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Abstract

Background Pressure reactivity index (PRx) has emerged as a means to continuously monitor cerebrovascular reactivity in
traumatic brain injury (TBI). However, other intracranial pressure (ICP)-based continuous metrics exist, and may have advan-
tages over PRx. The goal of this study was to perform a scoping overview of the literature on non-PRx ICP-based continuous
cerebrovascular reactivity metrics in adult TBL

Methods We searched MEDLINE, BIOSIS, EMBASE, Global Health, SCOPUS, and Cochrane Library from inception to
December 2019. Using a two-stage filtering of title/abstract, and then full manuscript, we identified pertinent articles. Data
was abstracted to tables and each technique summarized, including pulse amplitude index (PAx), correlation between pulse
amplitude of ICP and cerebral perfusion pressure (RAC), PRxs5_15, and low-resolution metrics LAx and L-PRx.

Results A total of 23 articles met the inclusion criteria, with the vast majority being retrospective in nature and based out of
European centers. Sixteen articles focused on high-resolution metrics PAx, RAC, and PRxss_;5, with 6 articles focusing on LAx
and L-PRx. PAx may have a role in low ICP situations, where it appears to perform superior to PRx. RAC displays similar
behavior to PRx, with a trend to stronger associations with favorable/unfavorable outcome at 6 months, and stronger parabolic
relationship with CPP. PRxss_;5 provides a focused assessment on the vasogenic frequency range associated with cerebral
autoregulation, with preliminary data supporting a strong association with outcome in TBI. LAx and L-PRx display varying

This article is part of the Topical Collection on Brain trauma

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00701-020-04378-7) contains supplementary
material, which is available to authorized users.

D4 Frederick A. Zeiler 2 Department of Neurosurgery, King Fahad University Hospital, Imam
frederick.zeiler@umanitoba.ca Abdulrahman Bin Faisal University, Dammam, Saudi Arabia

Mohammed Hasen 3 Centre on Aging, University of Manitoba, Winnipeg, Canada
hasenm@myumanitoba.ca
Biomedical Engineering, Faculty of Engineering, University of

Alwyn Gomez Manitoba, Winnipeg, Canada

gomeza35@myumanitoba.ca

Logan Froese
log.froese @ gmail.com

Joshua Dian
dianj @myumanitoba.ca

Rahul Raj
rahul.raj@hus.fi

Eric P. Thelin

eric.thelin @ki.se

Section of Neurosurgery, Division of Surgery, Rady Faculty of
Health Science, University of Manitoba, Winnipeg, Canada

Department of Neurosurgery, University of Helsinki and Helsinki
University Hospital, Helsinki, Finland

Department of Neurology, Karolinska University Hospital,
Stockholm, Sweden

Department of Clinical Neuroscience, Karolinska Institutet,
Stockholm, Sweden

Department of Human Anatomy and Cell Sciences, Rady Faculty of
Health Sciences, University of Manitoba, Winnipeg, Canada

Department of Medicine, Division of Anaesthesia, Addenbrooke’s
Hospital, University of Cambridge, Cambridge, UK

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00701-020-04378-7&domain=pdf
http://orcid.org/0000-0003-1737-0510
https://doi.org/10.1007/s00701-020-04378-7
mailto:frederick.zeiler@umanitoba.ca

1648

Acta Neurochir (2020) 162:1647-1662

associations with 6-month outcome in TBI, depending on the window length of calculation, with shorter windows demonstrating

stronger correlations with classical PRx.

Conclusions Non-PRx continuous ICP-based cerebrovascular reactivity metrics can be split into high-resolution and low-
resolution measures. High-resolution indices include PAx, RAC, and PRxss.;5, while low-resolution indices include L-PRx
and LAX. The true role for these metrics beyond classic PRx remains unclear. Each displays situations where it may prove
superior over PRx, given limitations with this currently widely accepted measure. Much future investigation into each of these
alternative metrics is required prior to adoption into the clinical monitoring armamentarium in adult TBIL.

Keywords Autoregulation - Cerebrovascular reactivity - ICP measures - Systematic review

Introduction

Multi-modal monitoring of cerebral physiology in traumatic
brain injury (TBI) is increasingly becoming common place in
advanced neurocritical care units worldwide [25]. However,
not only do the raw physiology parameters returned by these
devices carry potential importance in directing therapies and
prognostication, but metrics derived through combination of
various biomedical signal processing techniques can expand
our understanding of cerebral physiology [10]. Continuous
cerebrovascular reactivity monitoring in TBI is one such de-
rived metric. Recently, data suggests that impaired cerebro-
vascular reactivity after TBI appears to remain unaffected by
current intensive care unit (ICU)-based therapeutics [13, 54],
with large portions of a patients ICU stay spent in an impaired
state [54], and relatively unchanged rates of impairment over
the past 25 years of Brain Trauma Foundation (BTF)-based
changes in care [13]. Thus, impaired cerebrovascular reactiv-
ity could potentially account for the relatively unchanged mor-
tality rates seen in moderate-to-severe TBI over the last few
decades, despite overall advances in ICU and post-ICU care.
Though, it should be acknowledged that such findings are
from few studies, requiring further validation.

