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Abstract 

Background:  Partial pressure of carbon dioxide (PaCO2) is generally known to influence outcome in patients with 
traumatic brain injury (TBI) at normal altitudes. Less is known about specific relationships of PaCO2 levels and clinical 
outcomes at high altitudes.

Methods:  This is a prospective single-center cohort of consecutive patients with TBI admitted to a trauma center 
located at 2600 m above sea level. An unfavorable outcome was defined as a Glasgow Outcome Scale-Extended 
(GOSE) score < 4 at the 6-month follow-up.

Results:  We had a total of 81 patients with complete data, 80% (65/81) were men, and the median (interquartile range) age 
was 36 (25–50) years. Median Glasgow Coma Scale (GCS) score on admission was 9 (6–14); 49% (40/81) of patients had severe 
TBI (GCS 3–8), 32% (26/81) had moderate TBI (GCS 12–9), and 18% (15/81) had mild TBI (GCS 13–15). The median (interquartile 
range) Abbreviated Injury Score of the head (AISh) was 3 (2–4). The frequency of an unfavorable outcome (GOSE < 4) was 
30% (25/81), the median GOSE was 4 (2–5), and the median 6-month mortality rate was 24% (20/81). Comparison between 
patients with favorable and unfavorable outcomes revealed that those with unfavorable outcome were older, (median age 49 
[30–72] vs. 29 [22–41] years, P < 0.01), had lower admission GCS scores (6 [4–8] vs. 13 [8–15], P < 0.01), had higher AISh scores (4 
[4–4] vs. 3 [2–4], P < 0.01), had higher Acute Physiology and Chronic Health disease Classification System II scores (17 [15–23] 
vs. 10 [6–14], P < 0.01), had higher Charlson scores (0 [0–2] vs. 0 [0–0], P < 0.01), and had higher PaCO2 levels (mean 35 ± 8 vs. 
32 ± 6 mm Hg, P < 0.01). In a multivariate analysis, age (odds ratio [OR] 1.14, 95% confidence interval [CI] 1.1–1.30, P < 0.01), 
AISh (OR 4.7, 95% CI 1.55–21.0, P < 0.05), and PaCO2 levels (OR 1.23, 95% CI 1.10–1.53, P < 0.05) were significantly associated 
with the unfavorable outcomes. When applying the same analysis to the subgroup on mechanical ventilation, AISh (OR 5.4, 
95% CI 1.61–28.5, P = 0.017) and PaCO2 levels (OR 1.36, 95% CI 1.13–1.78, P = 0.015) remained significantly associated with the 
unfavorable outcome.
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Conclusions:  Higher PaCO2 levels are associated with an unfavorable outcome in ventilated patients with TBI. These 
results underscore the importance of PaCO2 levels in patients with TBI and whether it should be adjusted for popula‑
tions living at higher altitudes.

Keywords:  Traumatic brain injury, Neurocritical care, Carbon dioxide, Mechanical ventilation, Disability, Head injury, 
Trauma, Outcomes, High altitude

Introduction
Traumatic brain injury (TBI) accounts for a substan-
tial global health burden, with approximately 27 mil-
lion cases reported annually, particularly in low-income 
and middle-income countries [1, 2]. As many as 50% of 
individuals with TBI do not regain their previous func-
tionality [3], resulting in a reported age-standardized 
incidence rate of 111 (82–141) years lived with disabil-
ity per 100,000 [1]. The most frequently cited factors 
related to poor outcomes include age, trauma sever-
ity, and the Glasgow Coma Scale (GCS) at presenta-
tion. Other factors, such as imaging findings, hypoxia, 
hypocapnia or hypercapnia, and hypotension, have 
also been identified [4–6]. These findings have allowed 
clinical teams  and guidelines to establish goals in the 
acute setting to optimize care to limit secondary brain 
injury. These goals often include specific hemodynamic 
and respiratory parameters to achieve a particular tar-
get, such as optimal levels of partial pressure of carbon 
dioxide (PaCO2) [7, 8].

Carbon dioxide plays a central role in regulating cer-
ebral blood flow, a notion supported by animal and 
human studies [9]. Hypercapnia causes blood vessels to 
dilate due to cerebrospinal fluid acidosis and the direct 
effect of extracellular H+ on vascular smooth muscle 
[10], whereas hypocapnia constricts them via alkalosis, 
influencing intracranial pressure and adjusting brain 
tissue perfusion in response to the environment [11]. 
Maintaining optimal PaCO2 levels is crucial in cases 
of brain injury because hypoperfusion and hypoxemia 
are closely linked to secondary brain injury and long-
term consequences, impacting disability and survival 
rates [12, 13]. Guidelines recommend maintaining a 
target PaCO2 range between 35 and 45 mm Hg to pre-
vent cerebral ischemia, in the case of low PaCO2 levels 
or hyperemia that could lead to elevated intracranial 
pressure if PaCO2 levels are high [6]. Several stud-
ies have reinforced this concept of targeting a specific 
range of PaCO2 as a goal of care for patients with TBI 
in the neurointensive care unit (neuro-ICU) [14] and its 
potential systemic implications [15, 16]. There is also 

Fig. 1  Effect of altitude on ventilation and cerebral vascular reactivity. Lower atmospheric pressure at a higher altitude leads to a compensatory 
increase in the minute ventilation, which reduces the PaCO2 level. How a lower baseline of PaCO2 affects the cerebral vasoreactivity, especially in TBI, 
and its therapeutic implications needs further investigation. PaCO2, partial pressure of carbon dioxide, TBI, traumatic brain injury



considerable  variability in the management of PaCO2 
levels in patients with TBI within regions and cent-
ers [17]. Furthermore,  evidence indicates that normal 
PaCO2 levels can vary according to altitude and baro-
metric pressure [18, 19]. Generally, the barometric 
pressure is 760 mm Hg at sea level, with PaCO2 levels 
between 35 and 45  mm Hg being considered normal 
[19]. At higher altitudes, the atmospheric pressure of 
O2 and CO2 is lower, reducing PaO2 and PaCO2 (alveo-
lar pressure), which in turn stimulates alveolar ventila-
tion [20, 21]. The implications of these differences on 
the physiology and management of patients with TBI 
are unclear. Further contributions in this area may help 
guide the management and care of this patient popula-
tion (Fig. 1).

We hypothesize that the TBI population at higher 
altitudes may benefit from different PaCO2 level targets 
compared with sea-level populations. Additionally, we 
hypothesized that the initial management of respira-
tory care and support in the acute phase might influence 
outcomes. This study evaluates the association between 
admission PaCO2 levels and outcomes at 6-month fol-
low-ups in patients with TBI admitted to the neuro-ICU.

Materials and Methods
The study was approved by the Institutional Review 
Board/Independent Ethics Committee under the local 
regulations and the Declaration of Helsinki for clinical 
practices, including obtaining informed consent from the 
patient representative. All clinical data were anonymized 
and collected using the Research Electronic Data Cap-
ture, an electronic data collection form provided by the 
Universidad de La Sabana.

Study Population
This single-center prospective cohort study was con-
ducted in a  trauma center at the Universidad de La 
Sabana in Chía, Colombia. We consecutively recruited 
and collected data from patients with TBI admitted to 
the neuro-ICU from December 2019 to June 2022. The 
diagnosis, inclusion, and exclusion criteria, as well as 
imaging studies, were obtained by chart review.

The study cohort included ≥ 18-year-old patients with 
TBI admitted to the neuro-ICU within 24 h post injury 
and who stayed in the neuro-ICU for more than 48  h. 
Patients with a previous history of disability or debilitat-
ing diseases measured by a modified Rankin Scale > 2 and 
those admitted after 24 h post injury were excluded.

Definitions
To evaluate the severity of TBI, we used the Abbreviated 
Injury Scale (AIS) of the head (AISh). We chose to use 
AISh because GCS was often obscured by sedation at 

the injury site or on admission to the neuro-ICU. AISh 
incorporates both clinical and imaging findings [22, 23], 
enabling a more nuanced assessment of the severity of 
the lesion (Table S1) and providing a robust correlation 
with outcomes. The AISh ranks injury on an ordinal scale 
0 to 6 (from no injury to fatal). AISh can be classified as 
1 (minor injury), 2 (moderate), 3 (serious), 4 (severe), 5 
(critical), or 6 (fatal) [24, 25].

To assess the severity of the traumatic injury over-
all, the injury severity score (ISS) was used. The ISS is a 
composite measure derived from the AIS that includes 
a rating of the three most severely injured body regions 
and scores them on a range from 0 to 75. An ISS of 15 or 
higher is usually considered major trauma, and the com-
promise of two or more body regions with an AIS ≥ 3 is 
considered multiple traumas [25].

To characterize the severity of the brain injury in a head 
computed tomography (CT) scan, we used the Marshall 
classification. The Marshall scheme was first published in 
1992 and uses six categories (I to VI) of increasing sever-
ity based on noncontrast CT scan findings, including 
midline shift, compression of cisterns, and mass lesions 
[26, 27] (Table S2). Its correlation with outcomes in TBI 
has been validated in several studies [28, 29].

The International Mission for Prognosis and Analysis 
of Clinical Trials (IMPACT) in TBI is a prognostic model 
that uses baseline characteristics and provides a probabil-
ity of an unfavorable outcome and mortality at 6 months 
(Table S3). It defines an unfavorable outcome as a Glas-
gow Outcome Scale of 1–3. The IMPACT model has 
accurately discriminated outcomes after TBI [30, 31]. We 
used the laboratory model that includes age, motor score 
of the GCS, pupillary reactivity, CT characteristics, and 
information on admission hemoglobin and glucose levels 
[31].

