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Abstract 

Background  Over the recent decades, continuous multi-modal monitoring of cerebral physiology has gained 
increasing interest for its potential to help minimize secondary brain injury following moderate-to-severe acute 
traumatic neural injury (also termed traumatic brain injury; TBI). Despite this heightened interest, there has yet to 
be a comprehensive evaluation of the effects of derangements in multimodal cerebral physiology on global 
cerebral physiologic insult burden. In this study, we offer a multi-center descriptive analysis of the associations 
between deranged cerebral physiology and cerebral physiologic insult burden.

Methods  Using data from the Canadian High-Resolution TBI (CAHR-TBI) Research Collaborative, a total of 369 com-
plete patient datasets were acquired for the purposes of this study. For various cerebral physiologic metrics, patients 
were trichotomized into low, intermediate, and high cohorts based on mean values. Jonckheere–Terpstra testing 
was then used to assess for directional relationships between these cerebral physiologic metrics and various meas-
ures of cerebral physiologic insult burden. Contour plots were then created to illustrate the impact of preserved vs 
impaired cerebrovascular reactivity on these relationships.

Results  It was found that elevated intracranial pressure (ICP) was associated with more time spent with cerebral 
perfusion pressure (CPP) < 60 mmHg and more time with impaired cerebrovascular reactivity. Low CPP was associ-
ated with more time spent with ICP > 20 or 22 mmHg and more time spent with impaired cerebrovascular reactiv-
ity. Elevated cerebrovascular reactivity indices were associated with more time spent with CPP < 60 mmHg as well 
as ICP > 20 or 22 mmHg. Low brain tissue oxygenation (PbtO2) only demonstrated a significant association with more 
time spent with CPP < 60 mmHg. Low regional oxygen saturation (rSO2) failed to produce a statistically significant 
association with any particular measure of cerebral physiologic insult burden.

Conclusions  Mean ICP, CPP and, cerebrovascular reactivity values demonstrate statistically significant associations 
with global cerebral physiologic insult burden; however, it is uncertain whether measures of oxygen delivery provide 
any significant insight into such insult burden.

Keywords  Traumatic brain injury, Cerebral physiologic insult burden, Multi-modal monitoring, Cerebral physiology

Open Access

© The Author(s) 2024. 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/.

Critical Care

*Correspondence:
Kevin Y. Stein
steink34@myumanitoba.ca
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13054-024-05083-y&domain=pdf


Page 2 of 15Stein et al. Critical Care          (2024) 28:294 

Background
The pathophysiology underlying traumatic brain injury 
(TBI) can generally be divided into two distinct phases: 
primary and secondary brain injury. Primary injury refers 
to the immediate disruptions in brain structure, such as 
contusions, hemorrhages, or diffuse axonal injuries, that 
occur as a direct result of the mechanical forces involved 
in the traumatic incident [1, 2]. Secondary brain injury 
encompasses the downstream systemic and cellular 
derangements, driven mainly by host responses to the 
primary injury, which result in ongoing neuronal death 
and delayed recovery [2, 3]. Since little can be done to 
reverse primary brain injury, moderate-to-severe TBI 
management is primarily focused on limiting secondary 
injury.

Intracranial hypertension and cerebral ischemia are 
two significant contributors to secondary brain injury 
and have been found to be strongly associated with poor 
outcomes [4–9]. Therefore, intracranial pressure (ICP) 
and cerebral perfusion pressure (CPP) have become key 
targets for therapeutic intervention in the management 
of moderate-to-severe TBI. Invasive ICP and arterial 
blood pressure (ABP) monitoring allow for the continu-
ous monitoring of these parameters, CPP = ABP–ICP, 
and guide clinical management in this patient cohort. 
Current established management guidelines recommend 
maintaining ICP below a threshold of 20 or 22  mmHg 
and CPP between 60 and 70  mmHg [10, 11]. However, 
despite significant advances in our ability to achieve these 
targets over the past few decades, there has been limited 
improvement in the outcomes associated with moderate-
to-severe TBI [2, 12, 13].

As a result, there has been increasing interest in the 
integration of additional continuous cerebral physiologic 
monitoring modalities to help further minimize second-
ary injury following TBI and improve outcomes. Due to 
their high metabolic demand and limited energy stores, 
cerebral tissues are highly sensitive to ischemia, with a 
mere five minutes of obstructed blood flow being able 
to result in irreversible damage [14]. Therefore, a hand-
ful of monitoring modalities that provide insight into 
the adequacy of cerebral perfusion and nutrient delivery 
have been considered for their potential to augment cur-
rent clinical management. These include cerebrovascular 
reactivity, brain tissue oxygenation (PbtO2), and near-
infrared spectroscopy (NIRS) monitoring.

Despite the increasing interest in multimodal cer-
ebral physiologic monitoring, there is yet to be a com-
prehensive evaluation of the effects of derangements 
in continuous multimodal cerebral physiologic param-
eters on measures of cerebral physiologic insult burden. 
We, therefore, offer a multicenter descriptive analysis of 
the associations between derangements in continuous 

multimodal cerebral physiology and cerebral physiologic 
insult burden. Additionally, as a secondary aim, we hope 
to illustrate the protective effects that preserved cerebro-
vascular reactivity has on such relationships.

Methods
Study design
For the purposes of this retrospective descriptive analy-
sis, we accessed prospectively collected datasets from the 
Canadian High Resolution-TBI (CAHR-TBI) Research 
Collaborative [15]. As part of this ongoing multicenter 
research collaborative, high-resolution physiologic data 
was collected from all adult (≥ 18  years) moderate-to-
severe TBI patients admitted to the intensive care unit 
(ICU), for invasive physiologic monitoring, at one of four 
university-affiliated hospitals: Foothills Medical Centre 
(University of Calgary), Health Sciences Centre Winnipeg 
(University of Manitoba), Maastricht University Medical 
Center + (University of Maastricht), and Vancouver Gen-
eral Hospital (University of British Columbia).

Patients were included in this database if all of the fol-
lowing were satisfied: patient was admitted to the ICU of 
one of the member hospitals, patient was deemed to have 
suffered a moderate-to-severe TBI (as defined as having a 
Glasgow Coma Scale [GCS] of less than 13), patient had 
both invasive ICP and ABP monitoring available, patient 
was at least 18 years of age, initiation of data collection 
was possible within 24  h of the initial traumatic inci-
dent. Patients were excluded if any of these conditions 
were not satisfied, or if the patient had a cerebral shunt in 
place (as this would prevent observation of a proper ICP 
waveform).

In addition to high-resolution physiology data, demo-
graphics information (i.e. age, sex), admission character-
istics (i.e. admission GCS, pupillary reactivity), imaging 
results (i.e. Marshall Computed Tomography score), and 
clinical outcome scoring (Glasgow Outcome Scale 
[GOS]) were also collected. All data collection occurred 
in an entirely de-identified fashion. Data entry spanned 
from 2011 to 2021 for the University of Calgary, 2019–
2023 for the University of Manitoba, 2017–2022 for the 
University of Maastricht, and 2014–2019 for the Univer-
sity of British Columbia.