Over the previous two decades, literature has supported
continuous cerebrovascular reactivity monitoring in adult
TBI, with the most commonly quoted measures being those
derived from intracranial pressure (ICP) [10, 45]. However,
other metrics based on brain tissue oxygen (PbtO,) [1, 20, 22],
near-infrared spectroscopy (NIRS) [28], thermal diffusion
blood flow [29], and transcranial Doppler [8, 35] have been
derived in TBI populations [45]. Such metrics are derived
through evaluation of the correlation between slow-wave
vasogenic fluctuations in a surrogate measure of pulsatile ce-
rebral blood volume (CBV) or cerebral blood flow (CBF), and
a driving pressure for flow, such as mean arterial pressure
(MAP) or cerebral perfusion pressure (CPP). The ICP wave-
form is utilized as a surrogate for pulsatile CBV, for the most
commonly described cerebrovascular reactivity metric, the
pressure reactivity index (PRx) [10]. Specifically, PRx is de-
rived through the moving Pearson correlation coefficient be-
tween slow-wave vasogenic fluctuations in ICP and MAP.
Initially, raw full-waveform ICP and arterial blood pressure
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(ABP) data is decimated to 0.1 Hz (Hz) using a 10-s non-
overlapping moving average filter, in order to focus on
slow-wave frequency ranges associated with cerebral autoreg-
ulation. Then, Pearson correlation is conducted on thirty con-
secutive 10 s mean measures of ICP and MAP (i.e., 5 min
worth of data). This is updated typically every minute, through
sliding the calculation window. Classically, negative values
are believed to represent “intact” cerebrovascular reactivity,
and positive values represent “impaired” reactivity. This meth-
odology focuses only on the time-domain relationship be-
tween signals. As an aside, there are alternatives that rely on
frequency-domain assessments of the relationship between
measured physiologies, which require more complex method-
ologies [15, 26]. Such measures are not widely employed in
clinical monitoring for TBI at this time, and will not be
discussed further here.

To date, PRx has displayed a strong association with global
outcomes in adult TBI [10, 36, 51, 55], with an independent
association with outcome beyond that accounted for by ICP
[55]. PRx is one of the only measures receiving some valida-
tion in experimental animal models as a measure of the lower
limit of autoregulation [6, 47, 53]. In addition, recent data has
shown that impaired cerebrovascular reactivity metrics may
predict lesion growth on follow-up computed tomography
(CT) of the brain in TBI [30, 31]. Furthermore, there is a
strong link between impaired cerebral metabolism and de-
ranged PRx values [43]. Critical thresholds associated with
6-month outcomes have also been defined for PRx in adult
TBI [36, 51]. Finally, PRx has been utilized in the exploration
of individualized CPP and ICP targets in TBI care [2, 24, 38,
56, 57], sparking an ongoing Phase II study for individualized
CPP targets [4].

However, despite the promise of PRx, it remains experi-
mental still in the world of advanced monitoring in TBI, with
alternative ICP-derived continuous cerebrovascular reactivity
measures emerging in the literature [3, 11, 19, 49]. These
alternative ICP-based metrics have been overshadowed by
the large, and ever growing, body of literature on PRx [45].
With that said, these other ICP-based metrics do deserve some
attention and discussion around when they should be consid-
ered for monitoring. The goal of this scoping review is to
provide a comprehensive overview of the available literature
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on these alternative (i.e., non-PRx) ICP-based continuous
metrics of cerebrovascular reactivity in adult TBIL

Methods

In order to be comprehensive in this scoping overview of
alternative ICP-based continuous cerebrovascular reactivity
metrics, a systematic search of the literature was conducted,
using the methodology outlined in the Cochrane Handbook
for Systematic Reviewers [18], with reporting in keeping with
the Preferred Reporting In Systematic Reviews and Meta-
Analysis (PRISMA) [32] and PRISMA Scoping Review
(PRISMA-ScR) guidelines [44].

Search question, population, inclusion and exclusion
criteria

The question posed for this systematic review was what liter-
ature is available on time-domain non-PRx ICP-based contin-
uous cerebrovascular reactivity measures in adult TBI? The
following time domain continuous pressure techniques were
searched: pulse amplitude index (PAx), correlation between
pulse amplitude of ICP and CPP (RAC), bandpass filtered
PRxs5.15, and low-resolution-based PRx alternatives (long-
PRx (L-PRx) and LAXx). Low resolution is defined as using
minute-by-minute mean physiologic measures in the deriva-
tion of the index. We purposefully did not evaluate frequency-
domain-based alternative measures, such as continuously
updating wavelet phase-shift methodologies [26], given the
current focus clinically is on time-domain-based metrics, such
as PRx and its alternatives, given their current greater ease of
derivation and clinical application.

