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Executive summary
Traumatic brain injury (TBI) has the highest incidence 
of all common neurological disorders, and poses a 
substantial public health burden. TBI is increasingly 
documented not only as an acute condition but also as a 
chronic disease with long-term consequences, including 
an increased risk of late-onset neurodegeneration. The 
first Lancet Neurology Commission on TBI, published in 
2017, called for a concerted effort to tackle the global 
health problem posed by TBI. Since then, funding 
agencies have supported research both in high-income 
countries (HICs) and in low-income and middle-income 
countries (LMICs). In November 2020, the World Health 
Assembly, the decision-making body of WHO, passed 
resolution WHA73.10 for global actions on epilepsy and 
other neurological disorders, and WHO launched the 
Decade for Action on Road Safety plan in 2021. New 
knowledge has been generated by large observational 
studies, including those conducted under the umbrella 
of the International Traumatic Brain Injury Research 
(InTBIR) initiative, established as a collaboration of 
funding agencies in 2011. InTBIR has also provided a 
huge stimulus to collaborative research in TBI and has 
facilitated participation of global partners. The return on 
investment has been high, but many needs of patients 
with TBI remain unaddressed. This update to the 2017 
Commission presents advances and discusses persisting 
and new challenges in prevention, clinical care, and 
research.

In LMICs, the occurrence of TBI is driven by road 
traffic incidents, often involving vulnerable road users 
such as motorcyclists and pedestrians. In HICs, most 
TBI is caused by falls, particularly in older people (aged 
≥65 years), who often have comorbidities. Risk factors 
such as frailty and alcohol misuse provide opportunities 
for targeted prevention actions. Little evidence exists 
to inform treatment of older patients, who have been 
commonly excluded from past clinical trials—
consequently, appropriate evidence is urgently required. 

Although increasing age is associated with worse 
outcomes from TBI, age should not dictate limitations in 
therapy. However, patients injured by low-energy falls 
(who are mostly older people) are about 50% less likely 
to receive critical care or emergency interventions, 
compared with those injured by high-energy mechanisms, 
such as road traffic incidents.

Mild TBI, defined as a Glasgow Coma sum score 
of 13–15, comprises most of the TBI cases (over 90%) 
presenting to hospital. Around 50% of adult patients with 
mild TBI presenting to hospital do not recover to pre-TBI 
levels of health by 6 months after their injury. Fewer 
than 10% of patients discharged after presenting to an 
emergency department for TBI in Europe currently 
receive follow-up. Structured follow-up after mild TBI 
should be considered good practice, and urgent research 
is needed to identify which patients with mild TBI are at 
risk for incomplete recovery.

The selection of patients for CT is an important triage 
decision in mild TBI since it allows early identification of 
lesions that can trigger hospital admission or life-saving 
surgery. Current decision making for deciding on CT is 
inefficient, with 90–95% of scanned patients showing no 
intracranial injury but being subjected to radiation risks. 
InTBIR studies have shown that measurement of blood-
based biomarkers adds value to previously proposed 
clinical decision rules, holding the potential to improve 
efficiency while reducing radiation exposure. Increased 
concentrations of biomarkers in the blood of patients 
with a normal presentation CT scan suggest structural 
brain damage, which is seen on MR scanning in up to 
30% of patients with mild TBI. Advanced MRI, including 
diffusion tensor imaging and volumetric analyses, can 
identify additional injuries not detectable by visual 
inspection of standard clinical MR images. Thus, the 
absence of CT abnormalities does not exclude structural 
damage—an observation relevant to litigation procedures, 
to management of mild TBI, and when CT scans are 
insufficient to explain the severity of the clinical condition.
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Abstract 
Traumatic brain injury (TBI) remains one of the most fatal and debilitating conditions in the world. Current clinical 
management in severe TBI patients is mainly concerned with reducing secondary insults and optimizing the balance 
between substrate delivery and consumption. Over the past decades, multimodality monitoring has become more 
widely available, and clinical management protocols have been published that recommend potential interventions 
to correct pathophysiological derangements. Even while evidence from randomized clinical trials is still lacking for 
many of the recommended interventions, these protocols and algorithms can be useful to define a clear standard 
of therapy where novel interventions can be added or be compared to. Over the past decade, more attention has 
been paid to holistic management, in which hemodynamic, respiratory, inflammatory or coagulation disturbances 
are detected and treated accordingly. Considerable variability with regards to the trajectories of recovery exists. Even 
while most of the recovery occurs in the first months after TBI, substantial changes may still occur in a later phase. 
Neuroprognostication is challenging in these patients, where a risk of self-fulfilling prophecies is a matter of concern. 
The present article provides a comprehensive and practical review of the current best practice in clinical manage-
ment and long-term outcomes of moderate to severe TBI in adult patients admitted to the intensive care unit.

Keywords: Traumatic brain injury, Intracranial pressure, Cerebral perfusion pressure, Intensive care unit, 
Neuromonitoring, Pre-hospital management

Introduction

Traumatic brain injury (TBI) remains one of the most 
fatal and debilitating conditions in the world, affecting 
all ages, including children, the working-age population 
as well as the elderly. "e actual incidence is difficult to 

determine but is estimated by the Global Burden of Dis-
ease study to be around 27 million cases per year, glob-
ally [1]. Most TBI cases occur in low- and middle-income 
countries, and huge disparity in outcomes continues to 
exist between and within these different settings. "e 
quest for specific neuroprotective agents in TBI has been 
disappointing [2]. Consequently, the current clinical 
management approach in severe TBI patients is mainly 
focused on reducing secondary brain injury, a cascade of 
events caused by the physiologic responses following the 
initial injury, including edema and hematomas leading 
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Abstract 
Intracranial pressure (ICP) monitoring is now viewed as integral to the clinical care of many life-threatening brain 
insults, such as severe traumatic brain injury, subarachnoid hemorrhage, and malignant stroke. It serves to warn of 
expanding intracranial mass lesions, to prevent or treat herniation events as well as pressure elevation which impedes 
nutrient delivery to the brain. It facilitates the calculation of cerebral perfusion pressure (CPP) and the estimation of 
cerebrovascular autoregulatory status. Despite advancements in our knowledge emanating from a half century of 
experience with this technology, important controversies remain related even to fundamental aspects of ICP meas-
urements, including indications for monitoring, ICP treatment thresholds, and management of intracranial hyperten-
sion. Here, we review the history of ICP monitoring, the underlying pathophysiology as well as current perspectives 
on why, when and how ICP monitoring is best used. ICP is typically assessed invasively but a number of emerging, 
non-invasive technologies with inherently lower risk are showing promise. In selected cases, additional neuromonitor-
ing can be used to assist in the interpretation of ICP monitoring information and adapt directed treatment accord-
ingly. Additional efforts to expand the evidence base relevant to ICP monitoring, related technologies and manage-
ment remain a high priority in neurosurgery and neurocritical care.

Keywords: Intracranial pressure, Traumatic brain injury, Critical care, Intracranial hypertension, Monitoring, 
Physiology, Non-invasive

Introduction

Injured tissue frequently exhibits hemorrhage and edema, 
increasing its volume. !e injured brain is uniquely chal-
lenged by these processes because it resides within the 
fixed confines of the skull where a compartment syn-
drome readily develops. Focal pressure increases within 
the skull can precipitate herniation of brain tissue while 
generalized increases can impede the inflow of nutrients 
(Fig. 1). In this context, measurement of intracranial pres-
sure (ICP) has played an important role in clinical care 

of the injured brain for the last half century. Although 
many fundamental questions await a resolution, progress 
is being made in understanding, measuring and treating 
intracranial hypertension. Here we share current per-
spectives on the physiology and monitoring of ICP.

The history of intracranial pressure monitoring
Although cerebral swelling and the consequences of 
opening the skull were understood by Galen, Hip-
pocrates and early Egyptian physicians, the modern 
understanding can be traced to Kellie and Monro. !e 
Monro-Kellie doctrine holds that because the brain is 
enclosed in a non-expandable skull, when the volume 
of an intracranial component increases compensatory 
displacement of blood and cerebrospinal fluid occurs 
[1]. When this compensation is exhausted, however, 

*Correspondence:  ghawryluk@hsc.mb.ca 
1 Section of Neurosurgery, University of Manitoba, GB1, 820 Sherbrook 
Street, Winnipeg, MB R3A 1R9, Canada
Full author information is available at the end of the article

Intensive Care Med (2022) 48:1471–1481
https://doi.org/10.1007/s00134-022-06786-y

REVIEW

Intracranial pressure: current perspectives 
on physiology and monitoring
Gregory W. J. Hawryluk1* , Giuseppe Citerio2,3, Peter Hutchinson4, Angelos Kolias4, Geert Meyfroidt5, 
Chiara Robba6, Nino Stocchetti3,7 and Randall Chesnut8

© 2022 Springer-Verlag GmbH Germany, part of Springer Nature

Abstract 
Intracranial pressure (ICP) monitoring is now viewed as integral to the clinical care of many life-threatening brain 
insults, such as severe traumatic brain injury, subarachnoid hemorrhage, and malignant stroke. It serves to warn of 
expanding intracranial mass lesions, to prevent or treat herniation events as well as pressure elevation which impedes 
nutrient delivery to the brain. It facilitates the calculation of cerebral perfusion pressure (CPP) and the estimation of 
cerebrovascular autoregulatory status. Despite advancements in our knowledge emanating from a half century of 
experience with this technology, important controversies remain related even to fundamental aspects of ICP meas-
urements, including indications for monitoring, ICP treatment thresholds, and management of intracranial hyperten-
sion. Here, we review the history of ICP monitoring, the underlying pathophysiology as well as current perspectives 
on why, when and how ICP monitoring is best used. ICP is typically assessed invasively but a number of emerging, 
non-invasive technologies with inherently lower risk are showing promise. In selected cases, additional neuromonitor-
ing can be used to assist in the interpretation of ICP monitoring information and adapt directed treatment accord-
ingly. Additional efforts to expand the evidence base relevant to ICP monitoring, related technologies and manage-
ment remain a high priority in neurosurgery and neurocritical care.

Keywords: Intracranial pressure, Traumatic brain injury, Critical care, Intracranial hypertension, Monitoring, 
Physiology, Non-invasive

Introduction

Injured tissue frequently exhibits hemorrhage and edema, 
increasing its volume. !e injured brain is uniquely chal-
lenged by these processes because it resides within the 
fixed confines of the skull where a compartment syn-
drome readily develops. Focal pressure increases within 
the skull can precipitate herniation of brain tissue while 
generalized increases can impede the inflow of nutrients 
(Fig. 1). In this context, measurement of intracranial pres-
sure (ICP) has played an important role in clinical care 

of the injured brain for the last half century. Although 
many fundamental questions await a resolution, progress 
is being made in understanding, measuring and treating 
intracranial hypertension. Here we share current per-
spectives on the physiology and monitoring of ICP.