Ethics
Ethics approval in regard to all aspects of data collec-
tion and anonymous data transfer between centers 
for this database has been granted by each site’s local 
research ethics board: University of Manitoba Biomedi-
cal Research Ethics Board (BREB, H2017:181, H2017:188, 
B2018:103, B2019:065, H2020:118, B2023:001), Univer-
sity of Calgary Conjoint Health Research Ethics Board 
(CHREB, H20-03759), University of British Columbia 



Page 3 of 15Stein et al. Critical Care          (2024) 28:294 	

Clinical Research Ethics Board (CREB, REB20-0482) and 
University of Maastricht Medical Ethics Committee (16-
4-243). As data collection is entirely anonymized, the 
respective research ethics boards have granted approval 
for data collection to operate under a waived consent 
model.

Patient population
For our analysis, we retrospectively accessed all available 
archived datasets from the CAHR-TBI Research Col-
laborative. All patients had suffered a moderate-to-severe 
TBI, defined as having an admission Glasgow Coma 
Scale (GCS) of less than 13. Patients received standard 
care in accordance with Brain Trauma Foundation (BTF) 
guidelines, which recommends invasive monitoring of 
ICP and ABP, as well as therapeutic maintenance of ICP 
below 20–22 mmHg and CPP above 60 mmHg [10, 11]. 
It should be noted that hyperemic CPP was not typically 
treated as per local practice. Additionally, neither cer-
ebrovascular reactivity monitoring nor NIRS-based rSO2 
are part of any existing institutional clinical algorithms 
at any of the participating centers. However, it should be 
noted that these values are visible on patient bedside data 
collection carts and, therefore, could theoretically have 
been considered by treating clinicians during their clini-
cal decision making.

At all participating hospitals, no established guideline 
on when PbtO2 monitoring should be utilized exists. 
Therefore, insertion of a Licox probe for monitoring 
PbtO2 is entirely at the discretion of the treating physi-
cian. Further, there is no established consensus among 
the participating centers on how PbtO2 should be used in 
guiding management, with local practice norms varying 
drastically between centers, from aggressive management 
to solely observational. However, the Brain Trauma Foun-
dation guidelines do suggest maintenance of PbtO2 above 
20 mmHg [11]. Physiologic data recordings were initiated 
within 24 h from the time of injury and following place-
ment of invasive monitoring devices and admission into 
the ICU. Data collection continued until invasive physi-
ologic monitoring was discontinued by the treating phy-
sician. At 6-month follow-up appointments, patients had 
their long-term outcomes evaluated and recorded using 
GOS.

Physiologic data collection
ICP was continuously monitored using an intraparen-
chymal strain gauge probe (Codman ICP MicroSensor, 
Codman & Shurtlef Inc., Raynham, MA, USA; NEU-
ROVENT-TEMP, RAUMEDIC, Helmbrechts, Germany) 
placed in the patient’s frontal lobe, or an external ven-
tricular drain (EVD; Medtronic, Minneapolis, MN). No 
corrections were made for any zero drift of monitors. 

Continuous monitoring of ABP was performed using a 
radial or femoral line connected to a pressure transducer 
(Baxter Healthcare Corp. CardioVascular Group, Irvine, 
CA, USA; Edwards, Irvine, CA, USA), zeroed at the level 
of the tragus [16, 17].

rSO2 was recorded using NIRS regional oximetry of 
the left and right frontal lobes (INVOS 5100C or 7100, 
Covidien-Medtronic, Minneapolis, MN), whenever pos-
sible. At the discretion of the treating clinician, PbtO2 
was monitored using an intra-parenchymal brain tissue 
oxygenation probe (Licox Brain Tissue Oxygen Monitor-
ing System; Integra LifeSciences Corp., Plainsboro, New 
Jersey), placed in the frontal lobe. All available high-fre-
quency full wave-form physiology was then recorded in 
digital time-series from the patients’ bedside ICU moni-
tors using Intensive Care Monitoring “Plus” software 
(ICM+) (Cambridge Enterprise Ltd, Cambridge, UK, 
http://​icmpl​us.​neuro​surg.​cam.​ac.​uk) using either direct 
digital data transfer or analog-to-digital signal conversion 
(DT9804/DT9826, Data Translations, Marlboro, MA, 
USA).

Data processing
All post-acquisition signal processing was performed 
using ICM+ software. To ensure quality of raw data, sig-
nal artifacts were removed by qualified personnel without 
knowledge of the study objectives or patient demograph-
ics. This involved removing segments of data that lacked 
proper waveform morphology or had implausibly high/
low values. For any cases where ICP was monitored 
using an EVD, drain opening artifacts were addressed 
via manual curation. For each patient who received NIRS 
monitoring, a single rSO2 signal was obtained. The NIRS 
channel/side used was chosen based on radiographic 
information, when available, in order to avoid signal 
interference from hematomas or contusions underly-
ing the sensors. In cases where both channels had such 
underlying injuries, neither channel was used. When 
both channels were viable, the signals were averaged to 
obtain a single rSO2 signal.

Following artifact clearing, pulse amplitude of ICP 
(AMP) was calculated by conducting Fourier analysis of 
the fundamental amplitude of the ICP pulse waveform 
over sequential 10-s windows of data [18, 19]. A 10-s 
non-overlapping moving average filter was applied to 
down-sample ICP, ABP (producing mean arterial pres-
sure [MAP]), and AMP, in order to focus on the fre-
quency range associated with cerebral vasomotion and 
minimize the effects of the respiratory cycle [13, 20, 21]. 
Then, CPP was calculated by subtracting ICP from MAP; 
CPP = MAP–ICP.

Three ICP-based cerebrovascular reactivity indi-
ces were derived: the pressure reactivity index 

http://icmplus.neurosurg.cam.ac.uk
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(PRx—correlation between ICP and MAP), the pulse 
amplitude index (PAx—correlation between AMP and 
MAP), and RAC (the correlation (R) between AMP (A) 
and CPP (C)) [18, 22, 23]. These metrics were calculated 
as the Pearson correlations of 300-s windows of ICP and 
MAP (for PRx), AMP and MAP (for PAx), and AMP and 
CPP (for RAC), continuously updating every minute [22–
26]. Two NIRS-based cerebrovascular reactivity indi-
ces were also derived in a similar manner, in accordance 
with the convention of recent literature: COx (correlation 
between rSO2 and CPP) and COx_a (correlation between 
rSO2 and ABP) [27–30]. Additionally, RAP (the correla-
tion (R) between AMP (A) and ICP (P)) was calculated 
as a representative metric for cerebral compliance [19, 
31]. Finally, all data was down-sampled to minute-by-
minute resolution and output as a comma-separated val-
ues (CSV) file for each individual patient before further 
processing in R Statistical Computing software (R Core 
Team (2020). R: A language and environment for statisti-
cal computing. R Foundation for Statistical Computing, 
Vienna, Austria. URL https://​www.R-​proje​ct.​org/).

Data analysis
All statistical tests employed in this study were cho-
sen prior to running any analyses. R Statistical Com-
puting software was used to conduct all data analysis. 
The following add-on R packages were leveraged for 
the purposes of this analysis: purr, dplyr, ggplot2, plotly, 
reticulate, and clinfun. First, mean values of all physi-
ologic metrics were computed for each patient over their 
entire recording period. Next, time spent with various 
cerebral physiologic metrics, with known associations 
with patient outcomes, above/below literature defined 
thresholds were calculated to represent cerebral physi-
ologic insult burden. The thresholds that were used can 
be found in Supplemental Appendix A.