To evaluate mortality and disability as outcomes, we 
selected the Glasgow Outcome Scale-Extended (GOSE), 
as outlined in Table S4, which is an ordinal scale of eight 
points ranging from death to good recovery [32]. GOSE 
has been used widely to assess outcomes in TBI [33–35]. 
A trained staff administered GOSE through a standard-
ized phone interview with the patients or their caregivers 
6 months post injury. For the analysis, we dichotomized 
GOSE into favorable and unfavorable outcomes. A 
favorable outcome (GOSE ≥ 4) was considered for those 
with upper severe disability to upper good recovery, and 
an unfavorable outcome was defined as a lower severe 
disability to death (GOSE < 4).

Infectious complications were evaluated using the 
Infectious Disease Society of America/American Tho-
racic Society guidelines definitions, including ven-
tilator-associated pneumonia, ventilator-associated 
tracheitis,  catheter-associated urinary tract infection, 



surgical site infection, and catheter-related bloodstream 
infection [36–39].

Data Collection
Demographic data and trauma severity and prognostica-
tion scales that include the GCS, ISS, IMPACT model, 
and Marshall CT scan classification were recorded con-
secutively and prospectively. We collected vital signs 
and laboratory analysis from admission to the emer-
gency department, which were reviewed and confirmed 
directly from the electronic medical record. Medical 
interventions during neuro-ICU stay, including mechani-
cal ventilation, blood components transfusion, and use 
of vasopressors within 72 h of admission were reported. 
Finally, infections in the neuro-ICU, total hospital and 
neuro-ICU length of stay (LOS), and hospital mortality 
were also recorded.  At the 6-month follow-up, patients 
or their legal representatives were contacted via phone 
by a trained research team member to administer the 
GOSE.

Statistical Analysis
Continuous variables were summarized based on clini-
cal relevance and distribution using minimum and 
maximum values, means ± standard deviations (SDs), or 
medians and interquartile ranges (IQRs). Dichotomous 
variables were presented as frequencies and percentages. 
Differences between intervention groups were assessed 
by applying the χ2 and Fisher’s exact tests for categorical 
variables. In contrast, continuous variables were evalu-
ated using Student’s t test or the Mann–Whitney U-test, 
depending on their distribution.

A multivariate logistic regression model was con-
structed for the general cohort to investigate the risk 
factors associated with unfavorable outcomes at the 
6-month follow-up. The model was adjusted for admis-
sion demographic data, vital signs, and laboratory tests. 
The logistic regression used the best subset method for 
the variable selection and included variables with a P 
value of less than 0.10 in the univariate analysis. Odds 
ratios (ORs) with 95% confidence intervals (CIs) were 
calculated based on the exponential values of the coeffi-
cients obtained from the final model D. We used R Studio 
(Version 2023.09.1+494) for the analysis.

Results
Patient Demographics and Characteristics
From December 2019 to June 2022, 81 patients with 
TBI admitted to the neuro-ICU at La Sabana Hospital in 
Chía, Colombia, located at 2600 m above sea level, were 
included in the study. The baseline and clinical char-
acteristics are presented in Table  1. The median (IQR) 
age was 36 (25–50) years, and men accounted for 80% 

(n = 65) of the population. Traffic accidents were the 
leading cause of injury (60%, 49/81), followed by falls 
(24%, 19/81), cycling (9%, 8/81), violence (4%, 3/81), 
and others (3%, 2/81). Isolated TBI was present in 32% 
(26/81) of patients, and the most associated injuries 
were thorax 37% (30/81), limbs 20% (17/81), and abdo-
men 18% (14/81). The median (IQR) GCS on admission 
was 9 (6–14). The severity of TBI according to the AISh 
was moderate (AISh 2) in 27% (22/81) of patients, seri-
ous (AISh 3) in 27% (22/81) of patients, severe (AISh 4) 
in 33% (27/81) of patients, and critical (AISh 5) in 13% 
(10/81) of patients. The median (IQR) for AISh was 3 
(2–4). In terms of the overall severity of trauma, the 
median (IQR) of ISS was 24 (13–32), among whom 72% 
(58/81) had major trauma (ISS > 15). Structural severity 
of head trauma was determined through the Marshall 
CT classification, in which 31% (24/81) of cases fell into 
diffuse injury I, 36% (31/81) fell into diffuse injury II, 
8% (6/80) fell into diffuse injury III, 20% (16/81) fell into 
evacuated mass lesion V, 4% (3/81) fell into nonevacu-
ated mass lesion VI, and 1% (1/81) fell into diffuse injury 
IV. The most frequent primary visible injury on head CT 
was contusion in 61% (50/81) of patients, followed by 
traumatic subarachnoid hemorrhage in 37% (30/81) of 
patients, subdural hematoma in 29% (24/81) of patients, 
epidural hematoma in 24% (20/81) of patients, and dif-
fuse axonal injury in 11% (9/81) of patients. All patients 
were admitted to the neuro-ICU, and 60% (49/81) were 
placed on invasive mechanical ventilation. The neuro-
ICU and hospital LOS were 6 (4–15) and 11 (6–23) days, 
respectively. Tracheostomy and gastrostomy were per-
formed in 20% (16/81) and 15% (12/81) of the patients, 
respectively. The tracheostomy procedure was performed 
10 (7–14) days post admission. At least one infectious 
complication was diagnosed in 30% (25/81) of patients 
during their neuro-ICU stay. Of the patients who had an 
infection, the sources of infection were ventilator-associ-
ated pneumonia in 28% (7/25), ventilator-associated tra-
cheitis in 64% (16/25), catheter-associated urinary tract 
infection in 16% (4/25), one case of surgical site infection, 
and one case of sinusitis.

Outcome
At 6 months post injury, we were able to conduct phone 
interviews with all survivors or their caregivers to admin-
ister the GOSE (n = 71). Patients who died during the 
hospitalization (n = 10, 12%) were included in the unfa-
vorable outcome group. A total of 56 patients had a 
favorable outcome (GOSE 4–8) and 25 patients had an 
unfavorable outcome (GOSE 1–3). The frequency of 
an unfavorable outcome (GOSE < 4) was 30% (25/81) 
at 6 months. The median (IQR) GOSE at 6 months was 
4 (2–5). Mortality at 6  months was 24% (20/81). When 



applying the IMPACT laboratory model to the entire 
cohort, the median (IQR) probability of a 6-month unfa-
vorable outcome was 16% (7–38%).

Comparison between patients with a 6-month favora-
ble outcome and unfavorable outcome (Table 1) revealed 
that those with an unfavorable outcome were older (49 
[30–72] vs. 29 [22–41] years, P < 0.01) and had lower 
admission GCS scores (6 [4–8] vs. 13 [8–15], P < 0.01), 
higher AISh (4 [4–4] vs. 3 [2–4], P < 0.01), increased 
probabilities of poor outcome by the IMPACT model 

(%) (43 [31–64] vs. 13 [6–17], P < 0.01), higher APACHE 
II  (Acute Physiology and Chronic Health Evaluation II) 
scores (17 [15–23] vs. 10 [6–14], P < 0.01), higher Charl-
son scores (0 [0–2] vs. 0 [0–0], P < 0.01), and higher 
PaCO2 levels (39 ± 9 vs. 32 ± 6 mm Hg, P < 0.01; Fig. 2). 
In terms of hospital variables and interventions, the 
group with an unfavorable 6-month outcome was more 
frequently on mechanical ventilation (88% (22/25) vs. 
41% (27/56), P < 0.01) and it required vasopressors in 
84% (21/25) versus 48% (24/56) of patients, P < 0.01. The 

Table 1  Baseline characteristics of  patients admitted to  the neuro-ICU for  TBI and  comparison between  groups 
with favorable and unfavorable outcomes

AIS head abbreviated injury score of the head, DI I diffuse injury I, DI II diffuse injury II, DI III diffuse injury III, DI IV diffuse injury IV, EML V evacuated mass lesion V, GCS 
Glasgow Coma Scale, IMPACT TBI International Mission for Prognosis and Analysis of Clinical Trials in Traumatic Brain Injury, ISS Injury Severity Score, NEML VI Non.-
evacuated Mass Lesion VI, neuro-ICU neurointensive care unit, SBP systolic blood pressure, WBC white blood cell count. *P < 0.05, **P < 0.01

Characteristic Overall (n = 81) Favorable out-
come (n = 56)

Unfavorable out-
come (n = 25)

P value

Age, median (IQR) 36 (25–50) 29 (22–41) 49 (30–72)  < 0.01**

Sex male n (%) 65 (80) 34 (70) 23 (92) 0.18

Admission GCS, median (IQR) 9 (6–14)  13 (8–15) 6 (4–8)  < 0.01**

ISS, median (IQR) 24(13–32) 27 (20–34) 22 (12–29) 0.052

AIS head median (IQR) 3 (2–4) 3 (2–4) 4 (4–4)  < 0.01**

IMPACT-TBI outcome (%), median (IQR) 16 (7–38)  13 (6–17) 43 (31–64)  < 0.01**

Marshall Classification head CT n (%) DI I: 24 (31) DI I 22 (39) DI I 2 (8) 0.009**