The history of intracranial pressure monitoring
Although cerebral swelling and the consequences of 
opening the skull were understood by Galen, Hip-
pocrates and early Egyptian physicians, the modern 
understanding can be traced to Kellie and Monro. !e 
Monro-Kellie doctrine holds that because the brain is 
enclosed in a non-expandable skull, when the volume 
of an intracranial component increases compensatory 
displacement of blood and cerebrospinal fluid occurs 
[1]. When this compensation is exhausted, however, 

*Correspondence:  ghawryluk@hsc.mb.ca 
1 Section of Neurosurgery, University of Manitoba, GB1, 820 Sherbrook 
Street, Winnipeg, MB R3A 1R9, Canada
Full author information is available at the end of the article

Travaux relatifs à la cohort CENTER-TBI
Collaborative European NeuroTrauma
Effectiveness Research 2014-2018



PAM > Pvc > PIC > Psl

PAM
Pvc

PIC
Psl

Par RupertMillard — Brain herniation 
types.svg de Delldot, CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?cu
rid=7825361

HTIC



Monitorage PIC

1018 www.thelancet.com/neurology   Vol 21   November 2022

The Lancet Neurology Commissions

CENTER-TBI confirmed earlier research134 showing that 
both intensity and duration of intracranial pressure 
insults are associated with poorer outcomes,135 and 
identified an intracranial pressure treatment threshold of 
18 mm Hg (± 4 mm Hg), consistent with other evidence 
for treatment thresholds of less than 20 mm Hg.136,137 This 
concept of so-called intracranial pressure dose, that 
integrates both the intensity and duration of an 
intracranial pressure event, is increasingly gaining 
recognition. Moreover, the evolution of intracranial 
pressure over time should be taken into consideration to 
guide management decisions. Tolerance of intracranial 
pressure insults is reduced by impaired cerebral 
autoregulation (ie, the ability to maintain cerebral blood 
flow in the face of changing cerebral perfusion pressure), 
and assessment of autoregulatory status is increasingly 
used to titrate cerebral perfusion pressure targets (see 
also section 4 and appendix p 14).

Characterisation of ongoing pathophysiology can be 
facilitated by the monitoring of partial pressure of brain 
tissue oxygen (PbtO2) and cerebral metabolism using 
microdialysis. Observational studies show that low 
PbtO2,138–140 elevated lactate-to-pyruvate ratio, and low 
brain tissue glucose concentrations141 are associated with 
a poor outcome after severe TBI, but evidence for 
targeting these parameters to improve outcomes is still 
accumulating. The phase 2 study BOOST-2,142 done in 
119 patients with severe TBI, showed that management 
incorporating monitoring of PbtO2 in addition to 
intracranial pressure reduced brain tissue hypoxia, and 
might improve TBI outcomes. Three ongoing 
phase 3 randomised trials comparing management with 
or without PbtO2 monitoring will recruit a total of 
2274 patients with severe TBI and should provide 
definitive answers (details provided in appendix p 8). 
Cerebral microdialysis is less widely used than 
PbtO₂ monitoring, despite promising data from pros-
pective observational studies and small randomised trials 
suggesting that metabolic derangements detected by 
cerebral microdialysis are associated with worse TBI 
outcomes.143 A fundamental limitation of these monitors 
is their focal nature, which only indirectly measures a 
heterogeneous and diffuse pathophysiology.144–146

Managing TBI and suspected raised intracranial pressure 
in settings with few resources
A major finding from the BEST TRIP trial131 was the 
achievement of satisfactory outcomes from TBI despite 
resource limitations. In settings with few resources, the 
management approach typically involves more physician 
input, using more frequent clinical examinations and CT 
scanning than in high-income settings because there is 
less monitoring capacity and a smaller role is afforded to 
nurses in guiding patient care. This greater physician 
involvement might increase the clinical detection of 
neurological changes, reinforcing the crucial value of on-
site intensivists in non-monitored TBI care. In the BEST 

TRIP trial, patients in the control group were treated 
according to a protocol based on imaging and clinical 
examination (ICE). This standardised approach in 
combination with high physician involvement is likely to 
have contributed to the satisfactory outcomes observed.

Following the BEST TRIP trial, a prospective two-phase 
NIH-funded study (R01-NS-058302) investigated the 
efficacy of the ICE protocol outside of a trial setting. In 
the phase 1 of the study, outcomes from a new group of 
centres in resource-limited settings not using set 
protocols were compared with those from a group of the 
original BEST TRIP investigators using the ICE protocol. 
Subsequently, a consensus conference comprising the 
investigators and other clinicians developed a more 
comprehensive version of the ICE protocol—the 
Consensus-Revised ICE (CREVICE) protocol,117 which 
was then prospectively tested in both groups. Preliminary 
analysis of the findings showed that protocolised care is 
superior to non-protocolised care.147

CREVICE filled in many gaps in the ICE protocol, 
including formalising the decision-tree leading to the 
diagnosis of suspected intracranial hypertension 
(panel 3). In one study,148 investigators examined the 
correlation of these criteria with an intracranial pressure 
greater than 22 mm Hg in the BEST TRIP trial monitored 
group and found a sensitivity of 93·9% and a specificity 
of 42·4%. This approach will treat most intracranial 
hypertension cases but there might be overtreatment of 
patients with subthreshold intracranial pressure.

Managing monitor-documented intracranial hyper-
tension involves intervention in direct response to 
supra-threshold values. By contrast, treating suspected 
intra  cranial hypertension involves scheduled or non-
reflex interventions (eg, periodic hypertonic agent 
infusions). This so-called tranquility approach contrasts 
with the crisis-management approach for monitored 

Panel 3: Diagnosis of suspected intracranial hypertension

Intracranial hypertension is suspected and treatment is 
recommended in the presence of one of the following major 
or two of the following minor criteria:

Major criteria
• Compressed cisterns (CT classification of Marshall diffuse 

injury III; see appendix p 12)
• Midline shift greater than 5 mm (Marshall diffuse 

injury IV)
• Non-evacuated mass lesion

Minor criteria
• Glasgow Coma sum motor score of 4 or less
• Pupillary asymmetry
• Abnormal pupillary reactivity
• CT classification of Marshall diffuse injury II (ie, basal 

cisterns are present with midline shift 0–5 mm or a high-
density or mixed-density lesion of 25 cm³ or less, or both)
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unadjusted probability of ICP monitoring for indi vidual 
centres (figure 2). The unadjusted MOR for variability in 
the use of ICP monitoring across centres was 4·8 
(95% CI 3·6–5·5) meaning that when randomly picking 
out two centres, we would expect an odds ratio (OR) of 
ICP monitoring use higher than 4·8 half the time. After 
adjustment for patient-level variables and practice-level 
variables, with centre as a random effect, the variability 
remained signi ficant: if we considered all possible pairs 
of centres for patients with similar covariates but who 
were treated differently, the MOR of ICP monitoring for 
each pair would be 4·5 (95% CI 3·8–4·9). Model-based 
adjusted variability of ICP monitoring use between 
centres is shown in figure 3 as a caterpillar plot of 
predicted random intercept for each centre corres ponding 
to the adjusted log odds of ICP monitoring use. More 
details about specific centre characteristics and ICP use 
are in the appendix (pp 14–16). The insertion time of an 
ICP monitoring device was within 2 days of ICU 
admission at almost all centres (141 of 146).

The median maximum TIL score calculated during the 
first week of ICU stay was 7 (IQR 5–10); distribution of 
TIL by day is shown in the appendix (p 17). Overall, the 
median TIL score was higher in patients with ICP 
monitoring (9 [IQR 7–12]) than in those without (5 [3–8]; 
p<0·0001), and at day 1 (8 [IQR 6–11] vs 5 [3–8]; p<0·0001), 
on day 3 (6 [4–8] vs 4 [2–6]; p<0·0001), and on day 7 (5 [3–7] 
vs 3 [2–5]; p<0·0001). Further details about the intensity of 
therapy are in the appendix (p 18).

Mortality data were available at 6 months in 2367 (99%) 
patients with a median follow-up of 184 days (IQR 184–184). 
Mortality in hospital and at 6 months  were significantly 
lower in patients with ICP monitoring (in hospital 
mortality was 357 [28%] of 1289 and 6 month mortality 
was 441 [34%] of 1318) than in those without ICP 
monitoring (in house mortality was 436 [42%] of 1041; 
p<0·0001 and 6 month mortality was 517 [49%] of 1049; 
p<0·0001) (appendix pp 19–20). GOSE scores were 
available at 6 months for 2202 (92%) patients, and the fre-
quency of unfavourable neurological outcome (GOSE <5) 
was significantly lower in patients with ICP monitoring 
(733 [60%] of 1220) than in those without (633 [65%] 
of 982; p=0·039). No significant differences in patients 
with and without ICP monitoring were found for 
unfavourable neurological outcome both at ICU and at 
hospital discharge (appendix pp 19–20).

The 6 month mortality rate for patients from high-
income countries was higher in those who did not have 
ICP monitoring (424 [55%] of 766) than in those who had 
ICP monitoring (396 [34%] of 1177), but the frequency 
of unfavourable neurological outcome (GOSE <5) was 

Figure 2: Variability in the use of ICP monitoring across countries
Map of unadjusted probability of ICP monitoring use, using a logistic regression 

model with the centre as a random effect, in the world (A), the Americas (B), 
and Europe (C). ICP=intracranial pressure. 
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similar in the two groups (678 [62%] of 1099 patients with 
ICP monitoring and 523 [71%] of 733 patients without ICP 
monitoring). In low-income and middle-income countries 
(LMICs), the 6-month mortality rate of all patients was 
similar between groups (93 [33%] of 283 patients who did 
not have ICP monitoring and 45 [32 %] of 141 patients 
who had ICP monitor ing); an unfavourable neurological 
outcome was reported in 110 [44%] of 249 patients without 
ICP monitoring and 55 [46%] of 121 patients who had 
ICP monitoring. 

In 702 patients with intraventricular drainage, 402 (57%) 
had an unfavourable neurological outcome (GOSE <5) 
compared with 300 (43%) who had a favourable outcome; 
of 434 patients with a parenchymal device, 284 (65%) 
had a favourable neurological outcome compared with 
150 (35%) who had an unfavourable neurological outcome. 
The daily median ICP value was associated with an 
unfavourable neurological outcome (GOSE <5; OR 1·01, 
95% CI 1·00–1·01; OR for each 5 mmHg increase in ICP 
value was 1·04, 95% CI 1·02–1·05, p<0.0001). 