A summary of the cerebral physiologic insult burden 
and demographics of the entire patient cohort was then 
created using medians and interquartile ranges (IQR), 
or raw counts, where appropriate. Patients were then 
dichotomized based on 6-month outcome into the fol-
lowing: Alive (GOS > 1) versus Dead (GOS = 1) and 
Favorable (GOS > 3) versus Unfavorable (GOS ≤ 3) [32]. 
Physiologic and demographic differences between these 
outcome cohorts were then evaluated using Mann–Whit-
ney U and Chi-square testing, for continuous and non-
continuous variables, respectively. Next, patients were 
trichotomized based on mean values for each of the mul-
timodal cerebral physiologic parameters of interest: ICP, 
CPP, PRx, PAx, RAC, PbtO2, and rSO2. For each patient, 
the mean values used for trichotomization were calcu-
lated by taking the average of all minute-by-minute data 
points of the parameter of interest across the patient’s 

entire recording period. The trichotomization groupings 
can be found in Supplemental Appendix B.

Jonckheere–Terpstra testing was then used to evalu-
ate whether a directional relationship exists between 
these parameters and various measures of cerebral physi-
ologic insult burden. Histograms were also created to 
illustrate the spread in insult burden metrics between 
the groupings of each trichotomization. Stacked bar 
plots were also produced to compare the distribution of 
% time spent with cerebral physiologic metrics in vari-
ous ranges between the trichotomized groupings. Finally, 
contour plots were produced to demonstrate the effects 
that cerebrovascular reactivity has on the relationships 
between multimodal cerebral physiologic parameters 
and the insult burden metrics. Data points outside of 
two standard deviations from the mean value of each axis 
were excluded during the generation of these plots. This 
was done to reduce the area of the plots that needed to 
be interpolated. Data points used to produce these plots 
were overlayed to allow for visual inspection of the distri-
bution of the data. Alpha was set to 0.05 for all statistical 
tests. Unadjusted p-values will be presented throughout 
the text; however, p-values corrected for multiple com-
parisons using the false discovery rate (FDR) method will 
also be presented in the tables [33–35].

Results
Patient population
A total of 369 patient datasets from the CAHR-TBI 
research collaborative were included in this analysis (120 
originating from the University of Calgary, 125 from the 
University of Manitoba, 51 from the University of Maas-
tricht, and 77 from the University of British Columbia). 
All patients had their ICP and ABP invasively monitored; 
however, only 146 (40%) and 116 (31%) patients had their 
rSO2 and PbtO2 monitored, respectively. The median age 
of this cohort was 38 years (IQR = 24–55) with approxi-
mately 78% of patients being male. All patients suffered a 
moderate-to-severe TBI, with a median admission GCS 
of 6 (IQR = 3–7). This cohort exhibited a 6-month mor-
tality rate of 36%, with 77% of those who survived having 
a favorable outcome. A complete summary of the cere-
bral physiology and demographics of this patient cohort 
can be found in Supplemental Appendix C.

The results of the Mann–Whitney U/Chi-square test-
ing comparing the Alive versus Dead and Favorable ver-
sus Unfavorable groupings can be found in Supplemental 
Appendix D. Older age, lower admission GCS, greater 
Marshal computerized tomography grade, greater mean 
values and time spent above thresholds of ICP and ICP-
based cerebrovascular reactivity indices, lower mean 
CPP, and less time spent with CPP above 70 mmHg were 
seen in the non-survivors. Similarly, for the Unfavorable 

https://www.R-project.org/
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group, older age, lower admission GCS, and greater mean 
values and time spent above thresholds of ICP and ICP-
based cerebrovascular reactivity indices were observed.

ICP
Upon Jonckheere–Terpstra testing for ICP trichotomiza-
tion, it was found that increasing ICP had a directional 
relationship with greater values in the following cerebral 
physiologic insult burden metrics: % time spent with 
CPP < 60 mmHg (p = 0.002), % time spent with PRx above 
its literature defined thresholds (p values range between 
0.014 and 0.018), % time with PAx above its thresholds (p 
values range between 0.010 and 0.022), and % time spent 
with RAP > 0.4 (p = 0.036). Neither % time with RAC > 0 
nor time spent above either of the NIRS-based cerebro-
vascular reactivity indices were able to demonstrate such 
an association. Interestingly, % time with CPP > 70 mmHg 
was found to be greater at lower ICP levels (p = 0.048). 
These findings can be found in Table 1.

CPP
Upon Jonckheere–Terpstra testing for CPP trichotomi-
zation, which is summarized in Table 2, it was observed 
that decreasing CPP demonstrates a directional relation-
ship with greater % time with PRx, PAx, and RAC above 
thresholds (p values range between 0.002 and 0.042), 
and % time with PbtO2 < 15 and 20  mmHg (p = 0.014, 
0.004). Notably, CPP did not demonstrate a directional 
relationship with time spent with ICP above thresholds. 
When trichotomization was done using higher thresh-
olds, creating groupings of < 70  mmHg, 70–80  mmHg, 
and > 80 mmHg, very similar results can be observed. The 
results of this sub-analysis can be found in Supplemental 
Appendix E.

Cerebrovascular reactivity metrics
Testing for PRx trichotomization demonstrated that, 
with increasing PRx, there is greater % time with 
CPP < 60  mmHg (p = 0.030), greater % time with 
RAP > 0.40 (p = 0.002), greater % time with PbtO2 below 
its thresholds (p = 0.024, 0.040), and less % time with 
CPP > 70  mmHg (p = 0.002). However, no directional 
relationship with ICP was found. These findings are sum-
marized in Table 3. Increasing PAx demonstrated similar 
results; however, was found to be associated with greater 
% time with ICP above thresholds (p = 0.032, 0.040) and 
not with % time with RAP > 0.40. The Jonckheere–Terp-
stra testing results for PAx can be found in Supplemental 
Appendix F. RAC yielded differing results, only demon-
strating directional relationships with less % time with 
CPP > 70  mmHg (p = 0.004) and greater % time with 
RAP > 0.40 (p = 0.002). The summary for these results can 
be found in Supplemental Appendix G.

Oxygen delivery metrics
Next, Jonckheere–Terpstra testing for PbtO2 found 
that, with decreasing values, there was greater % time 
with CPP < 60  mmHg (p = 0.002), less % time with 
CPP > 70  mmHg (p = 0.002), greater % time with PAx 
and RAC above their literature defined thresholds (p val-
ues range between 0.020 and 0.048), and greater % time 
with COx > 0.20 (p = 0.020). These results can be found in 
Supplemental Appendix H. Testing for rSO2 only demon-
strated a directional relationship with greater % time with 
PAx above its thresholds (p values range between 0.036 
and 0.049), see Supplemental Appendix I.

Generated plots
Histograms illustrating the spread of various insult bur-
den metrics between the three groupings for ICP, CPP, 
PRx, PbtO2, and rSO2 can be found in Supplemental 
Appendices J–N. In Fig.  1 we display stacked bar plots 
that compare the distribution of % time with key cer-
ebral physiologic metrics in various ranges between tri-
chotomized patients. Panels A–C demonstrate that with 
increasing ICP, there tends to be greater % time with 
CPP < 60 mmHg and PRx > 0.20, but that no clear direc-
tional relationship with PbtO2 is observable. Panels D–F 
illustrate that with low CPP, there tends to be greater % 
time with ICP > 25 mmHg, and PRx > 0.20, but again, no 
clear directional relationship with PbtO2 is observed.

