a multistep approach to improve both intrac-
ranial pressure and brain oxygenation [54] in patients
with TBI could facilitate comparison between stud-
ies, improve data reporting, and help generate more
robust evidence. However, in the clinical practice, this
approach offers initial physiological targets and treat-
ment strategies, which should be therefore individual-
ized to each patient accordingly. Interestingly, the lack
of benefit on mortality at 6 months may be explained by
the relevant role of brain tissue hypoxia on the occur-
rence of “early” mortality, whereas long-term mortal-
ity would be more influenced by demographic factors
(i.e., age), the severity of injury (i.e., Glasgow Coma
Scale on admission) and the number of complications
over the intensive care unit and hospital stay [55-57].
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A) Hospital survival
Weight Odds ratio (95%CI)
Adamides et al 2009 H—e— 05%  2.80 (0.66-11.88)
Barrit et al 2022+ F—e— 1.5% 1.96 (0.85-4.52)
Green et al 2013+ e 12%  1.57(0.62-3.98)
Hoffman et al 2021 e+ 48%  1.89(1.18-3.03)
Komisarow et al 2021 " 83.4%  1.12 (1.00-1.25)
Lee et al 2010 A 0.1%  0.93 (0.05-17.30)
Martini et al 2009+ 2 2. 53%  0.72 (0.46-1.13)
Mc Carthy et al 2009 e 22% 1.26 (0.63-2.52)
Stiefel et al 2005 H—e— 0.8%  2.06 (0.65-6.53)
Total (95% CI)- " 100%  1.15 (1.04-1.28)
T T 1
0.01 0.1 1 10 100
Favors Favors
ICP guided therapy ~ PbtO,/ICP guided therapy

Heterogeneity: Chi>=13.20, df=8 (P=0.11; P=0%
Test for overall effect: Z=2.65 (P=0.008)

T T T T T 1
0.001 0.01 0.1 1 10 100 1000

Favors

Favors
ICP guided therapy ~ PbtO,/ICP guided therapy

Heterogeneity: Chi>=14.22, df=3 (P=0.003); ’=79%
Test for overall effect: Z=0.74 (P=0.46)

C) Overall survival
Weight Odds ratio (95%CI)
‘Wang et al 2021 o 0.9% 3.09 (1.07-8.92)
Okonkwo et al 2017 He- 1.4% 1.58 (0.68-3.67)
Narotam et al 2009-] e 20% 0.49 (0.24-1.00)
Lin et al 2015+ —e— 0.2% 12.94 (1.51-110.88)
Adamides et al 2009 F—e— 0.5% 2.80 (0.66-11.88)
Barrit et al 2022 -0 15% 1.96 (0.85-4.52)
Green et al 2013 e 12% 1.57(0.62-3.99)
Hoffman et al 2021 o1 4.6% 1.89 (1.18-3.03)
Komisarow et al 2021 » 79.6% 1.12 (1.00-1.25)
Lee et al 2010 —— 01%  0.93 (0.05-17.30)
Martini et al 2009 1@ 51% 0.72 (0.46-1.13)
Mc Carthy et al 2009-] Ho+ 21% 126 (0.63-2.52)
Stiefel et al 2005 o 0.8% 2.06 (0.65-6.53)
B) Survival at 6 months Total (95% CI)-] g 100% 1.15 (1.04-1.27)
Weight Odds ratio (95% CI) r T T T 1
0.001 001 01 1 10 100 1000
Wang et al 2021 e 19.9%  3.09 (1.07-8.92) Favors Favors
ICP guided therapy ~ PbtO,/ICP guided therapy
Okonkwo et al 2017 He— 31.4% 1.58 (0.68-3.67)
Narotam et al 2009 I-O-I 43.9% 0.49 (0.24-1.00)
Lin et al 2015+ —e— 4.8%  12.94 (1.51-110.88)
Total (95% CI) 1o 100%  1.20 (0.75-1.92)

Fig. 3 Forest plot for hospital survival (a), 6-month survival (b), and overall mortality (c). The horizontal bars represent 95% confidence intervals
(Cls). ICP, intracranial pressure, PbtO,, brain tissue partial pressure of oxygen

Heterogeneity: Chi2=27.45, df= 12 (P=0.007); P=56%
Test for overall effect: Z=2.75 (P=0.006)

Importantly, long-term mortality after TBI is higher
than in the general population and is usually attribut-
able to external causes and less frequently to cardiovas-
cular or respiratory diseases and neoplasms [58].

An important caveat in the interpretation of these find-
ings is the decision to monitor patients with TBI with
PbtO,, in particular for nonrandomized studies, which
could vary according to the treating physician. Most cent-
ers tend to monitor patients with moderate to severe
TBI on admission or those who will later deteriorate (i.e.,
Glasgow Coma Scale score<8) [37]. However, moribund
patients or those with extremely severe neurologic injury
(ie., Glasgow Coma Scale score of 3, bilateral nonreflec-
tive pupils, suspicion of brain death) and those with severe
systemic injuries (i.e., hemodynamic instability, severe res-
piratory failure, cardiac arrest on presentation) were often
excluded in the selected studies, which would limit the
generalizability of these findings in this patient population.
In clinical practice, selecting the patient who would most
likely benefit from PbtO, monitoring (at least in the first
48 h after admission) can be challenging. Future research
should focus on identifying patients’ baseline characteris-
tics associated with a beneficial gain in terms of outcomes

of implementing a PbtO,-guided strategy to help guide and
individualize the decision to insert this monitoring tool.

Our study has several limitations. First, the quality
of evidence assessed by the GRADE system was pre-
dominantly low. Second, several studies presented with a
moderate risk of bias or raising some concerns, thereby
reducing the strength of our findings. Third, few stud-
ies reported individual patient data, which have limited
adjustment for confounders. Fourth, the decision to use
PbtO, monitoring in observational studies might suggest
the presence of some selection bias and might have influ-
enced the final results. Fifth, only one article reported the
reference point used for CPP calculation (i.e., Monroe’s
foramen or at the level of the heart). Sixth, the duration
of time with elevated ICP, low CPP, and low PbtO, that
triggered interventions and a detailed protocol of patients’
management was not consistently reported in the studies
and varied according to local practices. Seventh, the num-
ber of patients excluded for each study due to the initial
TBI severity as well as the data regarding withdrawal of
life support were scarcely reported, and this could have
influenced our conclusions. Eighth, probe location was
not considered when performing this analysis.
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Conclusions

This systematic review and meta-analysis showed that
PbtO,-guided therapy may improve neurological out-
come and hospital survival after TBI. Clinicians may
consider adding PbtO, monitoring to the management
of patients with severe TBI. Three ongoing RCTs assess-
ing the impact of PbtO,/ICP-guided therapy, compared
with ICP-guided therapy, on the outcome of patients with
TBI will help to define the optimal strategy. For future
research, investigators should provide more detailed and
homogenous data on probe location, thresholds, and
therapeutic algorithms to better understand the role of
PbtO,-guided strategy in patients with brain injury.
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