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Abstract 

Background:  The aim of this study was to describe the utilization patterns of brain tissue oxygen (PbtO2) monitoring 
following severe traumatic brain injury (TBI) and determine associations with mortality, health care use, and pulmo-
nary toxicity.

Methods:  We conducted a retrospective cohort study of patients from United States trauma centers participating in 
the American College of Surgeons National Trauma Databank between 2008 and 2016. We examined patients with 
severe TBI (defined by admission Glasgow Coma Scale score ≤ 8) over the age of 18 years who survived more than 
24 h from admission and required intracranial pressure (ICP) monitoring. The primary exposure was PbtO2 monitor 
placement. The primary outcome was hospital mortality, defined as death during the hospitalization or discharge to 
hospice. Secondary outcomes were examined to determine the association of PbtO2 monitoring with health care use 
and pulmonary toxicity and included the following: (1) intensive care unit length of stay, (2) hospital length of stay, 
and (3) development of acute respiratory distress syndrome (ARDS). Regression analysis was used to assess differences 
in outcomes between patients exposed to PbtO2 monitor placement and those without exposure by using propen-
sity weighting to address selection bias due to the nonrandom allocation of treatment groups and patient dropout.

Results:  A total of 35,501 patients underwent placement of an ICP monitor. There were 1,346 (3.8%) patients who 
also underwent PbtO2 monitor placement, with significant variation regarding calendar year and hospital. Patients 
who underwent placement of a PbtO2 monitor had a crude in-hospital mortality of 31.1%, compared with 33.5% 
in patients who only underwent placement of an ICP monitor (adjusted risk ratio 0.84, 95% confidence interval 
0.76–0.93). The development of the ARDS was comparable between patients who underwent placement of a PbtO2 
monitor and patients who only underwent placement of an ICP monitor (9.2% vs. 9.8%, adjusted risk ratio 0.89, 95% 
confidence interval 0.73–1.09).

Conclusions:  PbtO2 monitor utilization varied widely throughout the study period by calendar year and hospi-
tal. PbtO2 monitoring in addition to ICP monitoring, compared with ICP monitoring alone, was associated with a 
decreased in-hospital mortality, a longer length of stay, and a similar risk of ARDS. These findings provide further 
guidance for clinicians caring for patients with severe TBI while awaiting completion of further randomized controlled 
trials.
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Introduction
Traumatic brain injury (TBI) is a significant public health 
challenge. The scope of the problem is only in part cap-
tured by the more than 2.5 million emergency depart-
ment visits, 252,000 hospitalizations, and 56,000 deaths 
attributable to TBI in a single year in the United States 
[1]. These numbers do not encompass the long lasting 
societal and economic strain resulting from TBI. Addi-
tionally, TBI-related deaths have increased in recent 
years, emphasizing the need for further therapies and 
advances in management strategies [2]. Critical care of 
severe TBI focuses on limiting the damage of the primary 
injury to the brain and on preventing secondary brain 
injuries [3], and the monitoring of intracranial pressure 
(ICP) has become a standard means of reducing second-
ary injury. Despite a relative paucity of prospective clini-
cal trials demonstrating efficacy, ICP measurements are 
widely used and are included as part of the Brain Trauma 
Foundation [4], Seattle International Severe Traumatic 
Brain Injury Consensus Conference [5], and Emergency 
Neurological Life Support [6] guidelines for the manage-
ment of severe TBI.

More directly relevant physiological markers of sec-
ondary brain injury exist to complement ICP meas-
urements. Brain tissue oxygenation (PbtO2) has been 
proposed and studied as such a marker to detect cerebral 
hypoxia that may precede, or occur independently to, 
elevations in ICP levels. A decrease in PbtO2 is associ-
ated with cerebral ischemia and cell death [7]. Over the 
last two decades, observational studies have shown that 
low PbtO2 is associated with poor outcomes [8–11], and 
a recent randomized controlled trial has demonstrated 
the safety and feasibility of a monitoring strategy aimed 
at correcting PbtO2 [12]. Brain tissue hypoxia has been 
shown to occur independently of changes in ICP or cer-
ebral perfusion pressure, raising the question of whether 
current intracranial monitoring methods are adequate 
to prevent adverse events [13]. Despite this, equipoise 
remains, as optimal thresholds for PbtO2 remain contro-
versial, and the interpretation of PbtO2 varies depending 
on placement location and whether there is focal or dif-
fuse pathology [14–16]. Furthermore, there is a paucity 
of data on the use of PbtO2 across United States hospi-
tals and its impact on clinical outcomes in severe TBI. To 
address these gaps, we examined PbtO2 monitoring in 
severe TBI by using the National Trauma Data Bank. The 
primary outcome we examined was mortality. We addi-
tionally examined health care use and pulmonary toxicity 
as secondary outcomes.