DI II: 31 (36) DI II 26 (46) DI II 5 (20) 0.044*

DI III: 6 (8) DI III 2 (4) DI III 4 (16) 0.1

DI IV: 1 (1) DI IV 0(0) DI IV 1 (4) 0.6

EML V: 16 (20) EML V: 4 (7) EML V 12 (48)  < 0.001**

NEML VI: 3 (4) NEML VI: 2 (3) NEML 1 (4)

APACHE II, median (IQR) 12 (7–17) 10 (6–14) 17 (15–23)  < 0.01**

Charlson score, median (IQR) 0 (0–0) 0 (0–0) 0 (0–2)  < 0.01**

Admission SBP, mean ± SD 122 ± 20 119 ± 19 128 ± 24 0.09

Admission Heart rate, mean ± SD 91 + 21 91 + 20 84 + 27 0.27

Admission Respiratory rate, median (IQR) 20 (18–22) 19 (18–21) 20 (18–22) 0.3

Admission WBC × 103/dl mean ± SD 16 ± 5 16,9 ± 4 15.1 (5,4) 0.16

Admission Hemoglobin, median (IQR), grs/dl 14(12–15) 14,2 (12,7–14,9) 14 (12–15) 0.4

Admission Platelets, mean ± SD 231 ± 79 240 ± 88 213 ± 66 0.15

Admission Serum sodium, median (IQR), mEq/L 139 (137–142) 140 (138–141) 139 (137–142) 0.38

Admission PaO2, median (IQR), mmHg 85 (71–123) 86 (70–127) 88 (72–124) 0.7

Admission PaCO2 mmHg, mean ± SD 35 ± 8 32 ± 6 39 ± 9  < 0.01**

Admission serum lactate, median (IQR), mmol/L 2.7 (1,8–3,9) 2.7(1,9–3,8) 2.8 (1,8–4,3) 0.6

Serum glucose, median (IQR), mg/dl 130 (120–160) 130 (120–160) 140 (120–160) 0.3

Mechanical ventilation n (%) 49 (60)  27 (49) 22 (88) 0.003**

Days on mechanical ventilation, median (IQR) 6 (3–12) 3 (2–8) 10 (4–18) 0.008**

Vasopressors within 72 h n (%) 45 (55) 24 (44) 21 (84) 0.002**

Neurosurgical intervention n (%) 20 (24%) 5 (9) 15 (60)  < 0.01**

Infectious complication n (%) 25 (30) 9 (20) 14 (56) 0.004**

Tracheostomy n (%) 16 (20) 2 (4) 12 (48)  < 0.01**

Neuro-ICU LOS, median (IQR), days 6 (4–15) 5 (4–8) 14 (6–23) 0.002**

Hospital LOS, median (IQR), days 11 (6–23) 11 (6 – 13) 22 (7—43) 0.06



group with the unfavorable outcomes also required neu-
rosurgical intervention, 60% (15/25) versus 9% (5/56), 
and it underwent tracheostomy in a greater proportion 
during neuro-ICU stay (48% [12/25] vs. 4% [2/56]). Other 
data collected on admission include systolic blood pres-
sure, heart rate, respiratory rate, white blood cell count, 
platelet count, serum sodium, lactate, PaO2, hemoglobin, 
and serum glucose; none of these variables were different 
between the groups with favorable and unfavorable out-
comes (Table 1).

PaCO2 and Outcome for Patients on Mechanical Ventilation
When evaluating the group on mechanical ventilation 
(n = 49), the PaCO2 mean ± SD was 39.0 ± 7.7  mm Hg, 
which was significantly higher for those with a 6-month 
unfavorable outcome compared with the group with 

a favorable outcome (42.0 ± 7.8 vs. 35.3 ± 4.4, P < 0.01; 
Fig.  3). In the group without ventilatory support, the 
PaCO2 mean ± SD was 28.1 ± 5.8 mm Hg, and it was sig-
nificantly lower for the group with an unfavorable out-
come (21.6 ± 2.5 vs. 28.9 ± 5.6, P < 0.01) compared with 
those with favorable outcome at 6 months. Mean PaCO2 
levels were lower in the group without ventilator support 
than in those on mechanical ventilation (28.1 ± 5.8 vs. 
39.0 ± 7.7, P < 0.001). Finally, neuro-ICU LOS was longer 
for the unfavorable outcome group, 14 (6–23) versus 
5 days (4–8), P < 0.01.

Logistic Regression Analysis
Univariate analysis of in-hospital variables and their asso-
ciation with a 6-month unfavorable outcome were per-
formed through a univariate logistic regression (P < 0.1) 
(Table 2). Variables significantly associated with the pri-
mary outcome included age (OR 1.01, 95% CI 1.01–1.02), 
GCS (OR 1.60, 95% CI 1.30–2.10), AISh (OR 1.21, 95% CI 
1.11–1.32), use of vasopressors within 72 h of admission 
(OR 1.5, 95% CI 1.20–1.80), mechanical ventilation (OR 
1.4, 95% CI 1.16–1.8), infectious complications (OR 1.45, 
95% CI 1.2–1.8), neurosurgical intervention (OR 1.6, 95% 
CI 1.3–2.0), and need for a tracheostomy (OR 1.8, 95% CI 
1.4–2.3). Regarding the laboratory data on admission, the 
one with a significant association was PaCO2 (OR 1.02, 
95% CI 1.01–1.03). From the variables with a significant 
association in the univariate analysis (P < 0.1), age, AISh, 
APACHE II, and PaCO2 levels were included in the mul-
tivariate analysis. From those, age (OR 1.14, 95% CI 1.1–
1.30, P < 0.01), AISh (OR 4.7, 95% CI 1.55–21.0, P < 0.05), 
and PaCO2 levels (OR 1.23, 95% CI 1.10–1.53, P < 0.05) 
remained significantly associated with the 6-month unfa-
vorable outcome in the multivariate analysis (Table 2).

Afterward, the same analysis was applied to the sub-
groups of patients with and without ventilator sup-
port. A multivariate analysis was performed on the 
mechanical ventilation group using the same variables: 
age, AISh, APACHE II, and PaCO2 levels. In this case, 
again, AISh (OR 5.4, 95% CI 1.61–28.5, P = 0.017) and 
PaCO2 levels (OR 1.36, 95% CI 1.13–1.78, P = 0.015) 
remained significantly associated with the 6-month 
unfavorable outcome (Table  3). The same analysis for 
the group without mechanical ventilation did not yield 
a significant result for any of the variables (P = 0.99). 
The Hosmer–Lemeshow test for binary logistic regres-
sion models demonstrated the goodness-of-fit test 
(P = 0.97).

Discussion
This study initially characterizes a prospective cohort of 
patients with TBI admitted to the neuro-ICU in an aca-
demic center in the Andean region in Colombia. The 

Fig. 2  Admission PaCO2 levels (mean ± SD) for the 6-month out‑
come for patients with TBI. Glasgow Outcome Scale-Extended (GOSE) 
scores for unfavorable outcomes (< 4) and favorable outcomes (≥ 4). 
PaCO2 partial pressure of carbon dioxide, SD standard deviation, TBI 
traumatic brain injury

Fig. 3  Admission PaCO2 levels (mean ± SD) for the 6-month out‑
come for patients with TBI admitted to the neuro-ICU on mechanical 
ventilation. Glasgow Outcome Scale-Extended (GOSE) for unfavorable 
outcomes (< 4) and favorable outcomes (≥ 4). neuro-ICU neurointen‑
sive care unit, PaCO2 partial pressure of carbon dioxide, SD standard 
deviation, TBI traumatic brain injury



group with an unfavorable outcome was older and had 
lower GCS scores on admission, higher AISh, higher 
probabilities of an unfavorable outcome by the IMPACT 
TBI model, higher APACHE II, and higher Charlson 
scores. Among vital signs and laboratory data, the only 
documented difference was a higher PaCO2 levels on 
admission for those with  an unfavorable outcome. In 
terms of in-hospital procedures, the group with an 
unfavorable outcome required more ventilatory and 

hemodynamic support, underwent neurosurgical inter-
ventions and tracheostomy more often, and had a longer 
LOS in the neuro-ICU. After adjusting for age, severity 
of TBI, and APACHE II, PaCO2 levels remained directly 
correlated with an unfavorable outcome at 6 months. A 
higher PaCO2 level was associated with an unfavorable 
6-month outcome for all the study groups and the group 
on ventilatory support. In the subgroup, without ventila-
tory support, this correlation was not maintained. The 
mean PaCO2 level in the subgroup without ventilatory 
support was lower than those on mechanical ventilation. 
The lower PaCO2 levels observed in the nonventilated 
group may be associated with the inherently lower base-
line levels of PaCO2 in populations residing at higher alti-
tudes. Consequently, this suggests a potential difference 
in the way regulatory mechanisms are established [9, 12].