After propensity score weighting, baseline covariates 
were well balanced for patients who had ICP monitoring 
and those who did not, with standardised differences 
lower than 7% (appendix p 21). Use of ICP monitoring 
was associated with significantly lower 6-month mortality 
in patients with at least one unreactive pupil (hazard 
ratio [HR] 0·35, 95% CI 0·26–0·47; p<0·0001; table 3). 
When further adjusting for TIL, use of ICP monitor-
ing in patients with at least one unreactive pupil was 
still associated with significantly lower mortality (0·28, 
0·20–0·38; p<0·0001) and an increment in TIL of 1 point 
was associated with a reduction in mortality (HR 0·94, 
95% CI 0·91–0·98; p=0·0011). In patients with bilateral 
pupillary reactivity, no differences in mortality were seen 
between ICP monitor ing groups (table 3). A sensitivity 
analysis excluding patients with a poor clinical status 
(GCS score of 3 and two unreactive pupils on admission) 
and those who died within 48 h confirmed these mortality 
results. ICP monitor ing was associated with significantly 
better neurological outcome at 6 months in patients with 
at least one unreactive pupil (OR 0·38, 95% CI 0·26–0·56; 
p=0·0025; table 3). However, the sensitivity analysis 
showed that patients with at least one unreactive pupil in 
both ICP monitoring groups had similar odds of a poor 
neurological outcome (GOSE <5; OR 0·85, 95% CI 
0·48–1·45; table 3). Results weighted by propensity score 
with multiple imputations for missing covariates con-
firmed the main results (appendix p 22). A sensitivity 
analysis excluding the centres that did not use ICP 
monitoring because of local policy also confirmed these 
results (appendix p 23). These results were consistent 
across the different acute brain injury pathologies, particu-
larly for patients with TBI and subarachnoid haemorrhage. 
For patients with intracranial haemorrhage and bilateral 
pupillary reactivity, ICP monitoring was associated with 
lower mortality (HR 0·57, 95% CI 0·38–0·87), whereas in 
those with at least one unreactive pupil in the ICH group, 

the odds ratio of an unfavourable neurological outcome at 
6 months was low (OR 0·23, 95% CI 0·04–1·00; table 3). 

Discussion 
SYNAPSE-ICU is, to the best of our knowledge, the largest 
prospective, multi-country cohort study to explore ICP 
monitoring in terms of current use, indications, intensity 
of therapy (TIL), and possible association with outcome. 
The large sample of patients, high rates of follow-up for an 
observational study, and inclusion of different types of 
brain injury from different countries mean our results 
provide a unique and representative picture of the status of 
ICP monitoring and management. Our multi-country 
approach is the main strength and novelty of this 
study, enabling the exploration of clinical ICP monitoring 
practice across different geographical areas.

The main finding of our study is that there is 
considerable variability in the indications for and the use 
of ICP monitoring in hospitals and ICUs. Clinical status 
and neuroimaging results are the main factors used by 
clinicians in decisions to insert an ICP monitoring device. 
Our results suggest that ICP monitoring could lead to a 
more aggressive therapeutic approach aimed at controlling 
ICP and might be associated with reduced mortality in the 
most severely ill patients.

Use of ICP monitoring is a cornerstone to guide 
treatment for severe TBI.16 Compared with previous 
editions,22,23 the most recent Brain Trauma Foundation 
guidelines8 downgraded the strength of recommendation 
for ICP monitoring in TBI. Indications for monitoring, 
therefore, remain unclear and, in clinical practice, the 

6 month mortality* Unfavourable outcome at 6 months 
(GOSE <5)†

Deaths (n) Hazard ratio (95% CI) Events (n) Odds ratio (95% CI)

Pupils both reactive 428 1·02 (0·78–1·34) 683 1·34 (1·11–1·63)

At least one unreactive pupil 408 0·35 (0·26–0·47) 518 0·38 (0·26–0·56)

Sensitivity analyses‡

Pupils both reactive 398 0·93 (0·72–1·20) 633 1·51 (1·24–1·85)

At least one unreactive 
pupil

185 0·35 (0·23–0·52) 233 0·85 (0·48–1·45)

Patients with TBI

Pupils both reactive 192 1·27 (0·87–1·85) 311 1·67 (1·27–2·20)

At least one unreactive 
pupil

184 0·31 (0·20–0·47) 249 0·53 (0·30–0·93)

Patients with subarachnoid haemorrhage

Pupils both reactive 99 0·64 (0·36–1·16) 164 1·19 (0·71–2·03)

At least one unreactive 
pupil

74 0·25 (0·13–0·47) 94 0·15 (0·05–0·39)

Patients with intracranial haemorrhage

Pupils both reactive 137 0·57 (0·38–0·87) 208 0·83 (0·49–1·39)

At least one unreactive pupil 150 0·34 (0·22–0·53) 175 0·23 (0·04–1·00)

Data are weighted by the propensity score with a random effect of centres. GOSE=Glasgow Outcome Scale Extended. 
TBI=traumatic brain injury. *Data missing for 28 patients. †Data missing for 193 patients. ‡Excluding severely ill 
patients (admission with a Glasgow coma scale score of 3 and unreactive pupils) and those who died within 48 h.

Table 3: Association between ICP monitoring and 6-month outcomes, stratified by pupil reactivity 
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ICP monitoring and 523 [71%] of 733 patients without ICP 
monitoring). In low-income and middle-income countries 
(LMICs), the 6-month mortality rate of all patients was 
similar between groups (93 [33%] of 283 patients who did 
not have ICP monitoring and 45 [32 %] of 141 patients 
who had ICP monitor ing); an unfavourable neurological 
outcome was reported in 110 [44%] of 249 patients without 
ICP monitoring and 55 [46%] of 121 patients who had 
ICP monitoring. 

In 702 patients with intraventricular drainage, 402 (57%) 
had an unfavourable neurological outcome (GOSE <5) 
compared with 300 (43%) who had a favourable outcome; 
of 434 patients with a parenchymal device, 284 (65%) 
had a favourable neurological outcome compared with 
150 (35%) who had an unfavourable neurological outcome. 
The daily median ICP value was associated with an 
unfavourable neurological outcome (GOSE <5; OR 1·01, 
95% CI 1·00–1·01; OR for each 5 mmHg increase in ICP 
value was 1·04, 95% CI 1·02–1·05, p<0.0001). 

After propensity score weighting, baseline covariates 
were well balanced for patients who had ICP monitoring 
and those who did not, with standardised differences 
lower than 7% (appendix p 21). Use of ICP monitoring 
was associated with significantly lower 6-month mortality 
in patients with at least one unreactive pupil (hazard 
ratio [HR] 0·35, 95% CI 0·26–0·47; p<0·0001; table 3). 
When further adjusting for TIL, use of ICP monitor-
ing in patients with at least one unreactive pupil was 
still associated with significantly lower mortality (0·28, 
0·20–0·38; p<0·0001) and an increment in TIL of 1 point 
was associated with a reduction in mortality (HR 0·94, 
95% CI 0·91–0·98; p=0·0011). In patients with bilateral 
pupillary reactivity, no differences in mortality were seen 
between ICP monitor ing groups (table 3). A sensitivity 
analysis excluding patients with a poor clinical status 
(GCS score of 3 and two unreactive pupils on admission) 
and those who died within 48 h confirmed these mortality 
results. ICP monitor ing was associated with significantly 
better neurological outcome at 6 months in patients with 
at least one unreactive pupil (OR 0·38, 95% CI 0·26–0·56; 
p=0·0025; table 3). However, the sensitivity analysis 
showed that patients with at least one unreactive pupil in 
both ICP monitoring groups had similar odds of a poor 
neurological outcome (GOSE <5; OR 0·85, 95% CI 
0·48–1·45; table 3). Results weighted by propensity score 
with multiple imputations for missing covariates con-
firmed the main results (appendix p 22). A sensitivity 
analysis excluding the centres that did not use ICP 
monitoring because of local policy also confirmed these 
results (appendix p 23). These results were consistent 
across the different acute brain injury pathologies, particu-
larly for patients with TBI and subarachnoid haemorrhage. 
For patients with intracranial haemorrhage and bilateral 
pupillary reactivity, ICP monitoring was associated with 
lower mortality (HR 0·57, 95% CI 0·38–0·87), whereas in 
those with at least one unreactive pupil in the ICH group, 

the odds ratio of an unfavourable neurological outcome at 
6 months was low (OR 0·23, 95% CI 0·04–1·00; table 3). 

Discussion 
SYNAPSE-ICU is, to the best of our knowledge, the largest 
prospective, multi-country cohort study to explore ICP 
monitoring in terms of current use, indications, intensity 
of therapy (TIL), and possible association with outcome. 
The large sample of patients, high rates of follow-up for an 
observational study, and inclusion of different types of 
brain injury from different countries mean our results 
provide a unique and representative picture of the status of 
ICP monitoring and management. Our multi-country 
approach is the main strength and novelty of this 
study, enabling the exploration of clinical ICP monitoring 
practice across different geographical areas.

The main finding of our study is that there is 
considerable variability in the indications for and the use 
of ICP monitoring in hospitals and ICUs. Clinical status 
and neuroimaging results are the main factors used by 
clinicians in decisions to insert an ICP monitoring device. 
Our results suggest that ICP monitoring could lead to a 
more aggressive therapeutic approach aimed at controlling 
ICP and might be associated with reduced mortality in the 
most severely ill patients.

Use of ICP monitoring is a cornerstone to guide 
treatment for severe TBI.16 Compared with previous 
editions,22,23 the most recent Brain Trauma Foundation 
guidelines8 downgraded the strength of recommendation 
for ICP monitoring in TBI. Indications for monitoring, 
therefore, remain unclear and, in clinical practice, the 

6 month mortality* Unfavourable outcome at 6 months 
(GOSE <5)†

Deaths (n) Hazard ratio (95% CI) Events (n) Odds ratio (95% CI)

Pupils both reactive 428 1·02 (0·78–1·34) 683 1·34 (1·11–1·63)

At least one unreactive pupil 408 0·35 (0·26–0·47) 518 0·38 (0·26–0·56)

Sensitivity analyses‡

Pupils both reactive 398 0·93 (0·72–1·20) 633 1·51 (1·24–1·85)

At least one unreactive 
pupil

185 0·35 (0·23–0·52) 233 0·85 (0·48–1·45)

Patients with TBI

Pupils both reactive 192 1·27 (0·87–1·85) 311 1·67 (1·27–2·20)

At least one unreactive 
pupil

184 0·31 (0·20–0·47) 249 0·53 (0·30–0·93)
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At least one unreactive 
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74 0·25 (0·13–0·47) 94 0·15 (0·05–0·39)
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Pupils both reactive 137 0·57 (0·38–0·87) 208 0·83 (0·49–1·39)

At least one unreactive pupil 150 0·34 (0·22–0·53) 175 0·23 (0·04–1·00)
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TBI=traumatic brain injury. *Data missing for 28 patients. †Data missing for 193 patients. ‡Excluding severely ill 
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Table 3: Association between ICP monitoring and 6-month outcomes, stratified by pupil reactivity 
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ICP as being less than 15 mm Hg. Complicating matters, it
has been shown that a “normal” ICP can vary with age
and body position.12,20-22 In our study, a discrete mode of
8 to 9 mm Hg was consistently seen across distinct epochs
whether all patients or just those with TBI were studied
(Figure 1). It is not possible to infer normal ICP values from
patients being treated for significant brain pathology. None-
theless, these data raise the possibility that 8 to 9 mm Hg
could reflect normal ICP values, at least in those undergoing
monitoring in the ICU.