Methods
Study Design and Database
We conducted a retrospective cohort study using the 
National Trauma Data Bank (NTDB) from 2008 to 2016. 
The NTDB research data sets include information on 
more than 7.5 million patients with trauma from 595 
trauma facilities and houses the largest collection of 
hospital trauma data in the United States. The data are 
divided into distinct files, comprising emergency depart-
ment data, demographic and clinical data, injury mecha-
nism and severity, comorbidities, hospital complications, 
procedures performed, and hospital disposition. The 
NTDB is fully deidentified and, therefore, exempt from 
institutional review board review by the Duke University 
Health System Institutional Review Board.

Population
The NTDB data set files were used to identify adult 
patients who suffered from severe TBI and required 
ICP monitoring. We used International Classification 
of Disease 9th Revision (ICD-9) and International Clas-
sification of Disease 10th Revision (ICD-10) diagnosis 
codes to identify patients with a diagnosis of TBI (Sup-
plemental Table 1). Severity of TBI was assessed by using 
the emergency department Glasgow Coma Scale (GCS) 
score. We included patients with a GCS ≤ 8 who were at 
least 18 years old. We excluded patients who died in the 
emergency department or within 24 h of hospital admis-
sion (as this likely indicates death from head injury alone, 
without time for a PbtO2 monitor to be placed or con-
tribute meaningfully to clinical outcome), and patients 
who did not require ICP monitoring (identified by ICD-9 
and ICD-10 procedure codes, listed in Supplementary 
Data).

Exposures, Outcomes, and Covariates
To describe the use patterns of PbtO2 monitoring among 
patients with severe TBI, our first research question 
examined the use of PbtO2 monitoring (compared with 
ICP monitoring alone) as the outcome, ascertained by 
examination of ICD-9 and ICD-10 procedure codes 
(listed in the Supplementary Data). For our second 
research question, the exposure was the use of PbtO2 
monitoring (compared with ICP monitoring alone) and 
the primary outcome was hospital mortality, defined 
as death during the hospitalization or discharge to hos-
pice. Secondary outcomes were examined to determine 
the association of PbtO2 monitoring with health care 
use and pulmonary toxicity and included the following: 
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(1) intensive care unit length of stay, (2) hospital length 
of stay, and (3) development of acute respiratory distress 
syndrome (ARDS), ascertained from the hospital compli-
cations file of the NTDB database. The decision to ana-
lyze development of ARDS was based on the incidence 
of ARDS following severe isolated TBI and the concern 
that PbtO2 monitoring might lead to increased oxygen 
use and subsequent worsening ventilator-induced lung 
injury [17].

Covariates included demographic characteristics (sex, 
age, race, insurance status), time (calendar year), medical 
comorbidities (prior cerebrovascular insult, respiratory 
disease, hypertension, diabetes, Do Not Resuscitate  sta-
tus, bleeding disorder, and disseminated cancer or active 
chemotherapy), clinical characteristics (Injury Sever-
ity Score, TBI characteristics [blunt vs. penetrating], 
and injury mechanism), facility characteristics (bed size, 
trauma designation, teaching status), and geographic 
characteristics (census region).

Statistical Analysis
We used descriptive statistics to examine the demo-
graphic and clinical characteristics of our cohort of 
patients with severe TBI with ICP monitors, stratified by 
using PbtO2 monitoring. Continuous data were summa-
rized by using means and standard deviations, and cate-
gorical data were summarized as counts and percentages. 
For examination of factors associated with PbtO2 use, we 
fit a mixed-effects logistic regression model, adjusted for 
the above covariates, with the individual hospital mod-
eled as a random effect to account for clustering. The 
model’s intraclass correlation coefficient was used to 
examine the percentage of variation in PbtO2 use at the 
level of the individual hospital. We further examined 
BtO2 use over time (calendar year), as well as identified 
changes in use with a multivariable joinpoint regression.