The demographic characteristics of the studied cohort 
are similar to what others have found in terms of age and 
cause of trauma [40, 41]. TBI affects predominantly the 
adult male population in their fourth or fifth decade of 
life, and the leading causes of injury are road accidents 
and falls. This has been consistent in several prospective 
studies, including the European and Chinese cohorts of 

Table 2  Univariate and multivariate analysis of variables on admission and a 6-month unfavorable outcome in patients 
with TBI admitted to the neuro-ICU

GCS Glasgow Coma Scale, AIS abbreviated injury score, BUN blood ureic nitrogen
a  Within 72 h of admission; *P < 0.05,   **P < 0.01

Variables Univariate Analysis Multivariate analysis

OR (95% CI) P value OR (95% CI) P value

Demographics

 Age 1.01 (1.01–1.02)  < 0.01** 1.14 (1.10–1.30)  < 0.01**

Severity of injury

 Admission GCS 1.60 (1.30–2.10)  < 0.01**

 AIS head 1.21 (1.11–1.32)  < 0.01** 4.7 (1.55–21.0) 0.016*

 APACHE II 1.04 (1.03–1.05)  < 0.01** 0.90 (0.70–1.30) 0.90

Medical interventions

 Vasopressor requirementa 1.50 (1.20–1.80)  < 0.01**

 Transfusion of blood componentsa 1.20 (0.90–1.50) 0.14

 Invasive mechanical ventilation 1.40 (1.16–1.80)  < 0.01**

Labs on admission

 Leucocytes, cell/mm103 0.98 (0.95–1.01) 0.13

 Hemoglobin, g/dL 0.97 (0.92–1.02) 0.30

 Platelets, cell/mm3 0.99 (0.99–1.00) 0.18

 Serum sodium, mEq/L 0.99 (0.97–1.00) 0.90

 PaO2, mmHg 1.00 (0.99–1.00) 0.80

 PaCO2, mmHg 1.02 (1.01–1.03)  < 0.01** 1.23 (1.10–1.53) 0.026*

 Lactic acid, mmol/L 1.00 (0.95–1.03) 0.50

 Glucose, mgr/dL 1.00 (0.99–1.00) 0.19

 BUN 1.00 (0.97–1.02) 0.80

 Creatinine 1.20 (0.80–1.70) 0.20

Table 3  Multivariate analysis of  clinical variables and  a 
6-month unfavorable outcome in  TBI patients admitted 
to the neuro-ICU on mechanical ventilation

AIS abbreviated injury score; *P < 0.05

Variables Multivariate analysis

OR (96% CI) P value

Age 1.09 (1.01–1.24) 0.06

Apache II 1.2 (0.98–1.59) 0.10

AIS head 5.4 (1.61–28.5) 0.017*

PaCO2 on admission 1.36 (1.13–1.78) 0.015*



CENTER-TBI  (Collaborative European NeuroTrauma 
Effectiveness Research in Traumatic Brain Injury) and 
the TRACK-TBI  (Transforming Research and Clinical 
Knowledge in Traumatic Brain Injury ) for the United 
States [4, 40, 42]. Regarding mortality and functional 
outcomes, the ICU stratum of the European Center-TBI 
found 43.1% and 21.3% rates of an unfavorable outcome 
(GOSE < 5) and mortality, respectively. The results in our 
study are similar in both mortality (24%) and unfavorable 
outcome (30%), bearing in mind that the definition we 
used for unfavorable outcome was GOSE < 4 [42]. There 
is no standardized manner to dichotomize GOSE, and 
definitions vary across studies [43, 44]. Patients with TBI 
might show functional and cognitive improvement even 
1 year after the trauma [45, 46], depending on their recov-
ery trajectory. A GOSE score equal to 4 refers to a person 
who requires partial supervision and assistance but can 
be on their own at home for at least 8 h a day. Therefore, 
we considered it reasonable to define GOSE ≥ 4 as the 
favorable outcome, considering that those patients are 
already partially independent at home and still have the 
potential for further progress.

Several studies have pointed out that older and 
more severely injured patients with TBI have more fre-
quent  severe disability and functional dependence after 
TBI [47, 48]. Patients with moderate and severe TBI 
are  usually admitted to the neuro-ICU, where interven-
tions are guided by targets that aim to protect the brain 
from a secondary injury [49]. Henceforth, it is also the 
patient with more severe trauma who needs more assis-
tance in terms of respiratory, hemodynamic, and meta-
bolic support as well as surgical interventions [50, 51]. 
In our cohort, the group with unfavorable outcomes was 
older and had a more severe TBI on admission. There-
fore, it could be expected that it is, in turn, the group 
that received a higher burden of care, including mechani-
cal ventilation, vasopressors, neurosurgical, and tra-
cheostomy procedures, and that was more exposed to 
complications, such as in-hospital infections and longer 
ICU stays. This reflects the complexity of treatment and 
prognosis when many factors are involved, leaving aside 
the variability of management across centers and regions 
[51]. Despite this challenge, some prognostic models 
have been developed and validated, for instance, the Cor-
ticosteroid Randomization After Significant Head Injury 
model and the International Mission for Prognosis and 
Analysis of Clinical Trials (IMPACT) in TBI model [52–
54]. These models estimate the probability of disability 
and mortality and consider factors such as age, Glasgow 
motor score, pupillary reactivity, and imaging findings on 
head CT scans. We did not intend to develop a model, 
but we did identify some factors on admission associated 
with outcomes, including age, severity of TBI, APACHE 

II, and the need for hemodynamic and ventilatory sup-
port. However, when assessing vital signs and laboratory 
tests, higher levels of PaCO2 on admission were associ-
ated with the unfavorable outcome, even after control-
ling for the age and severity of the injury. The  role  of 
PaCO2 in this context relies on its effect on the cerebral 
vasculature or vasoreactivity [55, 56]. The brain has high 
metabolic demand, requiring a  constant supply of oxy-
gen and glucose [57]. This supply is ensured through a 
tightly regulated cerebral blood flow that matches each 
brain region’s temporal and spatial metabolic require-
ments [58]. One of those mechanisms is the vasomotor 
response to carbon dioxide, in which cerebral arterioles 
dilate or contract according to changes in PaCO2 levels. 
This response has a sigmoidal shape and functions within 
the 20–60 mm Hg of PaCO2. Every 1–mm Hg increase in 
PaCO2 corresponds to roughly a 4% increase in cerebral 
blood flow [59, 60], which in turn increases the cerebral 
blood volume, resulting in an intracranial pressure eleva-
tion and finally affecting the cerebral perfusion pressure. 
Several cohorts have demonstrated the effect of PaCO2 
management on outcomes, including mortality [19]. 
However, variability in management exists across centers 
[61]. Guidelines recommend a normal range ventilation, 
PaCO2 levels 35–45 mm Hg, and avoidance of hyperven-
tilation and severe (< 25 mm Hg) or moderate (< 30 mm 
Hg) hypocapnia [7, 8] given the risk of brain ischemia.

In our cohort, we found higher PaCO2 levels for those 
patients with an unfavorable outcome, and the multivari-
ate analysis revealed a direct relation between admission 
PaCO2 levels and the probability of death and disability. 
The association remained for the subgroup on mechani-
cal ventilation but not for those patients without ven-
tilatory support. This could be expected, given that 
PaCO2 levels in a ventilated patient depends mostly on 
the ventilator settings and can be adjusted to a specific 
goal. However, we would like to point out that most of 
our patients had PaCO2 levels within the recommended 
range of 35–45 mm Hg and even below for those with a 
favorable outcome, 32 ± 6 mm Hg. In addition, nonventi-
lated patients had even lower PaCO2 levels. These results 
underscore the importance and impact of PaCO2 as a 
crucial target in the management of ventilated patients 
with TBI and raise the question of whether, for popula-
tions at higher altitudes, different PaCO2 goals should 
be pursued. Further investigation would be needed to 
answer this question, which will benefit a substantial 
proportion of the global TBI population living at higher 
altitudes.

A limitation of our study includes being a single-center 
study that requires further validation to make the results 
more generalizable. In addition, we only recorded the 
admission PaCO2 values rather than serial values.



Conclusions
We evaluated the relationship between PaCO2 levels and 
functional outcomes in patients with TBI admitted to 
the neuro-ICU. Interestingly, in our center, situated at a 
higher altitude above sea level, we observed that in the 
sample of patients on mechanical ventilation, a PaCO2 
below the recommended target was associated with 
improved outcomes. Although this is a single-center pro-
spective cohort study, it raises the question of whether 
the target PaCO2 levels need adjustment in populations 
at higher altitudes.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1007/​s12028-​024-​01982-8.

Author details
1 Unisabana Center for Translational Science, School of Medicine, Univer‑
sidad de La Sabana, Chía, Colombia. 2 Department of Bioscience, School 
of Engineering, Universidad de La Sabana, Chía, Colombia. 3 Department 
of Critical Care, Clínica Universidad de La Sabana, Chía, Colombia. 4 Depart‑
ment of Neurology, The University of New Mexico, Albuquerque, NM, USA. 
5 Department of Neurology, University of North Carolina, Chapel Hill, NC, USA. 
6 Department of Neurology, University of Mississippi Medical Center, Jackson, 
MS, USA. 7 Department of Neurosurgery, Minneapolis VA Health Care System, 
Minneapolis, MN, USA. 8 Pandemic Sciences Institute, University of Oxford, 
Oxford, UK. 

Author contributions
EC: funding acquisition, conceptualization, methodology, analysis, writing; 
AAD: validation, visualization, writing, review, editing; CAR: validation, review, 
editing; JO: data curation, writing; AEVG: data curation, writing; AAA: review, 
editing; AG: review, editing; KB: review, editing; US: review, editing; LFR: con‑
ceptualization, funding acquisition, supervision, review, editing. The authors 
approved the final manuscript.

Source of Support
Open Access funding provided by Colombia Consortium. Drs Cáceres 
and Reyes are supported by Universidad de La Sabana (Project MED-288-
2020). Dr. Divani received the following support: W81XWH-17–2-0053 and 
1R21NS130423-01.

Conflicts of interest
There are no conflicts of interest for any of the authors.

