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Abstract

Pressure reactivity index (PRx) and brain tissue oxygen (PbtO2) are associated with outcome in traumatic brain injury

(TBI). This study explores the relationship between PRx and PbtO2 in adult moderate/severe TBI. Using the Collaborative

European NeuroTrauma Effectiveness Research in Traumatic Brain Injury (CENTER-TBI) high resolution intensive care

unit (ICU) sub-study cohort, we evaluated those patients with archived high-frequency digital intraparenchymal intra-

cranial pressure (ICP) and PbtO2 monitoring data of, a minimum of 6 h in duration, and the presence of a 6 month Glasgow

Outcome Scale –Extended (GOSE) score. Digital physiological signals were processed for ICP, PbtO2, and PRx, with the

% time above/below defined thresholds determined. The duration of ICP, PbtO2, and PRx derangements was character-

ized. Associations with dichotomized 6-month GOSE (alive/dead, and favorable/unfavorable outcome; £ 4 = unfavorable),

were assessed. A total of 43 patients were included. Severely impaired cerebrovascular reactivity was seen during elevated

ICP and low PbtO2 episodes. However, most of the acute ICU physiological derangements were impaired cerebrovascular

reactivity, not ICP elevations or low PbtO2 episodes. Low PbtO2 without PRx impairment was rarely seen. % time spent

above PRx threshold was associated with mortality at 6 months for thresholds of 0 (area under the curve [AUC] 0.734,

p = 0.003), > +0.25 (AUC 0.747, p = 0.002) and > +0.35 (AUC 0.745, p = 0.002). Similar relationships were not seen for %

time with ICP >20 mm Hg, and PbtO2 < 20 mm Hg in this cohort. Extreme impairment in cerebrovascular reactivity is

seen during concurrent episodes of elevated ICP and low PbtO2. However, the majority of the deranged cerebral phys-

iology seen during the acute ICU phase is impairment in cerebrovascular reactivity, with most impairment occurring in the

presence of normal PbtO2 levels. Measures of cerebrovascular reactivity appear to display the most consistent associations

with global outcome in TBI, compared with ICP and PbtO2.
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Introduction

Secondary injury after moderate/severe traumatic brain injury

(TBI) is known to drive progressive cellular injury and death,

leading to morbidity and mortality. Over the past few decades of

TBI care, there have been advancements in guideline-based ap-

proaches and neuromonitoring,1 yet the mortality rates for moder-

ate/severe TBI have remained fairly constant.2,3 This is believed to

stem from the lack of ability to properly mitigate against secondary

insults.

There has been a recent focus on optimizing physiology through

the application of advanced continuous cerebral monitoring.1,4

Intracranial pressure (ICP)-based threshold targets have emerged

based on both population-wide studies,5 and individualized phys-

iological responses.6,7 Current Brain Trauma Foundation (BTF)