Literature to Date Informing the Intracranial Pressure
Treatment Threshold
Although Lundberg16 first performed detailed study of ven-
tricular fluid pressure recordings in the 1960s and associated
ICP elevation with neurological decline,23 the importance of
ICP elevation following TBI was not firmly established until
1977, when Miller et al1 demonstrated its correlation with out-
come and its role in precipitating death. Widespread clinical
application of ICP monitoring followed in the 1980s,1,19,23 and
it is now viewed as important in the management of most pa-
tients with severe TBI treated in North America. Despite more
than 3 decades of use and study, “the critical value of ICP… is
[still] a major unanswered question.”5

Over the course of the 4 editions of the BTF Guidelines for
the Management of Severe TBI, the recommended ICP treat-
ment threshold has changed from 25 mm Hg3 to 20 to 25 mm
Hg4 to 20 mm Hg7 to 22 mm Hg.22 The current guidelines rec-
ognize a total of 12 studies that inform the ICP treatment
threshold.22,24 Unfortunately, strong conclusions cannot be
drawn from these studies; most tended to report the ICP value
most strongly associated with outcome25 and do not con-

sider a broad range of possible thresholds. Additionally, few
used unbiased and automated computer collection of high-
frequency patient measurements, as we have done, which over-
comes problems with threshold compliance.

It is important to consider that numerous publications
have suggested an ICP treatment threshold less than 20 mm
Hg may be appropriate.25-29 Analysis of our data suggests
that an ICP threshold of 19 mm Hg is most strongly associ-
ated with patient outcome and that this threshold is robust
across patient subgroups. However, our data suggest that
ICP values as low as 10 mm Hg may be associated with
harm.1 Our findings are also consistent with evidence for a
higher ICP threshold for mortality than for good outcome.24

Are Normal ICP Values and the ICP Treatment Threshold
the Same for All Patients and Conditions?
Several investigators have argued for distinct normal values
or treatment thresholds with specific disease states or
patient characteristics. For instance, in hydrocephalus,
pressure elevations greater than 15 mm Hg are considered
abnormal.12 Some have argued that a normal ICP value
should be defined as less than 11 mm Hg in patients with
pseudotumor cerebri,20 while others argue that the optimal
treatment threshold in patients with TBI may vary with
computed tomographic head findings,25 age, or sex.24 A key
finding of our study is that the results of our analyses
are consistent across all neurocritical care unit patients
(Figure 3).

Limitations
Our study has a number of important limitations. The results
of this study only pertain to patients in whom ICP monitoring

Figure 4. Identifying Intracranial Pressure (ICP) Thresholds as Robust Factors Associated With Outcome

0.16

0.12

0.08

0.04

0

P 
va

lu
es

P valuesC

Age Injury
type

Threshold
at

19 mm Hg

Sex Focal/
diffuse
injury

15
Intracranial pressure threshold

23
16
24

17
25

18
26

19
27

20
28

21
29

22
30

0

–0.02

–0.04

–0.06

–0.08

Co
ef

fic
ie

nt
s

Standardized sum of coefficients

Elastic net selected model (ridge penalty 1.0)A

0 0.2 0.4 0.6 0.8 1.0

0.2

0.1

0

–0.1

–0.2

Co
ef

fic
ie

nt
s

Standardized sum of coefficients

Elastic net optimal model (ridge penalty 0.1)B

0 0.2 0.4 0.6 0.8 1.0

Elastic net regression was used to determine the most robust threshold
associated with outcome. Elastic net regression plots show a single ICP
threshold (19 mm Hg) performed better than all other thresholds tested in an
analysis of all patients, with the regression coefficient for the 19 mm Hg
threshold remaining most resistant to shrinkage from ridge regression penalties
of 1.0 (A, selected model) and 0.1 (B, optimal model). C, To test how this single
threshold compared with other factors, an optimal scaling regression model

was used and revealed that the 19 mm Hg ICP threshold performs as well as age
and injury type in a predictive model of Glasgow Outcome Scale outcome at
discharge. The threshold of 19 mm Hg was robust because it was also strongly
associated with outcome when patients with traumatic brain injury, and those
who underwent a craniectomy were analyzed with separate elastic net
regressions (not shown).
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in S1 Fig to illustrate how the results are affected by different cohort constitutions. Mean corre-
lations, with the mean transition line in black (worse vs. better outcome), plus/minus two stan-
dard deviations (white), are presented in Fig 3B.

To investigate the impact of cerebral autoregulation status on tolerability of ICP events,
all events were stratified according to either intact (mean PRx<= 0.3) or impaired (mean
PRx> 0.3) autoregulation, Fig 4A and 4B. All patients had, to different extents, both events
with intact and impaired autoregulation, Fig 5, and 24.9% of the total monitoring time had a
mean PRx> 0.3, indicating impaired autoregulation. In case of impaired autoregulation (Fig
4B), no threshold for tolerable ICP intensities and durations could be found.

In the univariable regression analysis, the time spent above the transition line was a statisti-
cally significant predictor of both unfavourable outcome and 6-month mortality, OR = 2.24
(95% CI 1.02–4.99, p = 0.046) and OR = 4.18 (95% CI 1.64–11.16, p = 0.003). When adjusted
for the IMPACT core variables and maximum daily TIL, time above the transition line
remained statistically significantly associated with mortality OR = 3.56 (95% CI 1.14–11.74,
p = 0.032), but not with unfavourable outcome OR = 1.37 (95% CI 0.51–3.76, p = 0.533). A full
summary of the regression is presented in Table C in S2 Appendix.

Pressure and time dose of ICP

The mean PTD above thresholds of 0 to 40 mmHg are presented for each category of GOS-E
in Fig 6. Patients with unfavourable outcome had a significantly higher mean PTD above 20

Fig 4. Correlation between number of events above thresholds of intracranial pressure intensity and duration and outcome, stratified by cerebral
autoregulatory status. Orange / red areas indicates areas where ICP levels and event durations are associated with worse outcomes. The transition line, i.e. where there
is no correlation between number of events and outcome, is drawn in black. All patients contribute some data to both plots, the degree however depending on the
extent of their intact vs. impaired autoregulation. A) Intact autoregulation (mean PRx <= 0.3), B) Impaired autoregulation (mean PRx> 0.3).

https://doi.org/10.1371/journal.pone.0243427.g004

PLOS ONE Impact of raised intracranial pressure on outcome after severe traumatic brain injury

PLOS ONE | https://doi.org/10.1371/journal.pone.0243427 December 14, 2020 9 / 20

Åkerlund et al, PlosOne 2020

RESEARCH ARTICLE

Impact of duration and magnitude of raised
intracranial pressure on outcome after severe
traumatic brain injury: A CENTER-TBI high-
resolution group study
Cecilia AIÅkerlundID

1,2☯‡*, Joseph Donnelly3‡, Frederick A. Zeiler4,5,6,7,8☯,
Raimund Helbok9☯, Anders Holst2☯‡, Manuel Cabeleira3☯, Fabian Güiza10☯,
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Abstract

Magnitude of intracranial pressure (ICP) elevations and their duration have been associ-

ated with worse outcomes in patients with traumatic brain injuries (TBI), however pub-

lished thresholds for injury vary and uncertainty about these levels has received relatively

little attention. In this study, we have analyzed high-resolution ICP monitoring data in 227

adult patients in the CENTER-TBI dataset. Our aim was to identify thresholds of ICP inten-

sity and duration associated with worse outcome, and to evaluate the uncertainty in any

such thresholds. We present ICP intensity and duration plots to visualize the relationship

between ICP events and outcome. We also introduced a novel bootstrap technique to

evaluate uncertainty of the equipoise line. We found that an intensity threshold of 18 ± 4

mmHg (2 standard deviations) was associated with worse outcomes in this cohort. In con-

trast, the uncertainty in what duration is associated with harm was larger, and safe dura-

tions were found to be population dependent. The pressure and time dose (PTD) was also

calculated as area under the curve above thresholds of ICP. A relationship between PTD

and mortality could be established, as well as for unfavourable outcome. This relationship
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the patient’s autoregulatory status, which may deter-
mine whether the ‘minimal optimal CPP threshold’ is 
closer to 60 or 70  mmHg (within the recommended 
60–70 mmHg range) (1). It is important to realize that 
the 60–70 mmHg range simply reflects an average safe 
zone derived from a retrospective and static perspective 
at a population level, and does not take into account the 
dynamic nature of CA status in an individual patient. 
Importantly, the detrimental consequences of second-
ary insults relate to both intensity and duration.

Section 3 deals with the implementation of informa-
tion on CA status in management protocols, which 
is strongly related to the methods of assessing CA in 
Sect.  4. Little agreement existed on the accuracy, reli-
ability and validity of the various methods that have 
been developed to measure CA status. "e question 
on validity formed a central part of this discussion, 
especially given the absence of a gold standard to vali-
date against. In particular, the correlation indices are 
based on strictly mathematical and linear interpreta-
tions of pressure reactivity. It was felt that validation 
of any method against patient outcome is highly rel-
evant, but insufficient. Ideally, continuous quantita-
tive CBF data should be in the numerator of any index. 
In spite of validation deficits, because PRx obtained 
higher scores than all other metrics in the question-
naires it was agreed that PRx to date can be considered 
the most accepted method to continuously monitor 
CA in patients and that patient research based on PRx 
should continue. "e other correlation methods that 
have been proposed in the literature are not simply 
interchangeable with PRx. In line with the issue of CA 
measurement, there was also no agreement on how to 
safely translate CA information into clinical manage-
ment protocols. "is largely reflected uncertainty due 
to insufficient evidence. Interestingly, one of the initial 
statements on which no consensus could be reached 
was, “"e implementation of estimations of CA status 

in clinical decisions is still a theoretical concept.” "ose 
experts who were critical of CA monitoring approaches 
agreed with this statement, whereas those experts who 
were enthusiastic about PRx-based CPPopt algorithms 
disagreed.

Section 5 focuses on the association of CA status with 
outcome. "ere was a large degree of agreement on the 
existence of associations between CA status, tolerability 
for and total burden of secondary insults on outcome. In 
this regard, the experts also expressed a need for com-
prehensive integration of all different multimodality 
monitoring signals, without the ability to provide signifi-
cant evidence-based advice at present. Finally, in Sect. 6 
a research agenda was discussed. Given the important 
role of CA in TBI pathophysiology acknowledged by all 
experts, but also the validation deficit of CA assessment 
methods on the other hand, research priority was consid-
ered high. Even if PRx is not the perfect monitor for CA, 
but when protocols based on it would improve outcome, 
then this can be considered valuable progress. "erefore, 
the experts took the pragmatic decision to recommend 
in parallel that (1) any new methods developed should 
be validated against a method that includes quantitative 
CBF analysis in the equation; and (2) at the same time 
clinical CA research should move on to well-designed 
prospective patient studies with a focus on safety and fea-
sibility to evaluate the computational models based on 
PRx.