We examined the association of PbtO2 use with clini-
cal outcomes using a propensity-weighted analysis for 
primary and secondary outcomes. First, we built pro-
pensity scores for treatment (receipt of a PbtO2 monitor) 
using a logistic regression model adjusted for the follow-
ing variables, selected a priori based on prior literature, 
directed acyclic graphs, and study team subject matter 
expertise: age, sex, race, admission GCS score, injury 
severity score, admission hypotension, admission heart 
rate, need for mechanical ventilation, comorbidities (res-
piratory disease, diabetes, bleeding disorder, and “Do not 
resuscitate” status), and facility variables (region, hospital 
size, hospital teaching status, and hospital level I trauma 
designation). Next, we assessed for adequate covari-
ate balance following propensity weighting by examin-
ing changes in standardized mean differences between 
covariates prepropensity and postpropensity score 

weighting; standardized mean difference values of < 0.1 
suggested adequate covariate balance. Last, we calcu-
lated the average treatment effect risk estimates for the 
primary and secondary outcome using inverse probabil-
ity of treatment weighting [18] and reported this as a risk 
ratio (for binary outcome) and mean difference (for con-
tinuous outcomes), with 95% confidence intervals. Given 
missingness of less than 5% in all variables used for analy-
sis, a complete case analysis was performed. All analyses 
were conducted by using STATA 15.0 (College Station, 
TX), using the Treatment-Effects package for propensity-
weighted analyses.

Results
Population
The selection of study participants is depicted in Fig.  1. 
The study population included 35,501 patients who pre-
sented with severe TBI and underwent placement of an 
ICP monitor. Through the entire period of study (2008–
2016), 1,346 (3.8%) patients had a PbtO2 monitor placed. 
Details on the demographic, clinical, and facility charac-
teristics of the study population are found in Supplemen-
tal Table  2. The mean (standard deviation) presenting 
GCS was 3.9 (1.6). The mean age of a patient in the study 
population was 40.3 years, with 77% being men and 65% 
identifying their race as White.

Use of PbtO2 Monitoring
Use of PbtO2 monitoring ranged from a low of 2.68% in 
2008 to a high of 5.47% in 2011. Further details regarding 
variation in the use of PbtO2 monitoring by year is shown 
in Fig. 2. Multivariable joinpoint regression showed that 
the break point in utilization change occurred in 2011 
(p < 0.0001). Risk factors for the use of PbtO2 monitor-
ing are shown in Table 1 and Supplementary Table 3. We 
observed that variation in use of PbtO2 monitoring was 
explained more by the treating facility than by patient-
level characteristics. The mixed-effects logistic regression 
model demonstrated an intraclass correlation coefficient 
of 0.71 (0.63–0.77), indicating that 71% of the variation in 
PbtO2 monitor placement occurred at the individual hos-
pital level and was not explained by patient-level charac-
teristics alone.

Association of PbtO2 Monitoring with Clinical Outcomes
Clinical outcomes are shown in Table  2. Patients who 
underwent placement of PbtO2 monitor in addition to an 
ICP monitor had a crude in-hospital mortality of 31.1%, 
compared with 33.5% in patients who underwent place-
ment of an ICP monitor alone. In propensity-weighted 
analysis, exposure to PbtO2 in addition to ICP monitor-
ing, compared with ICP monitoring alone, was associ-
ated with a decreased risk of hospital mortality (adjusted 
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risk ratio 0.84, 95% CI 0.76–0.93). PbtO2 monitoring 
was not associated with the development of the ARDS 
(9.2% vs. 9.8%, respectively: adjusted risk ratio 0.89, 95% 
CI 0.73–1.09). Hospital length of stay was longer for 
patients who underwent PbtO2 monitoring (24.2 days vs. 
22.6 days; p < 0.001), and intensive care unit length of stay 
was longer for patients who underwent PbtO2 monitor-
ing, compared with patients exposed to ICP monitoring 
alone (16.5 days vs 14.5. days; p < 0.001).