guidelines suggest ICP thresholds of 20 or 22 mm Hg.8 Further,

brain tissue oxygenation (PbtO2) has emerged as another important

physiological target in TBI care, with recent phase II data sup-

porting improved outcomes for those patients receiving ICP-

and PbtO2-directed therapy, versus ICP-directed therapy alone,9

prompting a phase III study that is currently under way. These

works focus on a PbtO2 threshold of 20 mm Hg. Finally, continuous

cerebrovascular reactivity monitoring, through such measures as

the pressure reactivity index (PRx), have been derived through the

correlation between slow-wave vasogenic fluctuations in ICP and

mean arterial pressure (MAP).10 Numerous studies to date have

documented the association between PRx and global outcome in

adult TBI,3,5,11,12 with recent multi-center data supporting that the

strong link with mortality is preserved when adjusting for baseline

characteristics and ICP.13 Various thresholds exist for PRx in the

adult TBI literature, including: 0, +0.25, and +0.35, based on as-

sociation with dichotomized 6-month outcomes.5,11

Despite these advances in cerebral physiological monitoring, the

behavior of PbtO2 and PRx when assessed concurrently, is poorly

characterized. Elevated ICP is a known correlate with impaired

cerebrovascular reactivity,14,15 as measured through PRx, and low

PbtO2.3,16,17 We also know that dynamically, PbtO2 appears to

follow changes in cerebral perfusion pressure (CPP) in TBI.17

Further, we know that vascular reactivity when assessed via PbtO2,

does not appear to be related to the more standard ICP-derived

PRx.18,19 However, the relationship between derangements in

cerebrovascular reactivity and PbtO2 is not well understood. Know-

ledge of this relationship is crucial prior to adoption of individu-

alized cerebral physiological targets derived from cerebrovascular

reactivity, such as optimal cerebral perfusion pressure (CPPopt)
20–22

or individualized ICP (iICP) thresholds.6,7 The goal of this study

was to provide an exploratory analysis into the relationship between

insults in ICP, PbtO2, and PRx, investigating preliminary associa-

tions with outcome. This was conducted using the Collabora-

tive European NeuroTrauma Effectiveness Research in Traumatic

Brain Injury (CENTER-TBI)23 high-resolution intensive care unit

(HR ICU) sub-study cohort.

Methods

Patient population

All patients from the multi-center CENTER-TBI high resolution
ICU monitoring cohort with parenchymal ICP and PbtO2 moni-
toring, with a 6-month Glasgow Outcome Scale – Extended
(GOSE) score, were included in this analysis. Patients with external
ventricular drain (EVD) based ICP data were excluded given the
interrupted nature of their recordings (i.e., reliable ICP can be re-
corded only when the drainage is closed). These patients were

prospectively recruited between January 2015 and December 2017
from 21 centers in the European Union (EU). All patients were
admitted to ICU for their TBI during the course of the study, with
high frequency digital signals recorded from their ICU monitors
during the course of their ICU stay. All patients predominantly had
moderate to severe TBI (moderate = Glasgow Coma Score [GCS]
9–12, and severe = GCS £8). A minority of patients (n = 9) were
categorized at the time of admission as having less severe TBI, but
experienced subsequent early deterioration leading to ICU admis-
sion for care and monitoring. All patients in this cohort had invasive
ICP monitoring conducted in accordance with the BTF guidelines.8

Ethics

Data used in these analyses were collected as part of the
CENTER-TBI study, which had individual national or local regu-
latory approval; the UK Ethics approval is provided as an exemplar
(IRAS No: 150943; REC 14/SC/1370). The CENTER-TBI study
(EC grant 602150) has been conducted in accordance with all rel-
evant laws of the EU if directly applicable or of direct effect, and all
relevant laws of the country where the recruiting sites were located,
including but not limited to, the relevant privacy and data protec-
tion laws and regulations (the ‘‘Privacy Law’’), the relevant laws
and regulations on the use of human materials, and all relevant
guidance relating to clinical studies from time to time in force
including, but not limited to, the ICH Harmonised Tripartite
Guideline for Good Clinical Practice (CPMP/ICH/135/95) (‘‘ICH
GCP’’) and the World Medical Association Declaration of Helsinki
entitled ‘‘Ethical Principles for Medical Research Involving
Human Subjects.’’ Informed consent by the patients and/or the
legal representative/next of kin was obtained, accordingly to the
local legislations, for all patients recruited in the core data set of
CENTER-TBI and documented in the electronic case report form
(e-CRF).

Data collection

As part of recruitment to the multi-center high resolution ICU
cohort of CENTER-TBI, all patients had demographic, injury, and
imaging data prospectively recorded. Similarly, all patients had
high frequency digital signals from ICU monitoring recorded
throughout their ICU stay, with the goal of initiating recording
within 24 h of ICU admission. All digital ICU signals were further
processed (see Signal Acquisition and Signal Processing sections).
For the purpose of this study, basic admission demographics and
centrally reported computed tomography (CT) variables for the first
available CT of each patient were extracted.24 They included: age,
admission best GCS motor score and pupillary reactivity (bilater-
ally reactive, unilateral reactive, bilateral unreactive), Marshall CT
Classification,25 Rotterdam CT score,26 and presence or absence of
traumatic subarachnoid hemorrhage (tSAH), extradural hematoma
(EDH), pre-hospital hypotension, and pre-hospital hypoxia.
CENTER-TBI data version 2.1 was accessed for the purpose of this
study, via Opal database software.27