Contour plots demonstrating the effects that cerebro-
vascular reactivity intactness has on the relationship 
between the above mentioned physiologic metrics and 
metrics of insult burden can be found in Supplemental 
Appendices O–R. Figure 2 displays some of the key plots 
that demonstrate the protective effects of intact cere-
brovascular reactivity on insult burden. Panels A and B 
show that greater mean ICP is associated with more time 
spent with CPP < 60  mmHg as well as more time spent 
with PbtO2 < 20  mmHg, but that these relationships are 
stronger when PRx is positive and diminish when PRx 
is negative. Similarly, panel C illustrates that low PbtO2 
is associated with greater % time with CPP < 60  mmHg 
when PRx is deranged. Interestingly, panel D shows that 
% time with CPP > 70  mmHg is associated with high 
PbtO2, and that intact PRx maintains this relationship to 
a further extent.

Discussion
In this descriptive analysis on the effects of derangements 
in continuous multimodal cerebral physiology on cer-
ebral physiologic insult burden, we were able to uncover 
multiple interesting findings that deserve highlighting. 
Firstly, we found that increasing ICP is associated with 
increasing burden of cerebral hypoperfusion, deranged 
cerebrovascular reactivity, and reduced cerebral 
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Table 1  Jonckheere–Terpstra Testing for ICP Trichotomization

Variable ICP < 20 mmHg
(n = 337)

20 mmHg ≤ ICP ≤ 25 mmHg
(n = 26)

ICP > 25 mmHg
(n = 10)

J–T statistic p-value Adjusted p-value

Age (years) 39 (24.2–55) 33.5 (25–55) 27 (19–39.8) 5518 0.306 0.453

Sex (% male) 78.87% 61.54% 90% 5645 0.290 0.446

Admission GCS 6 (4–7) 6 (3–7) 3 (3–3.25) 3764 0.100 0.191

Admission GCS—
motor

4 (1–5) 4 (1–5) 1 (1–1.75) 2779 0.466 0.583

Admission pupil 
response (% bilaterally 
reactive)

15.90% 3.85% 30% 6190 0.736 0.818

Marshall CT grade 3 (2–5) 3 (2–3) 4 (3.25–4) 5835 0.930 0.930

GOS 4 (1–5) 1 (1–2.5) 1 (1–1) 2879 0.002 0.009
Number with hypoxic 
episode

26.50% 35.29% 50% 2649 0.178 0.297

Number with hypoten-
sive episode

15.08% 18.75% 33.33% 2412 0.344 0.469

Duration of recording 
(hours)

98.4 (53.4–186) 123 (83.2–197) 23.5 (16.6–69.5) 5600 0.322 0.460

Mean MAP (mmHg) 86.9 (81.1–92.9) 97 (90.2–102) 91.2 (87.3–97.3) 9192 0.002 0.009
Mean ICP (mmHg) 11.9 (8.17–14.8) 21.2 (20.7–22.8) 33.4 (29.7–50.6) 12,392 0.002 0.009
% Time ICP > 20 mmHg 3.81 (0.485–13.9) 56.8 (49.7–62.6) 82.8 (78.5–94) 12,330 0.002 0.009
% Time ICP > 22 mmHg 2.11 (0.229–7.69) 43.3 (35–50.3) 75.9 (71.5–91.7) 12,288 0.002 0.009
Mean CPP (mmHg) 74.9 (70.9–81.4) 76.1 (67.9–80) 57.3 (46.4–66.6) 4593 0.006 0.024
% Time 
CPP < 60 mmHg

4.27 (1.14–9.01) 5.6 (2.11–19.8) 61.9 (32.9–66.3) 8299 0.002 0.009

% Time 
CPP > 70 mmHg

68.1 (51.5–86.5) 74.8 (45.3–86.5) 16.1 (10.4–37.2) 4984 0.048 0.096

Mean PRx 0.108 (− 0.00288–
0.216)

0.135 (− 0.0105–0.287) 0.421 (0.335–0.646) 7695 0.020 0.050

% Time PRx > 0 60.7 (48.2–73.4) 61.6 (49.7–81.4) 84.9 (77.6–91.4) 7637 0.016 0.049
% Time PRx > 0.25 35.8 (24.6–48.6) 40.2 (25–57.2) 70.5 (62.7–83.6) 7734 0.018 0.050

% Time PRx > 0.35 27.1 (17.4–38.7) 31.5 (17.5–45.9) 65.1 (55.9–80) 7761 0.014 0.047
% Time ICP > 20 mmHg 
& PRx > 0.35

1.66 (0.215–4.88) 19.6 (11.7–30.7) 61 (41.9–73.8) 11,711 0.002 0.009

Mean PAx − 0.0269 (− 0.123–
0.097)

0.0208 (− 0.137–0.253) 0.271 (0.0578–0.56) 7620 0.026 0.058

% Time PAx > 0 46.8 (34.9–61.7) 49.8 (32.9–80) 73.5 (57.5–90.3) 7655 0.020 0.050

% Time PAx > 0.2 26.2 (16.5–40.3) 33.2 (15.8–59) 57.2 (34.4–82.5) 7727 0.022 0.052

% Time PAx > 0.25 21.6 (13.7–34.9) 29.3 (12.8–53) 53.7 (28.6–80.1) 7760 0.010 0.036
% Time ICP > 20 mmHg 
& PAx > 0.25

1.27 (0.133–4.02) 18.7 (7.92–36.6) 41.8 (23–72.7) 11,707 0.002 0.009

Mean RAC​ − 0.29 (− 0.447 
to − 0.109)

− 0.332 (− 0.522 to − 0.176) − 0.0242 (− 0.114 
to 0.225)

6940 0.206 0.330

% Time RAC > 0 21.8 (11.8–36.6) 18.8 (8.46–33) 50.4 (36.8–62.9) 7016 0.156 0.271

% Time ICP > 20 mmHg 
& RAC > 0

0.705 (0.0888–2.41) 10.6 (4.58–26.2) 38.4 (30.5–60.9) 11,528 0.002 0.009

Mean RAP 0.668 (0.513–0.773) 0.707 (0.573–0.804) 0.732 (0.658–0.781) 7093 0.150 0.271

% Time RAP > 0.40 82 (68.3–90.5) 86.4 (75.3–94.6) 90.2 (83.2–93) 7501 0.036 0.076

rSO2* 70.1 (64.3–75.6) 67.6 (58.8–75) 70.8 (70.8–70.8) 293 0.652 0.767

Mean COx* 0.0164 (− 0.0203–
0.0758)

− 0.0045 (− 0.00788–0.00588) 0.159 (0.159–0.159) 335 0.852 0.897

% Time COx > 0.20* 23.6 (17.8–31.2) 13.3 (12.4–17.5) 41.3 (41.3–41.3) 272 0.376 0.485

Mean COx_a* 0.0611 (0.0147–0.114) 0.00657 (0.00593–0.022) 0.166 (0.166–0.166) 217 0.598 0.725

% Time COx_a > 0.20* 28.8 (22–37.5) 16.1 (14.8–23.4) 37.2 (37.2–37.2) 190 0.352 0.469



Page 7 of 15Stein et al. Critical Care          (2024) 28:294 	

compliance. This is in keeping with the findings of a 2020 
study by Zeiler and colleagues, where the authors com-
pared cerebral physiology between patients with mean 
ICP < 15  mmHg and those with mean ICP > 20  mmHg 
[23]. This study, however, found that elevated ICP was 
also associated with worse PbtO2, while our study failed 
to find such an association. This discrepancy could 
potentially be explained by the low proportion of patients 
in our cohort who had PbtO2 monitored. In total, only 
116 patients had this metric monitored during their ICU 
stay and, therefore, analyses involving PbtO2 may have 
been too underpowered to undercover this relationship.