Ethical Approval/Informed Consent
Our research team adhered to ethical guidelines, including approval by the 
Institutional Review Board and the use of informed consent.

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://creativecommons.org/licenses/by/4.0/.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Received: 18 January 2024   Accepted: 12 March 2024

References
	1.	 GBD 2016 Traumatic Brain Injury and Spinal Cord Injury Collaborators. 

Global, regional, and national burden of traumatic brain injury and spinal 
cord injury, 1990–2016: a systematic analysis for the Global Burden of 
Disease Study 2016. Lancet Neurol. 2019;18(1):56–87. https://​doi.​org/​10.​
1016/​S1474-​4422(18)​30415-0

	2.	 Meyfroidt G, Bouzat P, Casaer MP, Chesnut R, Hamada SR, Helbok R, 
Hutchinson P, Maas AIR, Manley G, Menon DK, Newcombe VFJ, Oddo 
M, Robba C, Shutter L, Smith M, Steyerberg EW, Stocchetti N, Taccone 
FS, Wilson L, Zanier ER, Citerio G. Management of moderate to severe 
traumatic brain injury: an update for the intensivist. Intensive Care Med. 
2022;48(6):649–66. https://​doi.​org/​10.​1007/​s00134-​022-​06702-4.

	3.	 Lo J, Chan L, Flynn S. A systematic review of the incidence, prevalence, 
costs, and activity and work limitations of amputation, osteoarthritis, 
rheumatoid arthritis, back pain, multiple sclerosis, spinal cord injury, 
stroke, and traumatic brain injury in the United States: a 2019 update. 
Arch Phys Med Rehabil. 2021;102(1):115–31. https://​doi.​org/​10.​1016/j.​
apmr.​2020.​04.​001.

	4.	 Gao G, Wu X, Feng J, Hui J, Mao Q, Lecky F, Lingsma H, Maas AIR, Jiang 
J; China CENTER-TBI Registry Participants. Clinical characteristics and 
outcomes in patients with traumatic brain injury in China: a prospec‑
tive, multicentre, longitudinal, observational study. Lancet Neurol. 
2020;19(8):670–677. https://​doi.​org/​10.​1016/​S1474-​4422(20)​30182-4

	5.	 Launey Y, Coquet A, Lasocki S, Dahyot-Fizelier C, Huet O, Le Pabic E, 
Roquilly A, Seguin P. Factors associated with an unfavourable outcome 
in elderly intensive care traumatic brain injury patients. A retrospective 
multicentre study. BMC Geriatr. 2022;22(1):1004. https://​doi.​org/​10.​1186/​
s12877-​022-​03651-x.

	6.	 Carney N, Totten AM, O’Reilly C, Ullman JS, Hawryluk GW, Bell MJ, Bratton 
SL, Chesnut R, Harris OA, Kissoon N, Rubiano AM, Shutter L, Tasker RC, 
Vavilala MS, Wilberger J, Wright DW, Ghajar J. Guidelines for the manage‑
ment of severe traumatic brain injury, fourth edition. Neurosurgery. 
2017;80(1):6–15. https://​doi.​org/​10.​1227/​NEU.​00000​00000​001432.

	7.	 Picetti E, Rossi S, Abu-Zidan FM, Ansaloni L, Armonda R, Baiocchi GL, Bala 
M, Balogh ZJ, Berardino M, Biffl WL, Bouzat P, Buki A, Ceresoli M, Chesnut 
RM, Chiara O, Citerio G, Coccolini F, Coimbra R, Di Saverio S, Fraga GP, 
Gupta D, Helbok R, Hutchinson PJ, Kirkpatrick AW, Kinoshita T, Kluger 
Y, Leppaniemi A, Maas AIR, Maier RV, Minardi F, Moore EE, Myburgh JA, 
Okonkwo DO, Otomo Y, Rizoli S, Rubiano AM, Sahuquillo J, Sartelli M, 
Scalea TM, Servadei F, Stahel PF, Stocchetti N, Taccone FS, Tonetti T, Velma‑
hos G, Weber D, Catena F. WSES consensus conference guidelines: moni‑
toring and management of severe adult traumatic brain injury patients 
with polytrauma in the first 24 hours. World J Emerg Surg. 2019;29(14):53. 
https://​doi.​org/​10.​1186/​s13017-​019-​0270-1.

	8.	 Geeraerts T, Velly L, Abdennour L, Asehnoune K, Audibert G, Bouzat P, 
Bruder N, Carrillon R, Cottenceau V, Cotton F, Courtil-Teyssedre S, Dahyot-
Fizelier C, Dailler F, David JS, Engrand N, Fletcher D, Francony G, Gergelé 
L, Ichai C, Javouhey É, Leblanc PE, Lieutaud T, Meyer P, Mirek S, Orliaguet 
G, Proust F, Quintard H, Ract C, Srairi M, Tazarourte K, Vigué B, Payen JF; 
French Society of Anaesthesia; Intensive Care Medicine; in partnership 
with Association de neuro-anesthésie-réanimation de langue française 
(Anarlf ); French Society of Emergency Medicine (Société Française de 
Médecine d’urgence (SFMU); Société française de neurochirurgie (SFN); 
Groupe francophone de réanimation et d’urgences pédiatriques (GFRUP); 
Association des anesthésistes-réanimateurs pédiatriques d’expression 
française (Adarpef ). Management of severe traumatic brain injury (first 
24hours). Anaesth Crit Care Pain Med. 2018;37(2):171–186. https://​doi.​
org/​10.​1016/j.​accpm.​2017.​12.​001

https://doi.org/10.1007/s12028-024-01982-8
https://doi.org/10.1007/s12028-024-01982-8
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S1474-4422(18)30415-0
https://doi.org/10.1016/S1474-4422(18)30415-0
https://doi.org/10.1007/s00134-022-06702-4
https://doi.org/10.1016/j.apmr.2020.04.001
https://doi.org/10.1016/j.apmr.2020.04.001
https://doi.org/10.1016/S1474-4422(20)30182-4
https://doi.org/10.1186/s12877-022-03651-x
https://doi.org/10.1186/s12877-022-03651-x
https://doi.org/10.1227/NEU.0000000000001432
https://doi.org/10.1186/s13017-019-0270-1
https://doi.org/10.1016/j.accpm.2017.12.001
https://doi.org/10.1016/j.accpm.2017.12.001


	9.	 Baron JC. The effect of changing arterial blood pressure and car‑
bon dioxide on cerebral blood flow. J Neurol Neurosurg Psychiatry. 
2020;91(7):678–9. https://​doi.​org/​10.​1136/​jnnp-​2019-​322432.

	10.	 Kontos HA, Raper AJ, Patterson JL. Analysis of vasoactivity of local pH, 
PCO2 and bicarbonate on pial vessels. Stroke. 1977;8(3):358–60. https://​
doi.​org/​10.​1161/​01.​str.8.​3.​358.

	11.	 Tague BW, Dickinson CD, Chrispeels MJ. A short domain of the plant 
vacuolar protein phytohemagglutinin targets invertase to the yeast 
vacuole. Plant Cell. 1990;2(6):533–46. https://​doi.​org/​10.​1105/​tpc.2.​6.​533.

	12.	 Howard MB, McCollum N, Alberto EC, Kotler H, Mottla ME, Tiusaba L, 
Keller S, Marsic I, Sarcevic A, Burd RS, O’Connell KJ. Association of ventila‑
tion during initial trauma resuscitation for traumatic brain injury and 
post-traumatic outcomes: a systematic review. Prehosp Disaster Med. 
2021;36(4):460–5. https://​doi.​org/​10.​1017/​S1049​023X2​10005​34.

	13.	 Bossers SM, Mansvelder F, Loer SA, Boer C, Bloemers FW, Van Lieshout 
EMM, Den Hartog D, Hoogerwerf N, van der Naalt J, Absalom AR, 
Schwarte LA, Twisk JWR, Schober P; BRAIN-PROTECT Collaborators. Asso‑
ciation between prehospital end-tidal carbon dioxide levels and mortal‑
ity in patients with suspected severe traumatic brain injury. Intensive Care 
Med. 2023;49(5):491–504. https://​doi.​org/​10.​1007/​s00134-​023-​07012-z

	14.	 Schirmer-Mikalsen K, Vik A, Skogvoll E, Moen KG, Solheim O, Klepstad 
P. Intracranial pressure during pressure control and pressure-regulated 
volume control ventilation in patients with traumatic brain injury: a 
randomized crossover trial. Neurocrit Care. 2016;24(3):332–41. https://​doi.​
org/​10.​1007/​s12028-​015-​0208-8.

	15.	 Haenggi M, Andermatt A, Anthamatten C, Galimanis A, Mono ML, Alfieri 
A, Fung C, Takala J, Jakob SM. CO(2)-Dependent vasomotor reactivity 
of cerebral arteries in patients with severe traumatic brain injury: time 
course and effect of augmentation of cardiac output with dobutamine. 
J Neurotrauma. 2012;29(9):1779–84. https://​doi.​org/​10.​1089/​neu.​2011.​
1809.

	16.	 Wang YZ, Li TT, Cao HL, Yang WC. Recent advances in the neuroprotective 
effects of medical gases. Med Gas Res. 2019;9(2):80–7. https://​doi.​org/​10.​
4103/​2045-​9912.​260649.