Discussion
"e Delphi process on the clinical assessment of the abil-
ity to maintain constant global CBF in response to dif-
ferent external stimuli in adult ventilated, sedated and 
ICP-monitored severe TBI patients resulted in 25 con-
sensus statements. Most consensus is in line with and 
supported by current evidence, e.g., the dynamic nature 
of CA impairment [21, 25, 37, 38], a lower safe thresh-
old for CPP of 50 mmHg that should not be trespassed 

Table 2 Statements of no consensus

CA cerebrovascular autoregulation

No (section) Statement of no consensus Score expressing agreement with mak-
ing a statement of no consensus (round 
3)

1 (3) There is no consensus on the manner how information on CA status should be used in 
clinical practice

100%

2 (4) There is no consensus regarding sufficient accuracy of any CA assessment method that 
can be used in clinical practice

87.5%

3 (4) There is no consensus regarding sufficient reproducibility of any CA assessment method 
used in clinical practice

87.5%

4 (4) There is no consensus regarding sufficient validity of any CA assessment method used in 
clinical practice

87.5%

5 (4) There is no consensus on the safety of implementing CA status in clinical practice 87.5%
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Abstract 
Background: Several methods have been proposed to measure cerebrovascular autoregulation (CA) in traumatic 
brain injury (TBI), but the lack of a gold standard and the absence of prospective clinical data on risks, impact on care 
and outcomes of implementation of CA-guided management lead to uncertainty.

Aim: To formulate statements using a Delphi consensus approach employing a group of expert clinicians, that reflect 
current knowledge of CA, aspects that can be implemented in TBI management and CA research priorities.

Methods: A group of 25 international academic experts with clinical expertise in the management of adult severe 
TBI patients participated in this consensus process. Seventy-seven statements and multiple-choice questions were 
submitted to the group in two online surveys, followed by a face-to-face meeting and a third online survey. Partici-
pants received feedback on average scores and the rationale for resubmission or rephrasing of statements. Consensus 
on a statement was defined as agreement of more than 75% of participants.

Results: Consensus amongst participants was achieved on the importance of CA status in adult severe TBI patho-
physiology, the dynamic non-binary nature of CA impairment, its association with outcome and the inadvisability of 
employing universal and absolute cerebral perfusion pressure targets. Consensus could not be reached on the accu-
racy, reliability and validation of any current CA assessment method. There was also no consensus on how to imple-
ment CA information in clinical management protocols, reflecting insufficient clinical evidence.

Conclusion: The Delphi process resulted in 25 consensus statements addressing the pathophysiology of 
impaired CA, and its impact on cerebral perfusion pressure targets and outcome. A research agenda was proposed 
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and CPP. We explored 149 episodes of significant BT 
changes (more than 0.5 °C) and found that both ICP and 
CPP deteriorated when BT rose. ICP and CPP changes 
were significant (p < 0.0001) but, more importantly, they 
were clinically relevant, with a median ICP increase 
of 4.5  mm Hg, that, in 40% of the episodes has crossed 
the threshold of 20 mm Hg by the end of BT elevation. 
During these episodes active treatment for intracranial 
hypertension was provided, including osmotherapy and 
sedative and vasoactive drugs, documented by the total 
of 128 interventions during 44 BT elevation episodes 
(Table 2). It is therefore plausible to consider that therapy 
mitigated the actual ICP and CPP deteriorations caused 

by the rise in BT. In the absence of treatment, more 
severe ICP and CPP alterations could well result from BT 
increases.

Reductions of BT were studied in 70 episodes. "ese 
events too affected ICP and CPP, reducing them both 
slightly but significantly.

Three previous studies looked into the relation-
ship between ICP and rapid BT changes. Two studies 
from our group [9, 18] suggested an association, but 
this was not confirmed by Hushak et al. [21]. In clini-
cal practice, it is a common observation at the bedside 
that ICP can worsen during the development of fever 
and a recent consensus statement on TBI management 
suggested the correction of hyperthermia as one of the 
first steps for ICP control [42].

Our analysis has limitations: first, it involved a lim-
ited number of patients in few centers. Generalization 
of our results, therefore, would call for a larger cohort. 
Second, the physiopathological hypothesis linking BT 
to ICP and CPP is based on changes in cerebral metab-
olism, blood flow and content, as suggested in the 
Introduction. Since we did not measure these variables, 
our interpretation of the findings has to be considered 
speculative. Moreover, our study lacks the data on tem-
perature treatments; this makes the conclusion about 
the natural physiological behavior of BT and ICP more 
complicated. Finally, our data set did not include simul-
taneous and continuous high frequency recording of 

Fig. 5 ICP response to BT changes. ICP at the beginning and end of BT episodes. a ICP during all the BT elevation episodes. b ICP during all the BT 
reduction episodes. Colored points represent different patients; all measurements in the same patient are the same color. p values for the paired 
samples Wilcoxon test (also known as Wilcoxon signed-rank test). BT, brain temperature, ICP, intracranial pressure

Table 2 Interventions recorded during HR monitoring

BT, brain temperature, HR, high resolution

Intervention HR monitor-
ing, n

BT elevation 
episodes, n

BT reduc-
tion epi-
sodes, n

Fluids 35 8 3

Osmotherapy 122 4 5

Suctioning 450 33 20

Physiotherapy 571 24 31

Sedatives 609 27 22

Vasopressors 678 32 25

Total 2465 128 106

Birg et al. Neuro Crit care 2021
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that power to detect statistically significant effects within 
subgroups is by defin ition low. Additional adjustment 
for cerebral per fusion pressure and sodium, which were 
both perceived as strong potential confounders from a 
clinical perspective (eg, given that especially low cerebral 
perfusion pressure could trigger fluid administration), 
did not have any effect on the associations observed. The 
associations between increased fluid loading, lower 
cerebral perfusion pressure, and higher noradrenaline 
usage as a vasopressor are intriguing. However, the fact 
that lower cerebral perfusion pressure was independently 
associated with worse out come when added as a 
covariable, but did not affect the association of fluid 
balance and outcome, argues against cerebral perfusion 
pressure being a strong confounder. Nonetheless, this 
analysis does not imply that adverse effects of fluids are 
entirely independent from cerebral perfusion pressure.7,11 
An additional complication in estimating the effects of 
time-varying treatments is the potential of time-varying 
confounding: low cerebral per fusion pressure triggers 
fluid administration, which in turn might affect cerebral 
perfusion pressure. Adjustment for mean cerebral 
perfusion pressure over ICU stay fails to address this 
issue and might lead to biased estimates. However, the 
potential for bias becomes smaller with a longer time 
period between treatment (and confounders) and 
outcome. The consistency of the effects on ICU mortality 
and GOSE at 6 months in the analysis, with adjustment 
for (potentially time-varying) confounders such as 
cerebral perfusion pressure and mean arterial pressure, 
therefore indicates that the problem of time-varying 
confounding was unlikely to have had any effect in 
our study.

Several randomised controlled trials in neurocritical 
care support the notion that a less liberal fluid policy 
can be accomplished with advanced haemodynamic 
monitoring and that such a policy might contribute to 
improved outcomes in patients with traumatic brain 
injury.20,21 This theory might be congruent with the fact 
that study centres with lower than median fluid balances 

did cardiac output monitoring more often than centres 
with higher than median fluid balances. Moreover, 
our findings build on a growing evidence base indicating 
that positive fluid balances might be detrimental in 
critical care (eg, in acute respiratory distress syndrome or 
in septic shock after the resuscitation phase).11,17,22,23 
Further more, a vast body of evidence in the critical care 
literature indicates that large volumes of fluids are often 
administered unintentionally in intensive care (so-called 
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Figure 3: Effect of mean daily fluid balance (A) and mean daily fluid input (B) 
on GOSE at 6 months

(A) Effect plot for the log odds of ordinal Glasgow Outcome Scale Extended 
(GOSE; y-axis) for mean daily fluid balance (x-axis, per L). (B) Effect plot for the 

log odds of ordinal GOSE (y-axis) for mean daily fluid input (x-axis, per L). In both 
analyses, increasing log odds indicate worse outcomes, and decreasing log odds 

indicate better outcomes. This analysis was adjusted for the average patient: age 
49 years, Glasgow Coma Scale (GCS) motor score at baseline of 1, both pupils 

reactive, no hypoxia before hospital admission or in the emergency department, 
no hypotension before hospital admission or in the emergency department, 

no epidural haematoma, Marshall CT classification of II, haemoglobin 13 g/dL, 
glucose 8·4 mmol/L, major extracranial injury (Abbreviated Injury Scale ≥3), and 

the centre that included the most patients. The average patient was defined 
according to the mean values for continuous variables and the most frequently 

occurring category for categorical variables. The shaded area represents 95% CIs. 
The black lines at the bottom of the x-axis correspond to individual patients’ 

mean daily fluid balance or input during ICU stay.

Wiegers et al. Lancet Neurol 2021
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care of patients with sTBI (Table  1), except in special 
circumstances. "e additional algorithms provided here 
use the same three-tier algorithm structure as in the ICP-
only algorithm development [1]. To accommodate the 
combination of two monitors, a schema consisting of a 
2 × 2 table combining the permutations of ICP and  PbtO2 
status was used (Fig. 2). "e CWG developed individual 
management algorithms for the three types with abnor-
mal monitored values: Fig.  3 presents the algorithm for 
Type B (abnormal ICP and normal  PbtO2), Fig.  4 pre-
sents the algorithm for Type C (normal ICP and abnor-
mal  PbtO2), and Fig. 5 presents the algorithm for Type D 
(both ICP and  PbtO2 abnormal).

"e CWG also provides inter-tier recommendations 
(Figs.  3,4,5) and guidance on Critical Neuroworsening 
(Fig.  6) to assist in evaluating and managing patients 
requiring increased therapeutic intensity.

Discussion
As with the first SIBICC effort that produced a manage-
ment algorithm for adult sTBI patients with ICP moni-
toring alone [1], this work uses Delphi process-based 
mechanics to provide basic evidence guiding integration 
of individual treatment modalities into management 
algorithms for patients with combined ICP/PbtO2 moni-
toring. "e process amalgamated the practice-based rec-
ommendations of 42 international, experienced, clinically 
active neurotrauma practitioners from those disciplines 

involved in acute post-traumatic (ICU) care by means of 
consensus achieved with blinded voting. Such formalized 
integration of expert opinion provides the most basic 
level of evidence towards organizing and standardizing 
care, relevant to all neurotrauma practitioners but par-
ticularly to centers not specifically expert in the manage-
ment of sTBI or those considering initiating combined 
ICP/PbtO2 monitoring.