Signal acquisition

Arterial blood pressure (ABP) was obtained through arterial
lines connected to pressure transducers. ICP was acquired from an
intra-parenchymal strain gauge probe (Codman ICP MicroSensor;
Codman & Shurtleff Inc., Raynham, MA), parenchymal fiberoptic
pressure sensor (Camino ICP Monitor, Integra Life Sciences,
Plainsboro, NJ, USA; https://www.integralife.com/). PbtO2 moni-
toring occurred via invasive parenchymal monitoring (Licox probe;
Integra, Licox Brain Oxygen Monitoring System, Plainboro, NJ),
typically placed in the frontal lobe. All signals were recorded using
digital data transfer or digitized via an A/D converter (DT9803;
Data Translation, Marlboro, MA), where appropriate; sampled at
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frequency of 100 Hertz (Hz) or higher, using the ICM+ software
(Cambridge Enterprise Ltd, Cambridge, UK, http://icmplus.neuro
surg.cam.ac.uk) or Moberg CNS Monitor (Moberg Research Inc,
Ambler, PA, USA, https://www.moberg.com) or a combination of
both. Signal artefacts were removed using both manual and auto-
mated methods prior to further processing or analysis.

Signal processing

Post-acquisition processing of the above-described signals was
conducted using ICM+ (Cambridge Enterprise Ltd, Cambridge,
UK, http://icmplus.neurosurg.cam.ac.uk). CPP was determined as
MAP – ICP. Ten second moving averages (updated every 10 sec to
avoid data overlap) were calculated for all recorded signals: ICP,
ABP (which produced MAP), CPP, and PbtO2. PRx was calculated
as the moving correlation coefficient between 30 consecutive
10 sec mean windows of ICP and MAP, updated every minute.

Data were time averaged and down sampled to minute-by-
minute resolution for the entire duration of recording for each
patient. Grand mean values of all physiological variables were
calculated per patient. In addition, the following post-processing of
this physiological data occurred in R (R Core Team [2018]. R:
A Language and Environment for Statistical Computing. R Foun-
dation for Statistical Computing: Vienna, Austria. https://www
.R-project.org/).

1. % time spent with ICP >20 mm Hg8 - Was determined across

the entire recording period.

2. % time spent with PbtO2 < 20 mm Hg9,28 – Was determined

across the entire recording period.

3. % time spent with PRx above threshold: For each patient

the % of time spent above the following clinically defined

thresholds were calculated across the entire recording peri-

od: 0, +0.25, +0.35.5,11 All of these thresholds for PRx have

been defined in previous published literature as statistically

significant for association with 6-month global outcome in

adult TBI patients.

4. % time with normal/abnormal PRx and normal/abnormal

PbtO2 values - For each patient, across the entire recording

period, we determined

a. % time with PRx above threshold and PbtO2 < 20 mm Hg

b. % time with PRx above threshold and PbtO2 > 20 mm Hg

c. % time with PRx below threshold and PbtO2 < 20 mm Hg

Statistical analysis

All statistical analysis was conducted using R and XLSTAT
(Addinsoft, New York, NY; https://www.xlstat.com/en/) add-on
package to Microsoft Excel (Microsoft Office 15, Version
16.0.7369.1323). Normality of continuous variables was assessed
via the Shapiro–Wilks test, in which all variables displayed non-
parametric characteristics, and are hence displayed as median
(range) or median (interquartile range [IQR]) in the summary of
characteristics in Table S1. Various box and contour plots were
produced to describe the mean and % time physiological variables
for the entire cohort.

Mean % time physiological metrics were compared between
dichotomized 6-month GOSE, using Mann–Whitney U testing.
GOSE was dichotomized into: Alive/Dead, and Favorable/
Unfavorable (with £4 denoting unfavorable outcome). For all
testing described, a was set at 0.05 for significance. No correction
for multiple comparisons was made.