Discussion
Severe TBI is a significant public health problem 
associated with a high mortality. Investigations into 

interventions to prevent secondary brain injury have 
consistently not shown a benefit (progesterone [19, 20], 
steroids [21, 22], and cooling [23]). Recent efforts have 
focused on the direct measurement and then interven-
tion on cerebral ischemia. In this study, we found (1) 
significant variation in the use of PbtO2 monitoring, the 
majority of which is not explained by patient-level char-
acteristics, and (2) the use of PbtO2 monitoring in addi-
tion to ICP monitoring, compared with ICP monitoring 
alone, is associated with decreased hospital mortality, 
increased health care use, and similar risk for develop-
ment of ARDS.

Fig. 1  Study participants. BtO2, brain tissue oxygen, ED, emergency department, ICP, intracranial pressure, TBI, traumatic brain injury

Fig. 2  Utilization of brain tissue oxygen by study year. BtO2, brain tissue oxygen
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Observational studies have demonstrated an associa-
tion between reduced PbtO2 and poor outcomes follow-
ing TBI [9–11]. A management strategy including the 
use of PbtO2 measurements has been proposed as safe 
and possibly efficacious in reducing mortality [12]. These 
studies, and other work, led to the Brain Oxygen Opti-
mization in Severe TBI Phase 2 (BOOST-2) trial, which 
demonstrated reduced brain hypoxia in patients man-
aged with a combined ICP and PbtO2 directed strategy 
[12]. This finding, coupled with a trend toward reduced 
mortality associated with the use of a PbtO2 monitoring 
strategy, prompted the larger Brain Oxygen Optimiza-
tion in Severe TBI Phase 3 (BOOST-3) study, which is 
currently enrolling nationally to assess functional out-
comes when a PbtO2 monitoring strategy is employed. In 
addition to BOOST-3, the Impact of Early Optimization 
of  Brain Oxygenation on Neurological Outcome After 
Severe Traumatic Brain Injury  (OXY-TC) study is cur-
rently underway to test the impact of PbtO2 management 
on outcomes after severe TBI [24].

We observed temporal variation in the use of PbtO2 
monitors, which peaked in 2011 to 2012. It is not clear 

what drove these year-by-year changes. BOOST-2, the 
most recent randomized trial involving PbtO2 monitors, 
was published in 2017, making it difficult to link the peak 
in observed use to the study. In addition, our analysis 
indicated that the vast majority (71%) of variation in the 
decision to place a PbtO2 monitor was center-dependent 
as opposed to driven by the clinical characteristics of the 
individual patient. Previous studies have shown signifi-
cant variation in adherence to guideline-based TBI care 
including ICP monitor placement [25], consistent with 
the significant variation observed in our study that was 
unexplained by patient characteristics. Therefore, a hos-
pital’s culture (or availability of technology) is likely the 
most important contributors to using PbtO2 as part of 
the routine care of patients with severe TBI. This obser-
vation is broadly consistent with findings regarding varia-
tion in the decision to intervene on severe TBI surgically 
[25].

Our analysis indicates that placement of a PbtO2 moni-
tor was associated with a reduced risk of hospital mor-
tality. The nature of this study, which does not include 
details regarding the interventions made in response to 
data provided by the PbtO2 monitors, limits our ability 
to ascertain the mechanism by which PbtO2 monitoring 
reduces mortality following severe TBI. The reduction 
in mortality we observed may reflect that the devices are 
functioning as theorized by alerting clinicians to brain 
tissue hypoxemia in an early enough manner to inter-
vene. Alternatively, placement of a PbtO2 monitor may 
reflect an institution’s broader efforts toward aggressive 
care for severe TBI, and thus serve as an indirect marker 
of multimodal severe TBI management.