	17.	 Citerio G, Robba C, Rebora P, Petrosino M, Rossi E, Malgeri L, Stocchetti 
N, Galimberti S, Menon DK; Center-TBI participants and investigators. 
Management of arterial partial pressure of carbon dioxide in the first 
week after traumatic brain injury: results from the CENTER-TBI study. 
Intensive Care Med. 2021;47(9):961–973. https://​doi.​org/​10.​1007/​
s00134-​021-​06470-7

	18.	 Lafave HC, Zouboules SM, James MA, Purdy GM, Rees JL, Steinback CD, 
Ondrus P, Brutsaert TD, Nysten HE, Nysten CE, Hoiland RL, Sherpa MT, Day 
TA. Steady-state cerebral blood flow regulation at altitude: interaction 
between oxygen and carbon dioxide. Eur J Appl Physiol. 2019;119(11–
12):2529–44. https://​doi.​org/​10.​1007/​s00421-​019-​04206-6.

	19.	 Gonzalez-Garcia M, Maldonado D, Barrero M, Casas A, Perez-Padilla 
R, Torres-Duque CA. Arterial blood gases and ventilation at rest by 
age and sex in an adult Andean population resident at high altitude. 
Eur J Appl Physiol. 2020;120(12):2729–36. https://​doi.​org/​10.​1007/​
s00421-​020-​04498-z.

	20.	 Godoy DA, Seifi A, Garza D, Lubillo-Montenegro S, Murillo-Cabezas F. 
Hyperventilation therapy for control of posttraumatic intracranial hyper‑
tension. Front Neurol. 2017;17(8):250. https://​doi.​org/​10.​3389/​fneur.​2017.​
00250.​PMID:​28769​857;​PMCID:​PMC55​11895.

	21.	 Li GH, Zhang YQ, Zhang HQ. Blood gas analysis of healthy people in 
Diqing Tibetan Autonomous Prefecture in Yunnan Province. Ann Palliat 
Med. 2021;10(1):285–91. https://​doi.​org/​10.​21037/​apm-​20-​2206.

	22.	 Greenspan L, McLellan BA, Greig H. Abbreviated injury scale and injury 
severity score: a scoring chart. J Trauma. 1985;25(1):60–4. https://​doi.​org/​
10.​1097/​00005​373-​19850​1000-​00010.

	23.	 Savitsky B, Givon A, Rozenfeld M, Radomislensky I, Peleg K. Traumatic 
brain injury: It is all about definition. Brain Inj. 2016;30(10):1194–200. 
https://​doi.​org/​10.​1080/​02699​052.​2016.​11872​90.

	24.	 Foreman BP, Caesar RR, Parks J, Madden C, Gentilello LM, Shafi S, Carlile 
MC, Harper CR, Diaz-Arrastia RR. Usefulness of the abbreviated injury 
score and the injury severity score in comparison to the Glasgow Coma 
Scale in predicting outcome after traumatic brain injury. J Trauma. 
2007;62(4):946–50. https://​doi.​org/​10.​1097/​01.​ta.​00002​29796.​14717.​3a.

	25.	 Vassallo J, Fuller G, Smith JE. Relationship between the Injury Severity 
Score and the need for life-saving interventions in trauma patients in 

the UK. Emerg Med J. 2020;37(8):502–7. https://​doi.​org/​10.​1136/​emerm​
ed-​2019-​209092.

	26.	 Marshall LF, Marshall SB, Klauber MR, Van Berkum CM, Eisenberg H, Jane 
JA, Luerssen TG, Marmarou A, Foulkes MA. The diagnosis of head injury 
requires a classification based on computed axial tomography. J Neuro‑
trauma. 1992;9(Suppl 1):S287–92.

	27.	 Charry JD, Navarro-Parra S, Solano J, Moscote-Salazar L, Pinzón MA, Tejada 
JH. Outcomes of traumatic brain injury: the prognostic accuracy of vari‑
ous scores and models. Neurol Neurochir Pol. 2019;53(1):55–60. https://​
doi.​org/​10.​5603/​PJNNS.​a2018.​0003.

	28.	 Sadighi N, Talari H, Zafarmandi S, Ahmadianfard S, Baigi V, Fakharian E, 
Moussavi N, Sharif-Alhoseini M. Prediction of in-hospital outcomes in 
patients with traumatic brain injury using computed tomographic scor‑
ing systems: a comparison between marshall, rotterdam, and neuroimag‑
ing radiological interpretation systems. World Neurosurg. 2023;175:e271–
7. https://​doi.​org/​10.​1016/j.​wneu.​2023.​03.​067.

	29.	 Roozenbeek B, Lingsma HF, Lecky FE, Lu J, Weir J, Butcher I, McHugh GS, 
Murray GD, Perel P, Maas AI, Steyerberg EW; International Mission on 
Prognosis Analysis of Clinical Trials in Traumatic Brain Injury (IMPACT) 
Study Group; Corticosteroid Randomisation After Significant Head Injury 
(CRASH) Trial Collaborators; Trauma Audit and Research Network (TARN). 
Prediction of outcome after moderate and severe traumatic brain injury: 
external validation of the International Mission on Prognosis and Analysis 
of Clinical Trials (IMPACT) and Corticoid Randomisation After Significant 
Head injury (CRASH) prognostic models. Crit Care Med. 2012;40(5):1609–
17. https://​doi.​org/​10.​1097/​CCM.​0b013​e3182​4519ce

	30.	 Sun H, Lingsma HF, Steyerberg EW, Maas AI. External validation of the 
international mission for prognosis and analysis of clinical trials in trau‑
matic brain injury: prognostic models for traumatic brain injury on the 
study of the neuroprotective activity of progesterone in severe traumatic 
brain injuries trial. J Neurotrauma. 2016;33(16):1535–43. https://​doi.​org/​
10.​1089/​neu.​2015.​4164.

	31.	 Steyerberg EW, Mushkudiani N, Perel P, Butcher I, Lu J, McHugh GS, 
Murray GD, Marmarou A, Roberts I, Habbema JD, Maas AI. Predicting 
outcome after traumatic brain injury: development and international 
validation of prognostic scores based on admission characteristics. PLoS 
Med. 2008;5(8):e165; discussion e165. https://​doi.​org/​10.​1371/​journ​al.​
pmed.​00501​65

	32.	 Wilson JT, Pettigrew LE, Teasdale GM. Structured interviews for the 
Glasgow Outcome Scale and the extended Glasgow Outcome Scale: 
guidelines for their use. J Neurotrauma. 1998;15(8):573–85. https://​doi.​
org/​10.​1089/​neu.​1998.​15.​573. (PMID: 9726257).

	33.	 Tewarie PKB, Beernink TMJ, Eertman-Meyer CJ, Cornet AD, Beishuizen A, 
van Putten MJAM, Tjepkema-Cloostermans MC. Early EEG monitoring 
predicts clinical outcome in patients with moderate to severe traumatic 
brain injury. Neuroimage Clin. 2023;37:103350. https://​doi.​org/​10.​1016/j.​
nicl.​2023.​103350.

	34.	 Yue JK, Kobeissy FH, Jain S, Sun X, Phelps RRL, Korley FK, Gardner RC, 
Ferguson AR, Huie JR, Schneider ALC, Yang Z, Xu H, Lynch CE, Deng 
H, Rabinowitz M, Vassar MJ, Taylor SR, Mukherjee P, Yuh EL, Markowitz 
AJ, Puccio AM, Okonkwo DO, Diaz-Arrastia R, Manley GT, Wang KKW. 
Neuroinflammatory biomarkers for traumatic brain injury diagnosis and 
prognosis: a TRACK-TBI pilot study. Neurotrauma Rep. 2023;4(1):171–83. 
https://​doi.​org/​10.​1089/​neur.​2022.​0060.

	35.	 Banoei MM, Lee CH, Hutchison J, Panenka W, Wellington C, Wishart DS, 
Winston BW; Canadian biobank, database for Traumatic Brain Injury 
(CanTBI) investigators, the Canadian Critical Care Translational Biology 
Group (CCCTBG), the Canadian Traumatic Brain Injury Research, Clinical 
Network (CTRC). Using metabolomics to predict severe traumatic brain 
injury outcome (GOSE) at 3 and 12 months. Crit Care. 2023 22;27(1):295. 
https://​doi.​org/​10.​1186/​s13054-​023-​04573-9

	36.	 Kalil AC, Metersky ML, Klompas M, Muscedere J, Sweeney DA, Palmer LB, 
Napolitano LM, O’Grady NP, Bartlett JG, Carratalà J, El Solh AA, Ewig S, Fey 
PD, File TM Jr, Restrepo MI, Roberts JA, Waterer GW, Cruse P, Knight SL, 
Brozek JL. Management of adults with hospital-acquired and ventilator-
associated pneumonia: 2016 clinical practice guidelines by the Infectious 
Diseases Society of America and the American Thoracic Society. Clin 
Infect Dis. 2016;63(5):e61–111. https://​doi.​org/​10.​1093/​cid/​ciw353.