Univariate logistical regression (ULR) was conducted, com-
paring each % time physiological variable to both dichotomized
GOSE defined outcomes. Area under the receiver operating curve
(AUC), 95% confidence intervals (CIs), and p values for the uni-

variate models are reported. All AUCs and 95% CIs for ULR were
determined using bootstrapping techniques with 2000 iterations,
with only the statistically significant results reported in Table S2.
Comparison of ULR model AUCs was conducted using Delong’s
test.

For those physiological variables reaching significance in ULR
analysis, multi-variable logistical regression (MLR) models were
created, adjusting for baseline admission characteristics and % time
with ICP >20 mm Hg, assessing the relationship with dichotomized
6-month GOSE-defined outcomes. These models adjusted for the
following baseline admission characteristics (in addition to % time
with ICP >20 mm Hg): age, admission GCS motor score, pupillary
response, and Marshall CT grade.

Results

Patient demographics

A total of 43 patients were identified with parenchymal ICP and

PbtO2 monitoring, with a documented 6-month GOSE. Table S1

summarizes the baseline patient characteristics and physiology

variables. The median age was 46 (IQR: 31–65), with 35 being

male. The median admission GCS motor score was 3 (IQR: 1–5),

with 8 having had a hypoxic episode, 3 having had a hypotensive

episode, and 32 demonstrating bilaterally reactive pupils. The

median Marshall CT grade was 3 (IQR: 2–6), and duration of high-

frequency physiological recording was 137.4 h (IQR: 89.2–174.5).

% time spent above physiological thresholds

Table S1 provides a summary for the % time spent above/below

threshold for ICP, PbtO2 and PRx, with the median values of: 5.8%

(IQR: 1.2–23.2), 19.0% (IQR: 3.9–34.6), 60.9% (IQR: 42.9–70.2)

for % time above ICP of 20 mm Hg, % time with PbtO2 < 20 mm Hg,

and % time with PRx >0, respectively. Figure 1 provides multi-

variable contour plots demonstrating the general relationship among

ICP, PbtO2 and PRx, displaying that extreme impairments in cere-

brovascular reactivity are seen with high ICP and low PbtO2 values.

Figure 2 displays descriptive contour plots of % time with ICP

>20 mm Hg, % time with PRx >0/+0.25 and PbtO2 < 20 mm Hg, and

raw 6-month GOSE score. This highlights the association between

improved outcomes with overall optimized ICP, PbtO2, and PRx.

With that said, Figure 3 provides the population histograms of %

time above/below threshold for ICP, PbtO2, and PRx of 0/+0.25,

and demonstrates that among these three physiological metrics,

impaired cerebrovascular reactivity, not elevated ICP or low PbtO2,

dominates the landscape of physiological derangement during the

acute ICU phase. This is also highlighted by the histograms in

Figure 4, which demonstrate that the % time with impaired cere-

brovascular reactivity and low PbtO2, is much less than the % time

spent with impaired cerebrovascular reactivity and normal PbtO2

values. Further, Figure 4 also displays that the % time with normal

cerebrovascular reactivity and low PbtO2 values is overall low

across the cohort.

Association with dichotomized 6-month outcomes

Comparing % time physiological variables between the two di-

chotomized 6-month outcomes, only a few demonstrated statisti-

cally significant difference in mean values between groups. Table 1

highlights the statistically significant results only. Percent time

with PRx >0, +0.25, and +0.35 was higher in the mortality group

( p = 0.0007, p = 0.005, p = 0.005, respectively), whereas PRx >0

and +0.25 were not statistically different between those in the fa-

vorable and unfavorable outcome categories. Percent time with ICP
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>20 mm Hg, or PbtO2 < 20 mm Hg, or the combined PRx and PbtO2

% time metrics, were not statistically different between either of the

group dichotomizations ( p > 0.05 for all).