Next, our analysis indicated that decreasing CPP is 
associated with increased time suffering from deranged 
cerebrovascular reactivity and low PbtO2. The fact that 
these directional relationships were found is interest-
ing, as it suggests that higher mean CPP is associated 
with less cerebral physiologic insult burden. This is fur-
ther suggested by finding that cerebral hyperperfusion, 
as defined as CPP > 70 mmHg, was associated with lower 
mean ICP. This is somewhat surprising, considering that 
current management guidelines recommend maintaining 
CPP below this threshold, suggesting that it contributes 
to secondary brain injury [10, 11]. Further, it was previ-
ously believed that having CPP above 70 mmHg may be 
associated with a range of systematic complications, such 
as acute respiratory distress syndrome (ARDS). However, 
these findings are actually in keeping with recent litera-
ture that suggests that, though preventing hypoperfusion 
is vital, preventing hyperemic CPP may not significantly 
affect outcomes [36, 37]. Thiara et  al. found that time 
spent with CPP above CPP optimal (CPPopt) is not asso-
ciated with acute respiratory distress syndrome (ARDS) 
[37]. Furthermore, a recent study by our group even sug-
gested that spending time with elevated CPP may actually 

be associated with improvement in outcome, possibly due 
to the injured brain requiring greater blood flow to fulfil 
increased metabolic activity associated with injury repair 
[38]. This contributes to an increasing body of literature 
that questions the utility of a 70 mmHg CPP threshold. 
Additionally, the association found between low ICP and 
more cerebral hyperperfusion can be explained with the 
CPP derivation formula: CPP = MAP–ICP. Interestingly, 
no association between CPP and burden of intracranial 
hypertension was uncovered. This may be explained by 
the fact that ICP is highly controlled during moderate-to-
severe TBI management, with our cohort having an aver-
age % time with elevated ICP of only about 5%.

Our analysis of the three ICP-based cerebrovascular 
reactivity indices yielded unexpectedly differing results. 
Increasing (deranged) PRx was found to be associated 
with more time suffering from cerebral hypoperfusion, 
poor cerebral compliance (as measured using RAP), and 
low PbtO2, and less time with cerebral hyperperfusion. 
This supports the growing narrative that PRx monitor-
ing can provide valuable insight that can help minimize 
secondary brain injury [39, 40]. Increasing PAx displayed 
somewhat similar results but was also found to be asso-
ciated with more time suffering from intracranial hyper-
tension; however, was not found to be associated with 
poor cerebral compliance. Increasing mean RAC, on 
the other hand, was only found to be related to less time 
with cerebral hyperperfusion and greater time with poor 
cerebral compliance. These inconsistent findings sug-
gest that these three indices offer different insights into 
a patient’s cerebral physiology and have different utility. 
This variation may be explained by the fact that RAC 
reflects both cerebrovascular reactivity and cerebral com-
pliance [23], and that PAx and RAC (but not PRx) uti-
lize AMP for derivation. The ICP-based cerebrovascular 

ABP arterial blood pressure, AMP pulse amplitude of ICP, COx cerebral oxygenation index (correlation between rSO2 and CPP), COx_a cerebral oxygenation index 
(correlation between rSO2 and ABP), CPP cerebral perfusion pressure, CT computed tomography, GCS Glasgow Coma Scale, ICP intracranial pressure, IQR interquartile 
range, J–T Jonckheere–Terpstra test, MAP mean arterial pressure, PAx pulse amplitude index (correlation between AMP and MAP), PbtO2 brain tissue oxygen tension, 
PRx pressure reactivity index (correlation between ICP and MAP), RAC​ correlation (R) between slow waves of AMP (A) and CPP (C), RAP compensatory reserve index 
(correlation between AMP and ICP), rSO2 regional cerebral oxygen saturation

Both unadjusted and adjusted p values are presented. Adjusted p values were calculated using the False Discovery Rate (FDR) method. Bolded p values are those 
reaching statistical significance, p < 0.05

*Only 146 patients had rSO2 data available

†Only 116 patients had PbtO2 data available

Table 1  (continued)

Variable ICP < 20 mmHg
(n = 337)

20 mmHg ≤ ICP ≤ 25 mmHg
(n = 26)

ICP > 25 mmHg
(n = 10)

J–T statistic p-value Adjusted p-value

Mean PbtO2 (mmHg)† 22.9 (13.8–31.2) 25.4 (20.6–31.7) 13.2 (9.74–19) 917 0.792 0.856

% Time 
PbtO2 < 15 mmHg†

7.27 (1.6–72.2) 3.46 (0.955–10.6) 61.7 (28.1–93) 924 0.730 0.818

% Time 
PbtO2 < 20 mmHg†

30.5 (7.26–91.2) 15.8 (6.09–33.2) 74.7 (50.9–99.4) 970 0.912 0.930
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Table 2  Jonckheere–Terpstra Testing for CPP Trichotomization

Variable CPP < 60 mmHg 
(n = 16)

60 mmHg ≤ CPP ≤ 70 mmHg  
(n = 69)

CPP > 70 mmHg 
(n = 288)

J–T statistic p-value Adjusted p-value

Age (years) 40.5 (21.8–56.2) 35 (23–55) 39 (25–55) 13,521 0.330 0.426

Sex (% male) 81.25% 65.22% 80.84% 14,198 0.026 0.061

Admission GCS 3 (3–7) 6 (4–7) 6 (3–7) 10,746 0.748 0.787

Admission GCS—
motor

4 (1–5) 4 (3–5) 3 (1–5) 5148 0.148 0.211

Admission pupil 
response (% bilaterally 
reactive)

26.67% 13.04% 15.41% 13,736 0.028 0.062

Marshall CT grade 3.5 (3–4) 4.5 (2–5) 3 (2–5) 9782 0.020 0.053

GOS 1 (1–1) 4 (1–5) 4 (1–5) 11,376 0.352 0.426

Number with hypoxic 
episode

50% 30.61% 25.90% 4538 0.280 0.373

Number with hypoten-
sive episode

25% 10.20% 17.07% 5065 0.500 0.541

Duration of recording 
(hours)

36.3 (16.8–105) 71.3 (45.9–116) 114 (66.1–200) 16,893 0.002 0.009

Mean MAP (mmHg) 82.1 (73.3–87.3) 80.2 (76.9–84) 90.5 (85.2–95.8) 21,025 0.002 0.009
Mean ICP (mmHg) 21.6 (16.5–32.9) 12.9 (9.68–16.1) 12.3 (8.16–15.5) 9905 0.004 0.013
% Time ICP > 20 mmHg 63.9 (25.2–82.7) 1.97 (0.226–18.6) 5.01 (0.905–17) 11,456 0.112 0.172