Given the class III status of this evidence, these algo-
rithms should be considered as a suggested treatment 
method without proven superiority over other applicable 
methods. "ey represent a safe and modern approach to 
sTBI care. "ey are not a standard of care nor are they 
likely to represent the best treatment approach in a given 
instance. "ey are not legally binding and they are not 
designed as quality assurance monitoring tools. "ey do 
not represent the approach of any individual CWG mem-
ber and should not be substituted for thoughtful clini-
cal judgment. Variability within individual patients or 
patient cohorts (e.g. center variations) may necessitate 
local adaptation, which is entirely within the nature of 
this offering.

Algorithm structure
"e combination of ICP and  PbtO2 monitoring lends 
itself to several possible protocol structures. One 
option is to conceptualize ICP and  PbtO2 management 
separately and to present them as distinct pathways, as 
has been done for the paediatric sTBI guidelines [4, 5]. 
"e other is to maintain integration of the two moni-
tors and create separate algorithms for the three patho-
logic combinations of ICP and  PbtO2 status. Our panel 
felt that when high ICP and low  PbtO2 are present con-
currently ideal management would not simply reflect 
a simple combination of care provided when high ICP 
and low  PbtO2 each exist in isolation. In particular, the 
CWG felt that mechanical ventilation requires dis-
tinct management when both high ICP and low  PbtO2 
are present concurrently. In the interest of supporting 
precision medicine and to ease clinical application by 
providing specific, separate protocols for individual 
pathological combinations, we chose to present three 
distinct algorithms (Figs.  2,3,4,5). For a given combi-
nation (type B, C, or D), the relevant protocol should 
be applied. Changes in clinical status should prompt 
adjustment to the newly germane algorithm as well as a 
thoughtful clinical approach.

Conditions of tiered treatment
"e use of tiers attempts to balance the benefits and effi-
cacy of an agent against risks inherent to its use. General 
clinical management is considered tier zero. Treatment 

Fig. 2 This matrix provides the schema for the 4 clinical conditions 
encountered in patients with both ICP and brain oxygen monitors 
in situ. Type A reflects normal values for both monitors and does 
not require treatment. Type B involves ICP elevation but normal 
brain oxygen values; we propose a distinct treatment algorithm for 
such patients than in those with ICP elevation and unknown  PbtO2 
values. Type C patients have hypoxic brains but normal ICP and Type 
D patients have both brain hypoxia and ICP elevation.  An ICP of 22 
mmHg discriminates normal (lower) and abnormal (higher) values 
while  PbtO2 values of 20 mmHg discriminates normal (higher) and 
abnormal (lower) values. ICP intracranial pressure,  PbtO2 partial pres-
sure of brain oxygen
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ABSTRACT
Introduction Traumatic brain injury (TBI) is the leading 
cause of mortality and long- term disability in young adults. 
Despite the high prevalence of anaemia and red blood cell 
transfusion in patients with TBI, the optimal haemoglobin 
(Hb) transfusion threshold is unknown. We undertook a 
randomised trial to evaluate whether a liberal transfusion 
strategy improves clinical outcomes compared with a 
restrictive strategy.
Methods and analysis HEMOglobin Transfusion 
Threshold in Traumatic Brain Injury OptimizatiON is an 
international pragmatic randomised open label blinded- 
endpoint clinical trial. We will include 742 adult patients 
admitted to an intensive care unit (ICU) with an acute 
moderate or severe blunt TBI (Glasgow Coma Scale 
≤12) and a Hb level ≤100 g/L. Patients are randomly 
allocated using a 1:1 ratio, strati"ed by site, to a liberal 
(triggered by Hb ≤100 g/L) or a restrictive (triggered by 
Hb ≤70 g/L) transfusion strategy applied from the time of 
randomisation to the decision to withdraw life- sustaining 
therapies, ICU discharge or death. Primary and secondary 
outcomes are assessed centrally by trained research 
personnel blinded to the intervention. The primary 
outcome is the Glasgow Outcome Scale extended at 6 
months. Secondary outcomes include overall functional 
independence measure, overall quality of life (EuroQoL 
5- Dimension 5- Level; EQ- 5D- 5L), TBI- speci"c quality of 
life (Quality of Life after Brain Injury; QOLIBRI), depression 
(Patient Health Questionnaire; PHQ- 9) and mortality.
Ethics and dissemination This trial is approved by the 
CHU de Québec—Université Laval research ethics board 
(MP- 20- 2018- 3706) and ethic boards at all participating 
sites. Our results will be published and shared with 
relevant organisations and healthcare professionals.

Trial registration number NCT03260478.

INTRODUCTION
Traumatic brain injury (TBI) is a significant 
public health concern and represents the 
leading cause of mortality and long- term 
disability in young adults.1 For these patients, 
the cerebral autoregulation that normally 
compensates for variations in oxygen delivery 
is impaired,2 rendering their brain vulner-
able to ischaemia and secondary injuries. In 
the absence of high- quality evidence, several 
experts have suggested maintaining higher 
haemoglobin (Hb) levels (>100 g/L) on the 
assumption that it reduces metabolic distress 
and improves brain tissue oxygenation.3–5 
The adoption of a liberal transfusion strategy 

STRENGTHS AND LIMITATIONS OF THIS STUDY
 ⇒ The multicentre international recruitment and our 
pragmatic approach will provide generalisable 
"ndings.

 ⇒ The blinded outcome assessment will minimise as-
certainment bias.

 ⇒ The sample size and sliding dichotomy analysis will 
increase our ability to detect smaller effect size with 
similar power for a given population size.

 ⇒ Transfusions administered as part of the initial re-
suscitation of acute trauma prior to intensive care 
unit admission will not be protocolised.
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ABSTRACT
Introduction Mechanical ventilatory is a crucial 
element of acute brain injured patients’ management. 
The ventilatory goals to ensure lung protection during 
acute respiratory failure may not be adequate in case of 
concomitant brain injury. Therefore, there are limited data 
from which physicians can draw conclusions regarding 
optimal ventilator management in this setting.
Methods and analysis This is an international 
multicentre prospective observational cohort study. 
The aim of the ‘multicentre observational study on 
practice of ventilation in brain injured patients’—the 
VENTIBRAIN study—is to describe the current practice 
of ventilator settings and mechanical ventilation in acute 
brain injured patients. Secondary objectives include 
the description of ventilator settings among different 
countries, and their association with outcomes. Inclusion 
criteria will be adult patients admitted to the intensive 
care unit (ICU) with a diagnosis of traumatic brain injury 
or cerebrovascular diseases (intracranial haemorrhage, 
subarachnoid haemorrhage, ischaemic stroke), requiring 
intubation and mechanical ventilation and admission to 
the ICU. Exclusion criteria will be the following: patients 
aged <18 years; pregnant patients; patients not intubated 
or not mechanically ventilated or receiving only non- 
invasive ventilation. Data related to clinical examination, 
neuromonitoring if available, ventilator settings and arterial 
blood gases will be recorded at admission and daily for 
the "rst 7 days and then at day 10 and 14. The Glasgow 
Outcome Scale Extended on mortality and neurological 
outcome will be collected at discharge from ICU, hospital 
and at 6 months follow- up.
Ethics and dissemination The study has been approved 
by the Ethic committee of Brianza at the Azienda Socio 
Sanitaria Territoriale- Monza. Data will be disseminated 
to the scienti"c community by abstracts submitted to 
the European Society of Intensive Care Medicine annual 
conference and by original articles submitted to peer- 
reviewed journals.
Trial registration number NCT04459884.

BACKGROUND AND RATIONALE
Mechanical ventilation (MV) is a frequently 
applied and often a life- saving strategy in 

severely brain injured patients.1 However, 
paradoxically, ventilation itself has the poten-
tial to cause further pulmonary and cere-
bral damage and can increase mortality and 
morbidity.2 Several experimental and clin-
ical studies have shown how brain injury can 
cause secondary lung injury.2–4 Lung injury 
could be due either to MV, which is often 
necessary in brain injured patients, or to 
inflammatory response that follows primary 
acute brain injury, or a combination of both 
mechanisms.5

The so- called ‘protective lung ventila-
tion’ strategies include the use of low tidal 
volume (TV), positive end expiratory pres-
sure (PEEP) and eventually recruitment 
manoeuvres (RMs), and are aimed to prevent 
lung damage and to reduce morbidity and 
mortality in patients with acute respiratory 
distress syndrome (ARDS).6 7 In particular, 
the use of low TV seems to have the greater 

Strengths and limitations of this study

 ► Results from this large multicentre study including 
mechanically ventilated acute brain injured patients 
admitted to the intensive care unit,will provide a 
detailed description of the patients’ characteristics, 
ventilator strategies and their association to clinical 
outcomes.

 ► The main strength of this study relies on the global 
approach, since it allows to explore clinical practice 
in a wide number of geographical regions with dif-
ferent public health issues, including low- income 
and middle- income countries.

 ► The main limitation of this study relies on the obser-
vational design, with consequent dif"culty to draw 
causal inferences.

 ► The results from this study will generate hypotheses 
for respiratory management of acute brain injured 
patients and help in better study design plans for 
future randomised controlled trials.
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range, 8-29) days in the intervention group vs 15 (interquar-
tile range, 8-24) days in the control group (difference, 1.0 day;
95% CI, −1.0 to 4.0 days).

Favorable neurological outcomes at 6 months (GOS-E score
of 6-8, indicating upper moderate disability to good recov-
ery) occurred in 59 of 181 patients (32.6%) in the intervention
group and 63 of 178 patients (35.4%) in the control group (ab-
solute difference, −2.8% [95% CI, −12.6% to 7.0%]; adjusted
OR, 0.85 [95% CI, 0.53-1.36]) (Table 2).

In subgroup analyses (eFigure 5 in Supplement 2), al-
though the point estimate for the OR for favorable outcome
with intervention was lower in patients with diffused injury
than in those with mass lesion, the test for interaction was not
statistically significant (P = .06), and TBI severity did not sig-
nificantly modify the effect of the intervention (P = .30 for in-
teraction). The treatment effect did not vary significantly across
centers (P = .26 for interaction; eFigure 6 in Supplement 2), and
no secular trend was observed during the inclusion period
(eFigure 7 in Supplement 2). In the randomization stratum of
patients, the adjusted OR was 0.72 (95% CI, 0.40-1.30) (abso-
lute difference, −8.9%; 95% CI, −19.9% to 2.1%) in patients with
severe TBI and the adjusted OR was 1.34 (95% CI, 0.54-3.36)
(absolute difference, 13.2%; 95% CI, −6.3% to 32.7%) in those
with moderate TBI (P = .30 for interaction). Baseline charac-
teristics and outcomes of the subgroups of severe and mod-

erate TBI are respectively described in eTables 2-3 and
eTables 4-5 in Supplement 2.