We compared each % time physiological metric in association

with the dichotomized outcomes using ULR. Table S2 summarized

the statistically significant associations. For alive/dead outcome,

only % time with ICP >20 mm Hg (AUC 0.648, p = 0.006), % time

with PRx >0 (AUC 0.734, p = 0.003), > +0.25 (AUC 0.747,

p = 0.002) and > +0.35 (AUC 0.745, p = 0.002), were found to be

statistically significant, but not different from one another ( p > 0.05

using Delong’s test). Whereas for favorable/unfavorable out-

come, % time with PRx > +0.25 (AUC 0.679, p = 0.034) and +0.35

(AUC 0.690, p = 0.030), % time with PbtO2 < 20 mm Hg (AUC

0.682, p = 0.030), and % time with PRx >0 and PbtO2 < 20 mm Hg

(AUC 0.661, p = 0.041), were found to be statistically significant,

but not different from one another (using Delong’s test). During

MLR modelling, none of the PRx/PbtO2 variables retained signif-

icance when adjusting for baseline admission characteristics. ICP

also fell out of significance when adjusting for baseline admission

characteristics in this cohort. However, lack of significance in MLR

may just reflect low power in this small cohort.

Discussion

Through this preliminary multi-center analysis using the CENTER-

TBI HR ICU Sub-Study cohort, we have been able to display some

interesting and important relationships among ICP, PbtO2, PRx and

6-month outcome. A few deserve highlighting.

First, across the entire recording period for all patients, it ap-

pears that impaired cerebrovascular reactivity dominated the im-

paired cerebral physiology seen in this adult TBI cohort. This can

be seen both in the cohort summary of mean % times beyond

threshold, and population histograms for the various physiological

metrics. It is of note that very little time was spent with ICP

>20 mm Hg and PbtO2 < 20 mm Hg (Fig. 3). This suggests that in

the current environment of BTF-based therapeutic strategies in

adult TBI care, cerebrovascular reactivity remains independent

to treatment effect, whereas ICP and PbtO2 remain responsive.

This parallels past larger population analysis regarding therapeutic

intensity and cerebrovascular reactivity in the wider CENTER-

TBI HR cohort.3,29 Further, this lack of treatment effect and per-

sistent cerebrovascular dysfunction seen in this cohort, appears to

also display stronger associations with dichotomized 6-month

outcome, compared with % time above ICP of 20 mm Hg, and

% time with PbtO2 < 20 mm Hg. Again, this strong association

between cerebrovascular reactivity and global outcome has been

previously described.12,13 Therefore, the question is raised re-

garding the determinants of impaired cerebrovascular reactivity

in TBI. In general, if ICP-directed therapies appear to have lim-

ited impact on cerebrovascular reactivity, then future investiga-

tion is warranted into other potential driving factors involved.

Such work may allow directed pharmacological manipulation of

FIG. 1. Multi-variable contour plots: ICP, PbtO2, and PRx. (A) Contour plot of mean ICP, PbtO2, and PRx, demonstrating grossly
impaired PRx values, during high ICP and low PbtO2. (B) Contour plot of % time with ICP >20 mm Hg, % time with PbtO2 < 20 mm
Hg, and % time with PRx > +0.25, again highlighting that extreme impairment in cerebrovascular reactivity and ICP lead to reduction in
PbtO2 values. (C) Data density plot for A. (D) Data density plot for B. Mean and % time values were derived across the patient’s entire
recording period. a.u., arbitrary units; ICP, intracranial pressure; MAP, mean arterial pressure; PbtO2, brain tissue oxygen, PRx, pressure
reactivity index (correlation between slow-waves of ICP and MAP).
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cerebrovascular reactivity status. These types of investigations are

the ongoing work of various laboratories.

Second, the time spent with derangements in PRx and PbtO2

were highlighted. It is known that elevations in ICP can lead to

impaired cerebrovascular reactivity,14,15 as measured through PRx.

However, the relationship between PRx and PbtO2 is less clear.

We were able to display (Fig. 1) that during extreme impairments

in cerebrovascular reactivity, both ICP and PbtO2 tend to be ab-

normal. Similarly, Figure 2 supports that optimization of ICP,

PbtO2, and PRx leads to overall better GOSE at 6 months. How-

ever, the amount of time spent with impaired cerebrovascular re-

activity and low PbtO2 is relatively limited in this population,

whereas isolated impairment in cerebrovascular reactivity, with

normal PbtO2 levels, tends to dominate the overall physiology

when looking at variations in derangements of PRx and PbtO2

(Figure 4). Therefore, one does not always display low PbtO2

values during impaired cerebrovascular reactivity, with impaired

cerebrovascular reactivity alone appearing to be the more common

event in moderate/severe TBI.