% Time ICP > 22 mmHg 44.9 (21.8–75.4) 0.899 (0.0863–11.6) 2.57 (0.47–10.4) 12,047 0.418 0.464

Mean CPP (mmHg) 56.7 (51.8–58.6) 67.5 (65.3–68.7) 77.3 (73.4–82.7) 25,584 0.002 0.009
% Time 
CPP < 60 mmHg

65.1 (52.5–77) 15.2 (9.92–23.5) 3.12 (0.822–6.06) 1766 0.002 0.009

% Time 
CPP > 70 mmHg

9.34 (5.54–13.9) 32.6 (26.8–41.4) 74.3 (61.6–89.9) 25,299 0.002 0.009

Mean PRx 0.417 (0.293–0.566) 0.14 (0.0376–0.253) 0.0921 (− 0.0161–
0.212)

9190 0.002 0.009

% Time PRx > 0 84.9 (72.2–90) 64 (55–76.7) 59.4 (46.7–71) 9321 0.002 0.009
% Time PRx > 0.25 70.5 (57.8–78.8) 40.8 (26.8–56.8) 34.9 (23.6–47.1) 9475 0.002 0.009
% Time PRx > 0.35 63.8 (50–75.5) 30.1 (21.2–45.1) 26.4 (16.6–37) 9588 0.002 0.009
% Time ICP > 20 mmHg 
& PRx > 0.35

34.2 (12.8–63.2) 1.25 (0.0843–7.38) 2.13 (0.388–6.1) 11,075 0.050 0.087

Mean PAx 0.173 (0.0292–0.377) 0.0171 (− 0.171–0.16) − 0.0311 (− 0.125–
0.0967)

10,970 0.042 0.080

% Time PAx > 0 72.8 (53.1–84.8) 49 (33.9–68.7) 46 (35.1–61.5) 10,943 0.026 0.061

% Time PAx > 0.2 51.2 (32.4–73.9) 29.5 (16–44.7) 25.2 (16.5–40.5) 10,928 0.042 0.080

% Time PAx > 0.25 43.4 (28.2–70.1) 25.1 (12.6–39.4) 21 (13.5–34.9) 10,946 0.034 0.072

% Time ICP > 20 mmHg 
& PAx > 0.25

17 (6.78–51.9) 0.676 (0.0888–6.06) 1.76 (0.226–4.64) 11,392 0.130 0.193

Mean RAC​ − 0.109 (− 0.242–0.142) − 0.242 (− 0.44 to − 0.0153) − 0.302 (− 0.467 
to − 0.146)

9993 0.004 0.013

% Time RAC > 0 37.5 (25.4–64.1) 23.2 (12.5–47.4) 21.6 (10.9–34.1) 10,532 0.012 0.037
% Time ICP > 20 mmHg 
& RAC > 0

21.7 (4.63–47.7) 0.493 (0.0281–3.41) 0.882 (0.14–2.68) 11,232 0.068 0.113

Mean RAP 0.655 (0.49–0.727) 0.627 (0.534–0.746) 0.68 (0.517–0.787) 14,353 0.086 0.138

% Time RAP > 0.40 81.1 (66.3–87.7) 79.3 (70.2–90.1) 83 (71.1–91) 13,639 0.356 0.426

rSO2* 70.8 (65.4–74) 69.8 (61.6–75) 70.4 (64.7–76.1) 2042 0.394 0.450

Mean COx* 0.108 (− 0.008–0.109) 0.0242 (− 0.00451–0.0705) 0.012 (− 0.025–0.0714) 1816 0.362 0.426

% Time COx > 0.20* 35.7 (18.5–36.2) 22.1 (15.1–30.5) 24 (17.6–31) 2060 0.860 0.860

Mean COx_a* 0.0854 (0.0528–0.109) 0.0437 (0.00813–0.118) 0.0599 (0.0226–0.111) 1815 0.768 0.788

% Time COx_a > 0.20* 28.4 (24.3–33.2) 26.3 (18.4–37.1) 29 (23.3–37.7) 2028 0.186 0.257

Mean PbtO2 (mmHg)† 19 (13.2–31.2) 14.9 (9.98–19.9) 24 (15.5–31.7) 900 0.044 0.080
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reactivity indices did not demonstrate associations with 
NIRS-based indices. This suggests that these NIRS-based 
indices may not closely mirror ICP-based indices for the 
evaluation of cerebral autoregulatory status.

Looking at the results for PbtO2 trichotomization, it 
was shown that decreasing mean values were only asso-
ciated with more time suffering from cerebral hypoper-
fusion, more time with PAx and RAC above thresholds, 
more time with COx above threshold, and less time with 
cerebral hyperperfusion. Overall, it seems that PbtO2 
offers mixed insight into cerebral physiologic insult bur-
den. This finding is supported by a recent study by Sve-
dung Wettervik and colleagues, which could only find 
weak associations between cerebral physiologic variables 
and PbtO2 [41]. It is interesting that an association was 
found with PAx and RAC, but not with PRx; however, 
this may again be due to the low sample size of patients 
with PbtO2 monitoring. It is possible that the lack of asso-
ciation between PbtO2 and insult burden metrics can be 
partially explained by the fact that low/deranged PbtO2 
can often be relatively quickly treated with oxygen sup-
plementation, thus reducing the incidence of low PbtO2 
with other deranged cerebral physiology. This could 
potentially weaken any relationships between PbtO2 and 
measures of cerebral physiologic insult burden. The lack 
of associations between this cerebral oxygen delivery 
measure and insult burden metrics may also suggest that 
different pathophysiologic mechanisms are at play. It is 
possible that deranged cerebral oxygen delivery causes 
insult through separate mechanisms from other drivers 
of secondary brain injury. However, their lack of associa-
tions with outcomes, as seen in Supplemental Appendix 
D, also suggests a general lack of association with second-
ary brain injury.

With regard to PbtO2, it is important to acknowledge 
the complex nature of this measure, which is influenced 

by a wide range of physiological factors. PbtO2 is not 
solely a reflection of cerebral oxygen delivery. While it is 
influenced by arterial oxygen tension (PbtO2) and CBF, 
PbtO2 is better described as an indicator of the balance 
between regional oxygen supply and cellular oxygen con-
sumption [42]. A large range of factors can contribute 
to changes in this balance. Factors such as the diffusion 
distance between capillaries and cells, the location of the 
probe relative to arterioles and venules, hemoglobin con-
centration, vascular reactivity, metabolic demand, and 
secondary brain injury can all contribute to variations 
in PbtO2 readings. Understanding the complexity of the 
interplay of factors influencing PbtO2 is crucial for inter-
preting PbtO2 results.