Evaluation of disability as assessed by posttraumatic am-
nesia, quality of life, independence, and return home at 3
months and 6 months are described in Table 2. As assessed by
the Short Form 36 at 3 and 6 months, quality of life was not
significantly different between the 2 study groups (see eTable 6
in Supplement 2 for the description of all Short Form 36 di-
mensions). The percentages of patients alive and indepen-
dent in activities of daily living at 6 months were 72.8% in the
intervention group and 67.1% in the control group (absolute
difference, 5.7% [95% CI, −3.8% to 15.3%]; adjusted OR, 1.30
[95% CI, 0.81-2.09]). The adjusted common OR for the distri-
bution of GOS-E scores at 3 months was 1.27 (95% CI, 0.87-
1.84) (eFigure 8 in Supplement 2). There was no significant dif-
ference in 6-month mortality (29 [15.9%] in the intervention
group vs 37 [20.8%] in the control group; absolute difference,
−4.9% [95% CI, −12.8% to 3.1%]; hazard ratio, 0.79 [95% CI,
0.48-1.28]) (Figure 3B).

Adverse Events
The rates of severe adverse events were 27% in the interven-
tion group and 24.9% in the control group (Table 3; see eTable 7
in Supplement 2 for a complete list of severe adverse events).
The rates of severe hypernatremia (sodium level >160 mmol/L)
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A, Distribution of Extended Glasgow
Outcome Scale (GOS-E) scores at 6
months. Different colors correspond
to GOS-E scores. The connecting line
between the 2 study groups indicates
the GOS-E outcome dichotomization
(poor vs favorable). B, Kaplan-Meier
estimates of the unadjusted
probability of death at 6 months in
patients receiving continuous
infusion of 20% hypertonic saline
solution or standard care. The
estimate adjusted probability of
death at 6 months is a hazard ratio of
0.79 (95% CI, 0.48-1.28). The median
observation time was 180 days
(interquartile range, 180-180 days) in
both treatment groups. Graphical
assessment indicates that the
proportionality assumption was met.
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tile range, 8-24) days in the control group (difference, 1.0 day;
95% CI, −1.0 to 4.0 days).

Favorable neurological outcomes at 6 months (GOS-E score
of 6-8, indicating upper moderate disability to good recov-
ery) occurred in 59 of 181 patients (32.6%) in the intervention
group and 63 of 178 patients (35.4%) in the control group (ab-
solute difference, −2.8% [95% CI, −12.6% to 7.0%]; adjusted
OR, 0.85 [95% CI, 0.53-1.36]) (Table 2).

In subgroup analyses (eFigure 5 in Supplement 2), al-
though the point estimate for the OR for favorable outcome
with intervention was lower in patients with diffused injury
than in those with mass lesion, the test for interaction was not
statistically significant (P = .06), and TBI severity did not sig-
nificantly modify the effect of the intervention (P = .30 for in-
teraction). The treatment effect did not vary significantly across
centers (P = .26 for interaction; eFigure 6 in Supplement 2), and
no secular trend was observed during the inclusion period
(eFigure 7 in Supplement 2). In the randomization stratum of
patients, the adjusted OR was 0.72 (95% CI, 0.40-1.30) (abso-
lute difference, −8.9%; 95% CI, −19.9% to 2.1%) in patients with
severe TBI and the adjusted OR was 1.34 (95% CI, 0.54-3.36)
(absolute difference, 13.2%; 95% CI, −6.3% to 32.7%) in those
with moderate TBI (P = .30 for interaction). Baseline charac-
teristics and outcomes of the subgroups of severe and mod-

erate TBI are respectively described in eTables 2-3 and
eTables 4-5 in Supplement 2.

Evaluation of disability as assessed by posttraumatic am-
nesia, quality of life, independence, and return home at 3
months and 6 months are described in Table 2. As assessed by
the Short Form 36 at 3 and 6 months, quality of life was not
significantly different between the 2 study groups (see eTable 6
in Supplement 2 for the description of all Short Form 36 di-
mensions). The percentages of patients alive and indepen-
dent in activities of daily living at 6 months were 72.8% in the
intervention group and 67.1% in the control group (absolute
difference, 5.7% [95% CI, −3.8% to 15.3%]; adjusted OR, 1.30
[95% CI, 0.81-2.09]). The adjusted common OR for the distri-
bution of GOS-E scores at 3 months was 1.27 (95% CI, 0.87-
1.84) (eFigure 8 in Supplement 2). There was no significant dif-
ference in 6-month mortality (29 [15.9%] in the intervention
group vs 37 [20.8%] in the control group; absolute difference,
−4.9% [95% CI, −12.8% to 3.1%]; hazard ratio, 0.79 [95% CI,
0.48-1.28]) (Figure 3B).

Adverse Events
The rates of severe adverse events were 27% in the interven-
tion group and 24.9% in the control group (Table 3; see eTable 7
in Supplement 2 for a complete list of severe adverse events).
The rates of severe hypernatremia (sodium level >160 mmol/L)
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estimates of the unadjusted
probability of death at 6 months in
patients receiving continuous
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solution or standard care. The
estimate adjusted probability of
death at 6 months is a hazard ratio of
0.79 (95% CI, 0.48-1.28). The median
observation time was 180 days
(interquartile range, 180-180 days) in
both treatment groups. Graphical
assessment indicates that the
proportionality assumption was met.
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model. When compared to Cluster D (which comprises 
patients with severe TBI but without such metabolic 
derangement), Cluster C had a worse outcome, which 
further supports the impact of assessing the metabolic 
profile in TBI patients, beyond derangements that 
are simply explained by extracranial injuries. It may 
also reflect an increased vulnerability of the brain in 
older patients which is not captured in other factors 

associated with severity of brain damage, such as GCS. 
Although they did not have as complete a description 
of biochemical derangements in their dataset, Folweiler 
et al. elegantly showed TBI clustering that did not relate 
well to ‘mild’, ‘moderate’ or ‘severe’ descriptions of TBI 
[25]. In our study again, although GCS is here shown 
to be an important component of endotypes in an ICU 
cohort, metabolic profiles may add additional, clinically 

Fig. 6 Description of the 6 clusters. The six identified clusters can, in general, be seen as distinguished by GCS and degree of metabolic 
derangement. The percentage of patients in each cluster with unfavourable outcome and cluster mortality is indicated as well. RTIs, road traffic 
incidents; DC, decompressive craniectomy; TAI, traumatic axonal injury

Table 3 Narrative description of typical physiological and clinical features of the clusters identified

TBI traumatic brain injury; DC decompressive craniectomy; GCS glasgow coma scale; RTI road tra"c incident; TAI traumatic axonal injury

Cluster Cluster description Other typical characteristics Mortality %

A Mild TBI. No metabolic derangements Older patients with anticoagulation. Falls/RTIs. No midline shift 7

B Moderate TBI. No metabolic derangements Older females with anticoagulation. Fall injuries. Midline shift 
requiring DC commonly present

29

C Moderate TBI. High glucose, high lactate, acidotic, 
hypothermic

Older males with anticoagulation. Fall injuries. Most midline 
shift but mostly not requiring DC

40

D Severe TBI. No metabolic derangements Younger patients. RTIs. Good pupil reactivity, severe TBI. No 
secondary insults

18

E Severe TBI. Very low GCS at arrival. Slightly acidotic, 
hypothermic

Younger patients. RTIs. High Rotterdam CT score, midline 
shift leading to DC in 20% of patients. Extracranial injuries. 
Secondary insults

38

F Severe TBI. High lactate, hypoxic, acidotic, hypoventilation. 
Metabolic and respiratory acidosis. Hypothermic

Younger patients in shock with extracranial injuries and 
secondary insults. TAI. No midline shift

28
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Clustering identi"es endotypes of traumatic 
brain injury in an intensive care cohort: 
a CENTER-TBI study
Cecilia A. I. Åkerlund1,2*, Anders Holst2, Nino Stocchetti3, Ewout W. Steyerberg4, David K. Menon5, Ari Ercole5,6, 
David W. Nelson1 and the CENTER-TBI Participants and Investigators 

Abstract 
Background: While the Glasgow coma scale (GCS) is one of the strongest outcome predictors, the current 
classification of traumatic brain injury (TBI) as ‘mild’, ‘moderate’ or ‘severe’ based on this fails to capture enormous 
heterogeneity in pathophysiology and treatment response. We hypothesized that data-driven characterization of TBI 
could identify distinct endotypes and give mechanistic insights.

Methods: We developed an unsupervised statistical clustering model based on a mixture of probabilistic graphs for 
presentation (< 24 h) demographic, clinical, physiological, laboratory and imaging data to identify subgroups of TBI 
patients admitted to the intensive care unit in the CENTER-TBI dataset (N = 1,728). A cluster similarity index was used 
for robust determination of optimal cluster number. Mutual information was used to quantify feature importance and 
for cluster interpretation.

Results: Six stable endotypes were identified with distinct GCS and composite systemic metabolic stress profiles, 
distinguished by GCS, blood lactate, oxygen saturation, serum creatinine, glucose, base excess, pH, arterial partial 
pressure of carbon dioxide, and body temperature. Notably, a cluster with ‘moderate’ TBI (by traditional classification) 
and deranged metabolic profile, had a worse outcome than a cluster with ‘severe’ GCS and a normal metabolic profile. 
Addition of cluster labels significantly improved the prognostic precision of the IMPACT (International Mission for 
Prognosis and Analysis of Clinical trials in TBI) extended model, for prediction of both unfavourable outcome and 
mortality (both p < 0.001).

Conclusions: Six stable and clinically distinct TBI endotypes were identified by probabilistic unsupervised 
clustering. In addition to presenting neurology, a profile of biochemical derangement was found to be an important 
distinguishing feature that was both biologically plausible and associated with outcome. Our work motivates refining 
current TBI classifications with factors describing metabolic stress. Such data-driven clusters suggest TBI endotypes 
that merit investigation to identify bespoke treatment strategies to improve care.

Trial registration

The core study was registered with ClinicalTrials.gov, number NCT02 210221, registered on August 06, 2014, with 
Resource Identification Portal (RRID: SCR_015582).