Third, cerebrovascular reactivity is generally impaired in the

presence of isolated low PbtO2 in this cohort. This suggests that

many of the low PbtO2 episodes are occurring in the presence of

impaired cerebrovascular reactivity. This may simply suggest that

the pathological state required to cause a reduction in brain tissue

oxygenation is so severe that autoregulation is impaired. Alter-

natively, and more tantalizingly, it may be that abnormal cere-

brovascular reactivity is an important factor in the development

of reduced brain tissue oxygen tension, perhaps by limiting the

brain’s ability to mount compensatory changes in cerebral blood

flow in response to oxygen supply–demand mismatch. We know

from previous works that PbtO2 tends to follow changes in CPP

in TBI.17,30,31 Figure S1 provides a contour plot of mean ICP,

CPP, and PbtO2, demonstrating that in general, PbtO2 values in-

crease with increasing CPP, corroborating these previously de-

scribed results. Such relationships among cerebrovascular

reactivity, CPP, and PbtO2 required further validation and explo-

ration in larger cohorts with this type of high frequency physio-

logical recordings.

FIG. 2. Cohort contour plots: % time ICP >20, % time PRx >0/+0.25 and PbtO2 < 20 mm Hg, and 6-month Glasgow Outcome Scale –
Extended (GOSE). (A) Contour plot of % time with ICP >20 mm Hg, % time with PRx > +0.25/ PbtO2 < 20 mm Hg, and 6-month
GOSE. (B) Contour plot of % time with ICP >20 mm Hg, % time with PRx >0/ PbtO2 < 20 mm Hg, and 6-month GOSE. (C) Data
density plot for A. (D) Data density plot for B. Note the superior outcomes (i.e., higher GOSE scores) for more time spent with lower
ICP and PRx and higher PbtO2. Mean and % time values were derived across the patient’s entire recording period. ICP, intracranial
pressure; MAP, mean arterial pressure; PbtO2, brain tissue oxygen; PRx, pressure reactivity index (correlation between slow-waves of
ICP and MAP).
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Finally, the association with global dichotomized outcome at

6 months favors more consistent and robust associations with im-

paired cerebrovascular reactivity, over elevated ICP and low PbtO2.

It must be acknowledged that these results are not preserved in

multi-variable logistical regression analysis, which may reflect a

tenuous relationship or small sample size. However, recent work

from the larger CENTER HR cohort supports independent asso-

ciation between cerebrovascular reactivity measures and global

outcome, above and beyond ICP monitoring, during multi-variable

adjustment for baseline characteristics.13 Therefore, future larger

studies with high-frequency ICP and PbtO2 physiological data may

perhaps reveal similar outcome relationships between PRx and

PbtO2.

Limitations

Despite the interesting results described, they remain prelimi-

nary in nature and have some limitations. The overall cohort size is

small at 43 patients. Therefore, it remains difficult to extrapolate

the findings from this group regarding ICP, PRx, and PbtO2 to other

moderate/severe TBI populations. Consequently, any statistically

significant/non-significant findings described in this article must be

taken as purely preliminary and exploratory in nature. However, the

fact at we did obtain highly significant results for some of the

associations studied even in this extremely small sample is a tes-

timony to the importance of those effects. In addition, all patients

underwent active treatment for their TBI in accordance with BTF

guidelines and local protocols. Therefore, all physiology data re-

corded represents treated physiological data, not the natural history

of untreated moderate/severe TBI. As such, the limited time spent

with abnormal ICP and PbtO2 values in this cohort may reflect

effective management. However, lack of extremes seen for ICP and

PbtO2 may also just reflect the small cohort size, or the fact that in

this particular cohort the rate of extreme physiology values just

happened to be low, regardless of intervention. Finally, we spe-

cifically did not correct for multiple comparisons, as this was de-

signed to be an exploratory pilot analysis. Future validation of the

findings here will require extensive large multi-center populations

of TBI patients with ICP and PbtO2 monitoring, with prospective

archiving of high-frequency digital physiology. Such work would

also benefit from investigation into the association between PbtO2

and individualized physiological targets, such as CPPopt and iICP

thresholds. Similarly, future investigations will require investiga-

tion into the higher frequency time-series relationships between

both slow-waves of ICP and PbtO2 signals, and their derived

metrics such as PRx and oxygen reactivity metrics.