Testing for rSO2 demonstrated even poorer results, 
with no associations with any of the cerebral physio-
logic insult burden metrics, except time spent with PAx 
above its thresholds. This suggests that raw rSO2 val-
ues offer limited insight into secondary brain injury. A 
recent study from the CAHR-TBI consortium by Gomez 
and colleagues supports this finding as we found that 
raw rSO2 demonstrates limited prognostic utility [27]. 
Though there is some interest in the clinical application 
of NIRS in TBI management, the role of NIRS in this set-
ting is arguably very limited as a result of various major 
limitations of the technology. NIRS devices use near-
infrared light, which is able to penetrate through the 
scalp and skull into the cerebral parenchyma where it is 
absorbed and reflected by hemoglobin in the microvas-
culature. Then by detecting the intensity of light, at spe-
cific wavelengths, that is scattered and reflected back to 
the device, the relative concentrations of oxygenated and 
deoxygenated hemoglobin can be determined [43, 44]. 
These relative concentrations can then be used to derive 
the regional cerebral oxygen saturation (rSO2). The most 
significant limitation of NIRS technology arises from 

AMP pulse amplitude of ICP, COx cerebral oxygenation index (correlation between rSO2 and CPP), COx_a cerebral oxygenation index (correlation between rSO2 and 
ABP), CPP cerebral perfusion pressure, CT computed tomography, GCS Glasgow Coma Scale, ICP intracranial pressure, IQR interquartile range, J–T Jonckheere–Terpstra 
test, MAP mean arterial pressure, PAx pulse amplitude index (correlation between AMP and MAP), PbtO2 brain tissue oxygen tension, PRx pressure reactivity index 
(correlation between ICP and MAP), RAC​ correlation (R) between slow waves of AMP (A) and CPP (C), RAP compensatory reserve index (correlation between AMP and 
ICP), rSO2 regional cerebral oxygen saturation

Both unadjusted and adjusted p values are presented. Adjusted p values were calculated using the False Discovery Rate (FDR) method. Bolded p values are those 
reaching statistical significance, p < 0.05

*Only 146 patients had rSO2 data available
† Only 116 patients had PbtO2 data available

Table 2  (continued)

Variable CPP < 60 mmHg 
(n = 16)

60 mmHg ≤ CPP ≤ 70 mmHg  
(n = 69)

CPP > 70 mmHg 
(n = 288)

J–T statistic p-value Adjusted p-value

% Time 
PbtO2 < 15 mmHg†

28.1 (1.88–61.7) 89.3 (41.7–95.3) 5.93 (1.5–61.9) 434 0.014 0.040

% Time 
PbtO2 < 20 mmHg†

50.9 (23.2–74.7) 96.4 (87.1–98.9) 26 (6.24–88.4) 397 0.004 0.013
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Table 3  Jonckheere–Terpstra Testing for PRx Trichotomization

Variable Intact (PRx < 0) (n = 95) Transitional 
(0 ≤ PRx ≤ 0.20) 
(n = 164)

Deranged (PRx > 0.20) 
(n = 114)

J–T statistic p-value Adjusted p-value

Age (years) 33.5 (22.2–50.8) 37 (25–56) 42 (25–55) 24,310 0.062 0.092

Sex (% male) 77.89% 77.44% 78.76% 22,557 0.886 0.933

Admission GCS 6 (3–8) 6 (4–7) 6 (3–7) 18,716 0.778 0.871

Admission GCS—motor 3 (1–5) 4 (1–5) 4 (1–5) 10,511 0.384 0.466

Admission pupil 
response (% bilaterally 
reactive)

15.22% 12.96% 19.27% 19,485 0.052 0.080

Marshall CT grade 3 (2–4) 3 (2–5) 3 (2–5) 23,339 0.004 0.009
GOS 4 (1–5) 4 (1–5) 2 (1–5) 16,177 0.006 0.013
Number with hypoxic 
episode

18.03% 28.57% 35.94% 8973 0.022 0.042

Number with hypoten-
sive episode

13.56% 14.29% 20.31% 8253 0.302 0.378

Duration of recording 
(hours)

141 (75.9–242) 96.9 (55.3–168) 74.7 (39.3–165) 17,879 0.002 0.005

Mean MAP (mmHg) 91 (82.6–96.7) 87.2 (81.8–93.8) 86.5 (81.1–91.7) 19,263 0.002 0.005
Mean ICP (mmHg) 13.3 (9.67–17.2) 11.8 (8.17–15) 13.3 (8.72–17.7) 22,446 0.960 0.960

% Time ICP > 20 mmHg 6.62 (1.31–24.3) 3.53 (0.385–15.7) 6.43 (0.852–29.3) 22,787 0.834 0.902

% Time ICP > 22 mmHg 3.6 (0.872–14) 2.08 (0.188–9.21) 3.62 (0.421–18.2) 22,642 0.926 0.950

Mean CPP (mmHg) 76.6 (71.4–81.9) 75.3 (70.8–82) 73.2 (67.5–78) 18,331 0.002 0.005
% Time CPP < 60 mmHg 3.88 (1.35–7.97) 3.92 (0.848–8.16) 6.05 (1.78–17.1) 25,150 0.030 0.050

% Time CPP > 70 mmHg 75.2 (57.3–89.3) 69.3 (52.7–88.3) 58.9 (33.5–74) 17,821 0.002 0.005
Mean PRx − 0.0814 (− 0.131 

to − 0.0345)
0.101 (0.0512–0.14) 0.321 (0.251–0.434) 45,106 0.002 0.005

% Time PRx > 0 38.6 (34.3–44) 60.2 (55–64.3) 81.7 (76.5–87.8) 44,708 0.002 0.005
% Time PRx > 0.25 19 (14.7–22.4) 35.4 (29.9–40) 61.9 (53.9–72.9) 44,587 0.002 0.005
% Time PRx > 0.35 13.2 (9.95–16.2) 26.7 (22.2–30.5) 51.3 (42.2–65.2) 44,147 0.002 0.005
% Time ICP > 20 mmHg & 
PRx > 0.35

1.75 (0.468–4.21) 1.63 (0.205–5.42) 4.76 (0.367–17) 26,227 0.004 0.009

Mean PAx − 0.147 (− 0.228 
to − 0.0881)

− 0.0285 (− 0.118–
0.0576)

0.129 (0.0408–0.289) 36,995 0.002 0.005

% Time PAx > 0 31.4 (23.8–38.4) 46.7 (35.4–57.3) 66 (56.4–78.1) 37,366 0.002 0.005
% Time PAx > 0.2 15.7 (11–19.8) 25.3 (17.6–34.3) 44.6 (34.6–60.4) 37,642 0.002 0.005
% Time PAx > 0.25 12.5 (8.51–16.1) 21.3 (14.5–29.4) 39.6 (30.4–55.7) 37,549 0.002 0.005
% Time ICP > 20 mmHg & 
PAx > 0.25

1.62 (0.218–4.74) 1.25 (0.139–3.66) 2.98 (0.227–12.6) 25,148 0.026 0.045

Mean RAC​ − 0.471 (− 0.59 
to − 0.328)

− 0.302 (− 0.44 to − 0.16) − 0.0977 (− 0.275 
to 0.0843)

34,604 0.002 0.005

% Time RAC > 0 10.2 (5.93–19.7) 21.7 (12.9–32.1) 39.1 (23.5–58.6) 34,525 0.002 0.005
% Time ICP > 20 mmHg 
& RAC > 0