Placement of PbtO2 monitors was associated with 
an increased length of hospitalization, potentially due 
to longer periods of clinical monitoring and additional 
inventions based on the additional clinical data. A pos-
sible contributing factor of increased health care use is 
related to an institutional culture on prolonged aggres-
sive care of patients with severe TBI. In other words, 

Table 1  Patient and  facility characteristics significantly 
associated with placement of brain tissue oxygen monitor

CI, confidence interval, DNR, Do Not Resuscitate, Ref, reference

Variable Odds ratio 95% CI p value

Age 0.99 0.98–0.99 0.0001

Injury severity score 1.01 1.00–1.02 00.01

DNR status 0.38 0.15–1.00 00.05

Region

 Northeast Ref

 Midwest 0.46 0.18–1.21 00.12

 West 1.19 0.44–3.22 00.73

 South 0.12 0.04–0.34 00.0001

Beds 2.82 1.33–5.99 00.007

Teaching hospital 0.44 0.24–0.80 00.008

Level 1 Trauma Center 1.78 1.19–2.65 00.005

Table 2  Crude and propensity-weighted analysis of outcomes

ARDS, acute respiratory distress syndrome, CI, confidence interval, ICU, intensive care unit, PbtO2, brain tissue oxygen, SD, standard deviation

Outcomes No PbtO2 PbtO2 Adjusted risk ratio 95% CI p value

Hospital mortality, n [no. (%)] 11,456 (33.5%) 418 (31.1%) 0.84 0.76–0.93 0.001

Development of ARDS, n (%) 3346 (9.8) 124 (9.2) 0.89 0.73–1.09 0.23

Outcomes No PbtO2 PbtO2 Adjusted mean  
difference

95% CI p value

ICU length of stay, [mean days (SD) 
(days)]

14.5 (11.3) 16.5 (11.7) 3.1 2.30–3.90  < 0.001

Hospital length of stay, mean (SD) 
(days)

22.6 (21.3) 24.2 (20.4) 3.0 1.70–4.28  < 0.001
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institutions that routinely place a PbtO2 monitor may 
be more likely to counsel caregivers toward aggressive 
care resulting in a prolonged hospitalization. There have 
been concerns that management guided by PbtO2 may 
be associated with increased pulmonary complications. 
The data presented in this study do not support that con-
clusion, as it showed a similar rate of ARDS between the 
two groups. In this study, we observed a 9.2–9.8% rate 
of ARDS. Previous work by our group showed a slightly 
lower rate of TBI-associated ARDS of 7%, but overall is 
consistent with what has been reported in the literature 
[17].

Although this study is the largest that, we are aware of, 
examines the use of PbtO2 monitoring in patients with 
TBI, there are several limitations. Data available in the 
NTDB indicate only whether a device capable of moni-
toring PbtO2 was placed. No information is available to 
the length of time it provided functional data or how the 
information it provided were used in patient care. The 
NTDB does not provide information on whether proto-
colized management was carried out in response to the 
PbtO2 information provided, representing an impor-
tant consideration in interpreting our results. While 
BOOST-2 provided a standardized approach to the man-
agement of brain tissue hypoxemia, there are no data 
available on whether the patients captured in NTDB were 
managed in this fashion. Therefore, our analysis cannot 
draw conclusions on what aspect of placement or result-
ant management of a PbtO2 monitor may have resulted 
in reduced rates of mortality. Additionally, although we 
included respiratory disease as a covariate in our out-
come analysis of ARDS, we did not excluded patients 
with acute lung pathology (i.e., pulmonary contusion), 
which can be risk factors for ARDS [26]. The NTDB is 
limited in the number of covariates available, which may 
result in residual confounding. A final limitation to the 
present study is the lack of neurobehavioral outcomes. 
We are therefore unable to draw conclusions about 
whether management involving PbtO2 monitoring results 
in improved quality of life. The ongoing BOOST-3 study 
should help elucidate this by including Glasgow Outcome 
Score Extended as part of its outcome measures.

Conclusions
In conclusion, we present data demonstrating significant 
variation in the use of PbtO2 monitoring as part of the 
care of patients with severe TBI. The use of PbtO2 was 
associated with a decreased risk of hospital mortality, 
increased health care use, and no association with the 
development of ARDS in patients with severe TBI. Given 
the variation in use and possible benefit of therapy, our 

analysis confirms the need for large multicenter trials, 
which are currently being conducted.
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