Finally, raw physiological signal variability, such as ABP vari-

ability, may impact the strength of correlation metrics derived from

ABP or CPP, such as cerebrovascular reactivity metrics. This is an

important aspect to consider when interpreting the strength of the

relationships displayed in both this work, and others on cerebro-

vascular reactivity measures. At this time, the CENTER-TBI HR

Sub-Study has various approved projects underway, evaluating raw

and derived signal variability/complexity, and their association

with both patient outcome, and various other cerebral physiological

metrics. As such, it was not explored here. At this time, the link

FIG. 3. Cohort histogram plots - % time with ICP, PbtO2, and PRx beyond threshold. (A) Histogram of % time with ICP >20 mm Hg.
(B) Histogram of % time with PbtO2 < 20 mm Hg. (C) Histogram % time with PRx above 0. (D) Histogram % time with PRx > +0.25.
Mean and % time values were derived across the patient’s entire recording period. Frequency, number of patients; ICP, intracranial
pressure; MAP, mean arterial pressure; PbtO2, brain tissue oxygen; PRx, pressure reactivity index (correlation between slow waves of
ICP and MAP).
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FIG. 4. Cohort histograms: % time with combined PRx and PbtO2 derangements. (A) Histogram of % time with PRx >0 and PbtO2

< 20 mm Hg. (B) Histogram of % time with PRx >0 and PbtO2 > 20 mm Hg. (C) Histogram of % time with PRx < below 0 and PbtO2

< 20 mm Hg. (D) Histogram of % time with PRx > +0.25 and PbtO2 < 20 mm Hg. (E) Histogram of % time with PRx > +0.25 and
PbtO2 > 20 mm Hg. (F) Histogram of % time with PRx < +0.35 and PbtO2 < 20 mm Hg. Mean and % time values were derived across
the patient’s entire recording period. Frequency, number of patients; ICP, intracranial pressure; MAP, mean arterial pressure; PbtO2,
brain tissue oxygen; PRx, pressure reactivity index (correlation between slow waves of ICP and MAP).

Table 1. Summary of Physiological Measurements on Alive/Dead or Favorable/Unfavorable

Outcome Groups – Mann–Whitney U Testing – Significant Results Only

Variable

Mean (– SD)

p value

Mean (– SD)

p valueAlive Dead Favorable Unfavorable

Number of patients 34 9 19 24
% time with PRx >0 52.8 (20.8) 71.0 (15.0) 0.0007 50.9 (19.2) 62.1 (21.0) 0.08
% time with PRx > +0.25 31.6 (17.7) 49.2 (21.9) 0.005 28.7 (14.7) 41.2 (22.0) 0.05
% time with PRx > +0.35 23.9 (15.1) 40.5 (23.8) 0.005 20.8 (11.3) 33.1 (21.5) 0.04

All bolded p values are those <0.05 when comparing the variables between alive/dead and favorable/unfavorable outcome groups. favorable, Glasgow
Outcome Scale of 5–8, unfavorable, Glasgow Outcome Scale of 1–4.

ICP, intracranial pressure; MAP, mean arterial blood pressure; PRx, pressure reactivity index (correlation between ICP and MAP), SD, standard
deviation.
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between ABP and ICP variability and the strength of derived cor-

relation metrics is unclear, and is an important aspect for future

study. Therefore, we must further re-emphasize the exploratory

nature of the results highlighted in this article, which require future

validation and investigation.

Conclusion

Impaired cerebrovascular reactivity is seen during concurrent

episodes of elevated ICP and low PbtO2. However, the majority of

the deranged cerebral physiology seen during the acute ICU phase is

impairment in cerebrovascular reactivity, with most impairment

occurring in the presence of normal PbtO2 levels. Measures of ce-

rebrovascular reactivity appear to display the most consistent asso-

ciations with global outcome in TBI, compared with ICP and PbtO2.
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