	37.	 Hooton TM, Bradley SF, Cardenas DD, Colgan R, Geerlings SE, Rice 
JC, Saint S, Schaeffer AJ, Tambayh PA, Tenke P, Nicolle LE; Infectious 
Diseases Society of America. Diagnosis, prevention, and treatment of 

https://doi.org/10.1136/jnnp-2019-322432
https://doi.org/10.1161/01.str.8.3.358
https://doi.org/10.1161/01.str.8.3.358
https://doi.org/10.1105/tpc.2.6.533
https://doi.org/10.1017/S1049023X21000534
https://doi.org/10.1007/s00134-023-07012-z
https://doi.org/10.1007/s12028-015-0208-8
https://doi.org/10.1007/s12028-015-0208-8
https://doi.org/10.1089/neu.2011.1809
https://doi.org/10.1089/neu.2011.1809
https://doi.org/10.4103/2045-9912.260649
https://doi.org/10.4103/2045-9912.260649
https://doi.org/10.1007/s00134-021-06470-7
https://doi.org/10.1007/s00134-021-06470-7
https://doi.org/10.1007/s00421-019-04206-6
https://doi.org/10.1007/s00421-020-04498-z
https://doi.org/10.1007/s00421-020-04498-z
https://doi.org/10.3389/fneur.2017.00250.PMID:28769857;PMCID:PMC5511895
https://doi.org/10.3389/fneur.2017.00250.PMID:28769857;PMCID:PMC5511895
https://doi.org/10.21037/apm-20-2206
https://doi.org/10.1097/00005373-198501000-00010
https://doi.org/10.1097/00005373-198501000-00010
https://doi.org/10.1080/02699052.2016.1187290
https://doi.org/10.1097/01.ta.0000229796.14717.3a
https://doi.org/10.1136/emermed-2019-209092
https://doi.org/10.1136/emermed-2019-209092
https://doi.org/10.5603/PJNNS.a2018.0003
https://doi.org/10.5603/PJNNS.a2018.0003
https://doi.org/10.1016/j.wneu.2023.03.067
https://doi.org/10.1097/CCM.0b013e31824519ce
https://doi.org/10.1089/neu.2015.4164
https://doi.org/10.1089/neu.2015.4164
https://doi.org/10.1371/journal.pmed.0050165
https://doi.org/10.1371/journal.pmed.0050165
https://doi.org/10.1089/neu.1998.15.573
https://doi.org/10.1089/neu.1998.15.573
https://doi.org/10.1016/j.nicl.2023.103350
https://doi.org/10.1016/j.nicl.2023.103350
https://doi.org/10.1089/neur.2022.0060
https://doi.org/10.1186/s13054-023-04573-9
https://doi.org/10.1093/cid/ciw353


catheter-associated urinary tract infection in adults: 2009 International 
Clinical Practice Guidelines from the Infectious Diseases Society of 
America. Clin Infect Dis. 2010;50(5):625–63. https://​doi.​org/​10.​1086/​
650482

	38.	 Stevens DL, Bisno AL, Chambers HF, Dellinger EP, Goldstein EJ, Gorbach 
SL, Hirschmann JV, Kaplan SL, Montoya JG, Wade JC; Infectious Diseases 
Society of America. Practice guidelines for the diagnosis and manage‑
ment of skin and soft tissue infections: 2014 update by the Infectious 
Diseases Society of America. Clin Infect Dis. 2014;59(2):e10–52. https://​
doi.​org/​10.​1093/​cid/​ciu444

	39.	 Chaves F, Garnacho-Montero J, Del Pozo JL, Bouza E, Capdevila JA, de 
Cueto M, Domínguez MÁ, Esteban J, Fernández-Hidalgo N, Fernández 
Sampedro M, Fortún J, Guembe M, Lorente L, Paño JR, Ramírez P, Salavert 
M, Sánchez M, Vallés J. Diagnosis and treatment of catheter-related 
bloodstream infection: clinical guidelines of the Spanish Society of Infec‑
tious Diseases and Clinical Microbiology and (SEIMC) and the Spanish 
Society of Spanish Society of Intensive and Critical Care Medicine and 
Coronary Units (SEMICYUC). Med Intensiv (Engl Ed). 2018;42(1):5–36. 
https://​doi.​org/​10.​1016/j.​medin.​2017.​09.​012.

	40.	 McCrea MA, Giacino JT, Barber J, Temkin NR, Nelson LD, Levin HS, Dikmen 
S, Stein M, Bodien YG, Boase K, Taylor SR, Vassar M, Mukherjee P, Robert‑
son C, Diaz-Arrastia R, Okonkwo DO, Markowitz AJ, Manley GT; TRACK-TBI 
Investigators; Adeoye O, Badjatia N, Bullock MR, Chesnut R, Corrigan JD, 
Crawford K, Duhaime AC, Ellenbogen R, Feeser VR, Ferguson AR, Foreman 
B, Gardner R, Gaudette E, Goldman D, Gonzalez L, Gopinath S, Gullapalli 
R, Hemphill JC, Hotz G, Jain S, Keene CD, Korley FK, Kramer J, Kreitzer 
N, Lindsell C, Machamer J, Madden C, Martin A, McAllister T, Merchant 
R, Ngwenya LB, Noel F, Nolan A, Palacios E, Perl D, Puccio A, Rabinowitz 
M, Rosand J, Sander A, Satris G, Schnyer D, Seabury S, Sherer M, Toga A, 
Valadka A, Wang K, Yue JK, Yuh E, Zafonte R. Functional outcomes over 
the first year after moderate to severe traumatic brain injury in the pro‑
spective, longitudinal TRACK-TBI study. JAMA Neurol. 2021;78(8):982–992. 
https://​doi.​org/​10.​1001/​jaman​eurol.​2021.​2043

	41.	 Maas AIR, Menon DK, Manley GT, Abrams M, Åkerlund C, Andelic N, Aries 
M, Bashford T, Bell MJ, Bodien YG, Brett BL, Büki A, Chesnut RM, Citerio G, 
Clark D, Clasby B, Cooper DJ, Czeiter E, Czosnyka M, Dams-O’Connor K, 
De Keyser V, Diaz-Arrastia R, Ercole A, van Essen TA, Falvey É, Ferguson AR, 
Figaji A, Fitzgerald M, Foreman B, Gantner D, Gao G, Giacino J, Gravesteijn 
B, Guiza F, Gupta D, Gurnell M, Haagsma JA, Hammond FM, Hawryluk 
G, Hutchinson P, van der Jagt M, Jain S, Jain S, Jiang JY, Kent H, Kolias A, 
Kompanje EJO, Lecky F, Lingsma HF, Maegele M, Majdan M, Markowitz 
A, McCrea M, Meyfroidt G, Mikolić A, Mondello S, Mukherjee P, Nelson D, 
Nelson LD, Newcombe V, Okonkwo D, Orešič M, Peul W, Pisică D, Polinder 
S, Ponsford J, Puybasset L, Raj R, Robba C, Røe C, Rosand J, Schueler P, 
Sharp DJ, Smielewski P, Stein MB, von Steinbüchel N, Stewart W, Steyer‑
berg EW, Stocchetti N, Temkin N, Tenovuo O, Theadom A, Thomas I, Espin 
AT, Turgeon AF, Unterberg A, Van Praag D, van Veen E, Verheyden J, Vyvere 
TV, Wang KKW, Wiegers EJA, Williams WH, Wilson L, Wisniewski SR, Younsi 
A, Yue JK, Yuh EL, Zeiler FA, Zeldovich M, Zemek R; InTBIR Participants and 
Investigators. Traumatic brain injury: progress and challenges in preven‑
tion, clinical care, and research. Lancet Neurol. 2022;21(11):1004–1060. 
https://​doi.​org/​10.​1016/​S1474-​4422(22)​00309-X

	42.	 Steyerberg EW, Wiegers E, Sewalt C, Buki A, Citerio G, De Keyser V, Ercole 
A, Kunzmann K, Lanyon L, Lecky F, Lingsma H, Manley G, Nelson D, Peul 
W, Stocchetti N, von Steinbüchel N, Vande Vyvere T, Verheyden J, Wilson 
L, Maas AIR, Menon DK; CENTER-TBI Participants and Investigators. Case-
mix, care pathways, and outcomes in patients with traumatic brain injury 
in CENTER-TBI: a European prospective, multicentre, longitudinal, cohort 
study. Lancet Neurol. 2019;18(10):923–934. https://​doi.​org/​10.​1016/​
S1474-​4422(19)​30232-7

	43.	 Zuckerman DA, Giacino JT, Bodien YG. Traumatic brain injury: what is a 
favorable outcome? J Neurotrauma. 2022;39(13–14):1010–2. https://​doi.​
org/​10.​1089/​neu.​2021.​0356.

	44.	 Claassen J, Doyle K, Matory A, Couch C, Burger KM, Velazquez A, Okonkwo 
JU, King JR, Park S, Agarwal S, Roh D, Megjhani M, Eliseyev A, Connolly 
ES, Rohaut B. Detection of brain activation in unresponsive patients with 
acute brain injury. N Engl J Med. 2019;380(26):2497–505. https://​doi.​org/​
10.​1056/​NEJMo​a1812​757.

	45.	 Cooper DJ, Rosenfeld JV, Murray L, Arabi YM, Davies AR, Ponsford J, 
Seppelt I, Reilly P, Wiegers E, Wolfe R; DECRA Trial Investigators and the 
Australian and New Zealand Intensive Care Society Clinical Trials Group. 