0.877 (0.212–2.46) 0.713 (0.0856–2.53) 1.67 (0.221–9.23) 25,595 0.014 0.028

Mean RAP 0.74 (0.635–0.839) 0.66 (0.507–0.757) 0.627 (0.47–0.723) 16,727 0.002 0.005
% Time RAP > 0.40 89.4 (80–94.8) 81.7 (67.6–89.2) 78.9 (65.2–88.5) 17,177 0.002 0.005
rSO2* 70.4 (64.6–74.5) 69.8 (64.2–76.6) 70.8 (63.4–75.6) 2997 0.784 0.871

Mean COx* 0 (− 0.0229–0.0488) 0.0166 (− 0.0109–0.0909) 0.0178 (− 0.00187–
0.0726)

3689 0.152 0.212

% Time COx > 0.20* 21.5 (13.2–28.1) 24.5 (18.3–33.3) 22.3 (18.1–31.1) 3660 0.228 0.304

Mean COx_a* 0.0485 (0.012–0.0946) 0.0572 (0.0145–0.117) 0.0721 (0.0136–0.117) 3003 0.286 0.369

% Time COx_a > 0.20* 26.7 (20.2–32.5) 29.1 (23.5–37.4) 28.5 (21.4–37.7) 2962 0.538 0.633

Mean PbtO2 (mmHg)† 25.3 (21.7–31.7) 22.7 (13.5–31.6) 20 (13.7–27.7) 1874 0.154 0.212



Page 11 of 15Stein et al. Critical Care          (2024) 28:294 	

AMP pulse amplitude of ICP, COx cerebral oxygenation index (correlation between rSO2 and CPP), COx_a cerebral oxygenation index (correlation between rSO2 and 
ABP), CPP cerebral perfusion pressure, CT computed tomography, GCS Glasgow Coma Scale, ICP intracranial pressure, IQR interquartile range, J–T Jonckheere–Terpstra 
test, MAP mean arterial pressure, PAx pulse amplitude index (correlation between AMP and MAP), PbtO2 brain tissue oxygen tension, PRx pressure reactivity index 
(correlation between ICP and MAP), RAC​ correlation (R) between slow waves of AMP (A) and CPP (C), RAP compensatory reserve index (correlation between AMP and 
ICP), rSO2 regional cerebral oxygen saturation

Both unadjusted and adjusted p values are presented. Adjusted p values were calculated using the False Discovery Rate (FDR) method. Bolded p values are those 
reaching statistical significance, p < 0.05

*Only 146 patients had rSO2 data available
† Only 116 patients had PbtO2 data available

Table 3  (continued)

Variable Intact (PRx < 0) (n = 95) Transitional 
(0 ≤ PRx ≤ 0.20) 
(n = 164)

Deranged (PRx > 0.20) 
(n = 114)

J–T statistic p-value Adjusted p-value

% Time 
PbtO2 < 15 mmHg†

1.77 (0.893–10.6) 12.1 (1.72–75.1) 17.5 (4.17–80.8) 2594 0.024 0.044

% Time 
PbtO2 < 20 mmHg†

15.8 (5.93–36.5) 37 (5.09–94.2) 50 (23.2–90.7) 2568 0.040 0.064

Fig. 1  Stacked bar plots comparing cerebral physiology between patients trichotomized using mean ICP or CPP. A comparison of % times with CPP 
in three ranges between patients trichotomized using mean ICP; B comparison of % times with PRx in three ranges between patients 
trichotomized using mean ICP; C comparison of % times with PbtO2 in three ranges between patients trichotomized using mean ICP; D comparison 
of % times with ICP in three ranges between patients trichotomized using mean CPP; E comparison of % times with PRx in three ranges 
between patients trichotomized using mean CPP; F comparison of % times with PbtO2 in three ranges between patients trichotomized using mean 
CPP. AMP pulse amplitude of ICP, CPP cerebral perfusion pressure, ICP intracranial pressure, MAP mean arterial pressure, PbtO2 brain tissue oxygen 
tension, PRx pressure reactivity index (correlation between ICP and MAP)
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the problem of extracerebral interference from sources 
such as the scalp, bone, cerebrospinal fluid, and subdural 
blood [45]. There is significant homogeneity in these 
structures between patients, as well as across the skull. 
This results in relatively large amounts of variation in sig-
nal depending on the placement of the pads and patient-
specific factors. This raises questions about the validity of 
NIRS-based values and their clinical utility.

Finally, the generated contour plots strongly sug-
gest that intact cerebrovascular reactivity has protective 
effects on the relationships uncovered in this analysis. 
This finding has been highlighted in multiple recent stud-
ies [9, 46–48], promoting the importance of maintaining 
cerebrovascular reactivity in order to minimize second-
ary brain insult.

This study provides a unique comprehensive assess-
ment of the various associations that cerebral physiologic 
derangements have with cerebral physiologic insult bur-
den. The results above shed unique light on the impor-
tant relationship that cerebral physiology as a whole 
has with secondary brain injury following moderate-to-
severe TBI. We have provided supporting evidence of 

the importance of ICP, CPP, and cerebrovascular reac-
tivity control in minimizing secondary brain injury. Our 
analysis also raises some questions of the utility of PbtO2 
and rSO2 monitoring, in their raw signal output form, in 
detecting and protecting against secondary brain injury.

Limitations
Despite the important findings of this analysis, a cou-
ple of important limitations must be highlighted. Firstly, 
though this study utilized a large multi-centered cohort, 
only 116 patients had PbtO2 monitored and were 
included in analyses involving this parameter. This may 
have limited our ability to find associations between 
PbtO2 and other cerebral physiologic parameters. Next, 
our analysis utilized grand-averaged values. Such values 
fail to accurately reflect the state of the parameter over 
the patient’s time in the ICU. For example, a patient who 
has extremely high CPP for half their recording period 
and extremely low CPP for the other half, may have a 
relatively moderate mean CPP value. Additionally, acute 
extreme derangements in physiology can be diluted if 
the recording period is long enough. Thus, future works 

Fig. 2  Contour plots demonstrating the protective effects of preserved cerebrovascular reactivity on global cerebral insult burden. Plots illustrate 
the effects of PRx on the relationship between: A ICP and % time with CPP < 60 mmHg; B ICP and % time with PbtO2 < 20 mmHg; C PbtO2 and % 
time with CPP < 60 mmHg; and D PbtO2 and % time with CPP > 70 mmHg. Data points used to construct the contour plots are overlayed on each 
plot. CPP cerebral perfusion pressure, ICP intracranial pressure, PbtO2 brain tissue oxygen tension, PRx pressure reactivity index
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should focus on using metrics that better reflect the 
actual cerebral physiologic picture of patients, such as 
dose-time above/below thresholds. Another limitation of 
this study is that it could have included more continuous 
multimodal cerebral physiologic monitoring modalities, 
such as electroencephalogram and bispectral index score. 
This could have offered a fuller understanding of the 
effects of deranged cerebral physiology on insult burden.

Conclusion
In this multi-centered descriptive analysis, we evaluated 
the associations between derangements in continuous 
multimodal cerebral physiology and cerebral physiologic 
insult burden. We found that mean ICP, CPP, and ICP-
based cerebrovascular reactivity indices demonstrated 
statistically significant associations with global cerebral 
physiologic insult burden. However, it remains unclear 
whether measures of oxygen delivery provide any mean-
ingful insight into such insult burden.
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