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.
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Fig. 5 Features with highest mutual information (MI) for all clusters. The axes range from minimum to maximum of cluster averages for each 
feature. GCS, Glasgow coma scale;  PaCO2, arterial partial pressure of carbon dioxide;  SpO2, oxygen saturation

Table 2 Cluster medians and mutual information (MI) for features with MI > 0.1

Data presented as median (interquartile range)

GCS, glasgow coma scale; SpO2, oxygen saturation; PaCO2, arterial partial pressure of carbon dioxide; MI, mutual information

Cluster All patients A B C D E F MI

N patients 1728 497 262 48 343 360 218

GCS motor 
Score

5 (1–6) 6 (6–6) 5 (2.5–5) 5 (3.5–5) 4 (2–5) 1 (1–1) 4 (1–5) 1.44

GCS total Score 9 (4–14) 15 (14–15) 9 (6–12) 9 (6.75–13) 7.5 (6–10) 3 (3–3) 7 (4–10) 1.29

Lactate 
[mmol/L]

2.2 (1.4–3.4) 2.0 (1.2–2.7) 2.3 (1.4–3.4) 4.9 (2.3–8.1) 1.7 (1.2–2.4) 2.2 (1.4–3.4) 5.3 (2.9–10) 0.88

SpO2 [%] 99 (96–100) 98 (96–100) 98 (96–100) 98 (95–100) 100 (99–100) 99 (97–100) 95 (85–98) 0.69

Creatinine 
[µmol/L]

75 (62–89) 76 (64–88) 70 (58–86) 106 (64–257) 71 (60–83) 74 (59–91) 83 (71–101) 0.63

Glucose 
[mmol/L]

7.7 (6.5–9.4) 7.2 (6.3–8.4) 8.0 (6.7–9.3) 8.5 (6.9–14.3) 7.3 (6.3–8.6) 8.1 (6.8–10.5) 9.1 (6.9–11.8) 0.25

Base Excess 
[mmol/L]

− 2.9 (− 
5.7–0.9)

− 1.7 (− 3.7 to 
− 0.2)

− 3.15 (− 5.3 
to − 1.1)

− 3.9 (− 
12.1–0.6)

− 2.3 (− 4 to 
− 1)

− 3.6 (− 6.6 
to − 1)

− 5 (− 7.9 to 
− 2)

0.23

pH 7.35 (7.28–7.39) 7.37 (7.32–7.41) 7.35 (7.31–7.4) 7.27 (7.09–7.4) 7.36 (7.32–7.39) 7.32 (7.25–7.39) 7.29 (7.20–7.36) 0.23

PaCO2 [kPa] 5.5 (4.8–6.2) 5.3 (4.8–6) 5.3 (4.7–6) 5.3 (4.4–5.8) 5.4 (5–6) 5.6 (4.8–6.7) 5.9 (5–7.2) 0.14

Body 
temperature [°C]

36.0 (35.4–36.7) 36.5 (35.9–36.9) 36.2 (35.5–36.7) 35.7 (34.3–36.6) 36 (35.4–36.6) 35.9 (35.0–36.6) 35.8 (34.8–36.4) 0.12

9 variables à 24h: GCS motor score 
Non supervisé Lactate

SpO2
Creatinine
Glucose
base excess
pH
PaCO2
body temperature

PIC   16% 86% 85% 93% 98% 90%
IOT   46% 58% 40% 52% 63% 45%
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comorbidities being cardiovascular (903 [30%] of 
2993 participants), psychiatric (396 [13%] of 2975), and 
endocrine (373 [13%] of 2991). Almost half of cases used 
more than two prescribed drugs chronically.

ICU participants were younger (median age 49 years, 
IQR 29–65) and had a more severe injury (781 [47%] 
of 1660), as described by median Glasgow Coma Scale of 
9 (4–14), a median Injury Severity Score of 29 (25–41), and 
by the presence of at least one unreactive pupil (314 [19%] 
1664). Conversely, participants admitted to the ward were 
slightly older (54 years, 33–69) and with mild traumatic 
brain injury (1157 [95%] of 1221), mainly caused by a fall 
(628 [51%] of 1233).

The distribution of the CENTER-TBI frailty index 
scores (figure 2A) is right-skewed, with most values 
clustered in the left tail of the curve. The overall median 
CENTER-TBI frailty index score in all participants 
was 0·07 (range 0–0·64, IQR 0·03–0·15) and 527 (18%) 

participants had a frailty index higher than 0·2. This 
figure accorded with an absolute accumulation of deficits 
ranging from 0 to 18 (median 2, IQR 1–4). In adults aged 
65 years or older, the overall median CENTER-TBI frailty 
index score was 0·17 (0–0·64, 0·08–0·27).  

Similar median CENTER-TBI frailty index scores 
were recorded in participants admitted to the ICU 
(median 0·07, IQR 0·03–0·15) and in those admitted to 
the ward (median 0·07, 0–0·16; p=0·39; figure 2C 
and 2D). CENTER-TBI frailty index scores were 
consistent between those admitted to the ICU and those 
admitted to the ward in a subset of older adults (p=0·79; 
data not shown).

Overall, 411 (14%) of 2993 participants died within 
6 months (GOSE 1) and 858 (29%) had an unfavourable 
outcome (GOSE ≤4; a more detailed description of 
GOSE in four ordered categories overall is in the 
appendix p 14). The CENTER-TBI frailty index score was 

Figure 2: Description of the CENTER-TBI frailty index
(A) Overall distribution of the frailty index score. (B) Relationship of age versus frailty index by sex. Distribution of the frailty index score in ICU (C) and ward (D). 
Frailty increased linearly with ageing at two different rates (ie, different slopes in populations aged <50 years [slope 0·0010] vs >50 years [0·0034]), until a plateau 
was reached around age 75 years, with no difference between sexes (female: <50 years [slope 0·0008] vs >50 years [0·0038]; male: <50 years [0·0011] vs >50 years 
[0·0031]). ICU=intensive care unit.
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significantly associated with the odds of an increasingly 
unfavourable outcome in the unadjusted analysis 
(cumulative OR 1·05, 95% CI 1·04–1·06; p<0·0001) and 
in the multivariable model (1·03, 1·02–1·04; p<0·0001). 
Overall, for each 0·033 increase in the CENTER-TBI 
frailty index score (representing approximately one 
cumulative deficit), the risk of an increasingly 
unfavourable outcome at 6 months was increased 
(cumulative OR 1·11, 95% CI 1·08–1·14). The IMPACT 
predictors (age, pupil reactivity, and GCS motor score at 
hospital admission) maintained their significance 
(table 2). Interaction between frailty and age was non-
significant (pinteraction=0·38). The predicted probabilities of 
being in one of the four GOSE categories as a function 

of frailty and age are shown in figure 3. The probability 
of death increased with higher CENTER-TBI frailty 
index score and age, and the probability of good recovery 
decreased with higher CENTER-TBI frailty score and 
age. The probabilities of intermediate classes of recovery 
remained relatively constant. These findings were 
confirmed in analyses that accounted for missing values 
(appendix p 15).

Among patients admitted to the ICU, 318 (19%) of 1649 
died within 6 months, and 677 (41%) unfavourable 
outcomes (GOSE score ≤4) were reported. Among 
hospital ward admissions, 65 (<1%) of 1178 died within 
6 months and 133 (11%) had an unfavourable outcome. 
The association of the CENTER-TBI frailty index score 
with risk of an increasingly unfavourable outcome was 
not as strong in ICU admissions (cumulative OR 1·02, 
95% CI 1·01–1·03; p<0·0001; appendix p 16) compared 
with those admitted to a hospital ward (1·04, 1·03–1·06; 
p<0·0001; appendix p 17).

Goodness-of-fit of the model in which the CENTER-TBI 
frailty index score was added to the core IMPACT 
predictors resulted in a Nagelkerke’s R² of 31·9 versus 
30·2 in the model without the inclusion of the frailty 
index score, whereas the discriminative ability quantified 
by the C statistic was 74·2% and 73·2%, respectively. 
Internal validation with bootstrapping resulted in a 
Nagelkerke’s R² of 31·8 and observed outcomes were in 
line with those predicted in the model with the addition 
of the CENTER-TBI frailty index score (mean absolute 
calibration error <0·024; appendix p 19).

From Feb 26, 2014, to July 27, 2018, 1677 participants in 
the TRACK-TBI study met criteria for this study and were 
included as an external validation cohort. Compared with 
the CENTER-TBI cohort, these individuals were younger 
(median age 39 years, IQR 26–56) and less severely 
injured (1184 [72%] of 1622 patients had mild disease, 
appendix p 13). Overall, 123 (7%) of 1677 participants died 

Cumulative OR (95% CI) p value

Frailty index* 1·03 (1·02–1·04) <0·0001

Age 1·02 (1·01–1·02) <0·0001 

Pupil reactivity .. ..

Both reacting 1·00 (ref) ..

One reacting 2·11 (1·52–2·94) <0·0001

No pupils reacting 5·39 (3·96–7·37) <0·0001

GCS motor .. ..

Localises or obeys 1·00 (ref) ..

Normal flexion 4·40 (3·16–6·14) <0·0001

Abnormal flexion 6·20 (3·91–9·87) <0·0001

Extension 9·03 (5·48–15·04) <0·0001

No 5·79 (4·73–7·10) <0·0001

GOSE has four categories: dead (GOSE 1); vegetative state and severe disability 
(GOSE 2–4); moderate disability (GOSE 5–6); and good recoveries (GOSE 7–8). 
For each 0·033 increase in the frailty index score (corresponding approximately to 
addition of one cumulative deficit), cumulative OR was 1·11 (95% CI 1·08–1·14).  
GOSE=extended Glasgow Outcome Scale. OR=odds ratio. *OR refers to each 0·01 
increase in the frailty index score. GCS=Glasgow Coma Scale.

Table 2: Results from the proportional odds model on ordered outcome  
(GOSE 1, GOSE 2–4, GOSE 5–6, GOSE 7–8) in 2827 cases with complete data
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Figure 3: Stacked probability of being in one of the four GOSE categories, by age and frailty index score
Each vertical black line represents one patient. Dead=GOSE 1. Vegetative state and severe disability, including lower-severe and upper-severe disability=GOSE 2–4. Moderate disability, including 
lower-moderate and upper-moderate disability=GOSE 5–6. Good recoveries, including lower and upper good recovery=GOSE 7–8. GOSE=extended Glasgow Outcome Scale. 
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Table S6. Results of the proportional odds model on six months GOSE in ICU and Ward (using multiple 

imputations) - CENTER-TBI 

Patients in ICU (n=1649) WARD Patients in Admission (n=1178) 

Variables Cumulative OR 

(95%CI) 

p Variables Cumulative OR 

(95%CI) 

p 

FI+ 1.03 (1.02-1.04) <0·0001 FI+ 1.04 (1.03-1.06) <0·0001 

Age 1.03 (1.02-1.03) <0·0001 Age 1.01  (1.01-1.02) 0.001     2 

Pupils     Pupils*   

Both reacting (ref) 1.00 (ref)   Both reacting (ref) 1.00 (ref)   

One reacting 1.92 (1.36-2.72) 0.0002 At least one 
unreactive 

3.10 (1.48-6.50) 0.0028       

No pupils reacting 4.75 (3.44-6.55) <0·0001    

GCS motor     GCS motor*   

Localizes/obeys (ref) 1.00 (ref)   Localizes/obeys (ref) 1.00 (ref)   

Normal flexion 2.46 (1.75-3.46) <0·0001 Other 18.90 (6.45-55.41) <0·0001 

Abnormal flexion 3.84 (2.40-6.13) <0·0001    

Extension 4.86 (2.93-8.05) <0·0001    

No 3.43 (2.75-4.28) <0·0001    

Abbreviations: OR, Odds Ratio; CI, Confidence Intervals, FI, Frailty Index; GCS, Glasgow Coma Scale 
*Pupils were codified as both reacting vs at least one unreactive (One reacting or No pupils reacting) and GCS motor codified 
as Localizes/obeys (ref) vs other (Normal/abnormal flexion or Extension or No motor response). 
+OR refers for each 0·01 increase in the frailty score 
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