Patient outcomes at twelve months after early decompressive craniec‑
tomy for diffuse traumatic brain injury in the randomized DECRA clinical 
trial. J Neurotrauma. 2020;37(5):810–816. https://​doi.​org/​10.​1089/​neu.​
2019.​6869

	46.	 Kolias AG, Adams H, Timofeev IS, Corteen EA, Hossain I, Czosnyka M, 
Timothy J, Anderson I, Bulters DO, Belli A, Eynon CA, Wadley J, Mendelow 
AD, Mitchell PM, Wilson MH, Critchley G, Sahuquillo J, Unterberg A, Posti 
JP, Servadei F, Teasdale GM, Pickard JD, Menon DK, Murray GD, Kirkpatrick 
PJ, Hutchinson PJ; RESCUEicp Trial Collaborators. Evaluation of outcomes 
among patients with traumatic intracranial hypertension treated with 
decompressive craniectomy vs standard medical care at 24 months: a 
secondary analysis of the RESCUEicp Randomized Clinical Trial. JAMA 
Neurol. 2022;79(7):664–671. https://​doi.​org/​10.​1001/​jaman​eurol.​2022.​
1070

	47.	 Toro C, Hatfield J, Temkin N, Barber J, Manley G, Ohnuma T, Komisarow J, 
Foreman B, Korley FK, Vavilala MS, Laskowitz DT, Mathew JP, Hernandez 
A, Sampson J, James ML, Raghunathan K, Goldstein BA, Markowitz AJ, 
Krishnamoorthy V; TRACK-TBI Investigators. Risk factors and neurological 
outcomes associated with circulatory shock after moderate-severe trau‑
matic brain injury: a TRACK-TBI Study. Neurosurgery. 2022;91(3):427–436. 
https://​doi.​org/​10.​1227/​neu.​00000​00000​002042

	48.	 Kowalski RG, Hammond FM, Weintraub AH, Nakase-Richardson R, Zafonte 
RD, Whyte J, Giacino JT. Recovery of consciousness and functional 
outcome in moderate and severe traumatic brain injury. JAMA Neurol. 
2021;78(5):548–57. https://​doi.​org/​10.​1001/​jaman​eurol.​2021.​0084.

	49.	 Watanitanon A, Lyons VH, Lele AV, Krishnamoorthy V, Chaikittisilpa N, 
Chandee T, Vavilala MS. Clinical epidemiology of adults with moderate 
traumatic brain injury. Crit Care Med. 2018;46(5):781–7. https://​doi.​org/​10.​
1097/​CCM.​00000​00000​002991.

	50.	 Robba C, Galimberti S, Graziano F, Wiegers EJA, Lingsma HF, Iaquaniello C, 
Stocchetti N, Menon D, Citerio G; CENTER-TBI ICU Participants and Inves‑
tigators. Tracheostomy practice and timing in traumatic brain-injured 
patients: a CENTER-TBI study. Intensive Care Med. 2020;46(5):983–994. 
https://​doi.​org/​10.​1007/​s00134-​020-​05935-5

	51.	 Robba C, Graziano F, Rebora P, Elli F, Giussani C, Oddo M, Meyfroidt G, 
Helbok R, Taccone FS, Prisco L, Vincent JL, Suarez JI, Stocchetti N, Citerio 
G; SYNAPSE-ICU Investigators. Intracranial pressure monitoring in patients 
with acute brain injury in the intensive care unit (SYNAPSE-ICU): an 
international, prospective observational cohort study. Lancet Neurol. 
2021;20(7):548–558. https://​doi.​org/​10.​1016/​S1474-​4422(21)​00138-1

	52.	 de Cássia Almeida Vieira R, Silveira JCP, Paiva WS, de Oliveira DV, de Souza 
CPE, Santana-Santos E, de Sousa RMC. Prognostic models in severe trau‑
matic brain injury: a systematic review and meta-analysis. Neurocrit Care. 
2022;37(3):790–805. https://​doi.​org/​10.​1007/​s12028-​022-​01547-7.

	53.	 Cremer OL, Moons KG, van Dijk GW, van Balen P, Kalkman CJ. Prognosis 
following severe head injury: development and validation of a model 
for prediction of death, disability, and functional recovery. J Trauma. 
2006;61(6):1484–91. https://​doi.​org/​10.​1097/​01.​ta.​00001​95981.​63776.​ba.

	54.	 MRC CRASH Trial Collaborators; Perel P, Arango M, Clayton T, Edwards P, 
Komolafe E, Poccock S, Roberts I, Shakur H, Steyerberg E, Yutthakasem‑
sunt S. Predicting outcome after traumatic brain injury: practical 
prognostic models based on large cohort of international patients. BMJ. 
2008;336(7641):425–9. https://​doi.​org/​10.​1136/​bmj.​39461.​643438.​25

	55.	 Johnston AJ, Steiner LA, Gupta AK, Menon DK. Cerebral oxygen vasoreac‑
tivity and cerebral tissue oxygen reactivity. Br J Anaesth. 2003;90(6):774–
86. https://​doi.​org/​10.​1093/​bja/​aeg104.

	56.	 Schalén W, Messeter K, Nordström CH. Cerebral vasoreactivity and the 
prediction of outcome in severe traumatic brain lesions. Acta Anaesthe‑
siol Scand. 1991;35(2):113–22. https://​doi.​org/​10.​1111/j.​1399-​6576.​1991.​
tb032​58.x.

	57.	 Bélanger M, Allaman I, Magistretti PJ. Brain energy metabolism: focus on 
astrocyte-neuron metabolic cooperation. Cell Metab. 2011;14(6):724–38. 
https://​doi.​org/​10.​1016/j.​cmet.​2011.​08.​016.

	58.	 Launey Y, Fryer TD, Hong YT, Steiner LA, Nortje J, Veenith TV, Hutchinson 
PJ, Ercole A, Gupta AK, Aigbirhio FI, Pickard JD, Coles JP, Menon DK. Spatial 
and temporal pattern of ischemia and abnormal vascular function follow‑
ing traumatic brain injury. JAMA Neurol. 2020;77(3):339–49. https://​doi.​
org/​10.​1001/​jaman​eurol.​2019.​3854.

	59.	 Battisti-Charbonney A, Fisher J, Duffin J. The cerebrovascular response to 
carbon dioxide in humans. J Physiol. 2011;589(Pt 12):3039–48. https://​doi.​
org/​10.​1113/​jphys​iol.​2011.​206052.

https://doi.org/10.1086/650482
https://doi.org/10.1086/650482
https://doi.org/10.1093/cid/ciu444
https://doi.org/10.1093/cid/ciu444
https://doi.org/10.1016/j.medin.2017.09.012
https://doi.org/10.1001/jamaneurol.2021.2043
https://doi.org/10.1016/S1474-4422(22)00309-X
https://doi.org/10.1016/S1474-4422(19)30232-7
https://doi.org/10.1016/S1474-4422(19)30232-7
https://doi.org/10.1089/neu.2021.0356
https://doi.org/10.1089/neu.2021.0356
https://doi.org/10.1056/NEJMoa1812757
https://doi.org/10.1056/NEJMoa1812757
https://doi.org/10.1089/neu.2019.6869
https://doi.org/10.1089/neu.2019.6869
https://doi.org/10.1001/jamaneurol.2022.1070
https://doi.org/10.1001/jamaneurol.2022.1070
https://doi.org/10.1227/neu.0000000000002042
https://doi.org/10.1001/jamaneurol.2021.0084
https://doi.org/10.1097/CCM.0000000000002991
https://doi.org/10.1097/CCM.0000000000002991
https://doi.org/10.1007/s00134-020-05935-5
https://doi.org/10.1016/S1474-4422(21)00138-1
https://doi.org/10.1007/s12028-022-01547-7
https://doi.org/10.1097/01.ta.0000195981.63776.ba
https://doi.org/10.1136/bmj.39461.643438.25
https://doi.org/10.1093/bja/aeg104
https://doi.org/10.1111/j.1399-6576.1991.tb03258.x
https://doi.org/10.1111/j.1399-6576.1991.tb03258.x
https://doi.org/10.1016/j.cmet.2011.08.016
https://doi.org/10.1001/jamaneurol.2019.3854
https://doi.org/10.1001/jamaneurol.2019.3854
https://doi.org/10.1113/jphysiol.2011.206052
https://doi.org/10.1113/jphysiol.2011.206052


	60.	 Yoshihara M, Bandoh K, Marmarou A. Cerebrovascular carbon dioxide 
reactivity assessed by intracranial pressure dynamics in severely head 
injured patients. J Neurosurg. 1995;82(3):386–93. https://​doi.​org/​10.​3171/​
jns.​1995.​82.3.​0386.

	61.	 Huijben JA, Volovici V, Cnossen MC, Haitsma IK, Stocchetti N, Maas AIR, 
Menon DK, Ercole A, Citerio G, Nelson D, Polinder S, Steyerberg EW, 

Lingsma HF, van der Jagt M; CENTER-TBI investigators and participants. 
Variation in general supportive and preventive intensive care manage‑
ment of traumatic brain injury: a survey in 66 neurotrauma centers 
participating in the Collaborative European NeuroTrauma Effective‑
ness Research in Traumatic Brain Injury (CENTER-TBI) study. Crit Care. 
2018;22(1):90. https://​doi.​org/​10.​1186/​s13054-​018-​2000-6

https://doi.org/10.3171/jns.1995.82.3.0386
https://doi.org/10.3171/jns.1995.82.3.0386
https://doi.org/10.1186/s13054-018-2000-6

	PaCO2 Association with Outcomes of Patients with Traumatic Brain Injury at High Altitude: A Prospective Single-Center Cohort Study
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and Methods
	Study Population
	Definitions
	Data Collection
	Statistical Analysis

	Results
	Patient Demographics and Characteristics
	Outcome
	PaCO2 and Outcome for Patients on Mechanical Ventilation
	Logistic Regression Analysis

	Discussion
	Conclusions
	References