Inclusion/exclusion criteria

Inclusion criteria were all full manuscript studies including
human subjects with TBI (any severity), studies with 5 or
more patients, adults only (age 18 or older), and the use of a
continuous non-PRx ICP-based cerebrovascular reactivity
metric (as listed above). Exclusion criteria were non-English
studies, animal studies, exclusively pediatric patient popula-
tions, studies of less than 5 patients, and studies on non-PRx
ICP-based continuous measures of cerebrovascular reactivity
not based in the time domain. We chose a limit of 5 patients or
more, so as to avoid small incidental case reports on the topic
of ICP-derived cerebrovascular reactivity measures.

Search strategy
MEDLINE, BIOSIS, EMBASE, Global Health, SCOPUS,

and Cochrane Library from inception to December 2019 were
searched using individualized search strategies. The search

strategy for MEDLINE can be seen in Appendix A of the
supplementary materials. Finally, reference lists of any review
articles on autoregulation/cerebrovascular reactivity tech-
niques were reviewed for relevant studies on continuous tech-
niques in adult TBL

Study selection

A two-step review of all articles returned by our search strat-
egies was performed. First, the reviewer independently
screened titles and abstracts of the returned articles to decide
if they met the inclusion criteria. Second, full text of the cho-
sen articles was then assessed to confirm if they met the in-
clusion criteria. Any meeting abstracts identified within the
database search results were crosschecked with MEDLINE
in order to determine if any full manuscripts were subsequent-
ly published based on these abstract results.

Data collection

Data were extracted from the selected articles and stored in an
electronic database. Data fields included patient demo-
graphics, type of study, article country of origin, number of
patients, technique described, and study outcomes described.
We split the techniques into high resolution (i.e., PAx, RAC,
PRx55.15) and low resolution (i.e., L-PRx and LAx), with
Table 1 displaying the high-resolution studies, and Table 2
displaying the low-resolution studies.

Results
Search results

A total of 111 results were obtained from the search strategy
highlighted in Appendix A of the Supplementary Materials.
Appendix B provides the PRISMA flow diagram for the
search results. Through the first filter and second filter, a total
of 23 articles met the inclusion criteria to be included in the
review. A total of 16 studies were pertaining to high-resolution
techniques, while 7 pertained to low-resolution techniques.
All studies, except one [41], focused on entirely European
and United Kingdom data. Tables 1 and 2 provide the details
ofthe high-resolution and low-resolution studies, respectively.

“The basics”

The reader will find the following sub-sections describing
some more details regarding the specific ICP-derived contin-
uous metrics. In general, the derivation of these time-domain-
based measures follows similar principals, evaluating the re-
lationship between pulsatile CBV and a driving pressure
(MAP or CPP). First, both the ICP and MAP/CPP signals
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are processed to focus on a frequency range associated with
cerebrovascular reactivity. This is typically in the range of
0.05 to 0.005 Hz, and involves the application of either non-
overlapping smoothing average filters, low-frequency
bandpass filters, or both, depending on the metric of interest.
Second, with the signal data processed, the update frequency
for the data is either every 10 s, or minute, depending on the
measure. Third, a window of data for the processed ICP and
MAP/CPP data is then utilized to derive a Pearson correlation
coefficient. This data window varies depending on the mea-
sure, with most using a 5-min window of data for the high-
resolution measures. Longer window lengths are used for low-
resolution metrics such as LAx and L-PRx. Fourth, this cal-
culation is then updated every minute. In general, positive
index values are believe to represent “impaired” cerebrovas-
cular reactivity, while negative values denote “intact” cerebro-
vascular reactivity.

High-resolution techniques

Table 1 provides an overview of the available literature body
for high-resolution non-PRx ICP-derived continuous cerebro-
vascular reactivity metrics in adult TBI. The following sub-
sections will highlight each of PAx, RAC, and PRxs5_;5, their
derivation method, and potential benefit over PRx in TBI
monitoring. For details regarding individual studies, we refer
the reader to Table 1, and the referenced literature.

1. PAx

Pulse amplitude index (PAX) is derived using the relation-
ship between slow-wave fluctuations in the fundamental am-
plitude of ICP (AMP) and MAP. AMP is derived using the
fundamental Fourier amplitude of full-waveform ICP data
over a 10-s window, updated every 10 s. A moving Pearson
correlation coefficient is then derived between AMP and
MAP, in keeping with the methodology described previously
for PRx. The rationale behind its derivation focuses on the
potential for AMP to provide a better surrogate metric for
pulsatile CBV. Statistically, PAx appears to behave similarly
to PRx, RAC, near-infrared-based indices, and transcranial
Dopple-based systolic flow index [46, 48].

Clinical literature on the use of PAx in TBI patients is
limited to date. Initial retrospective studies suggested a poten-
tial benefit of PAx over PRx in 6-month outcome prediction,
but only for those with low mean ICP values (i.e., less than
15 mmHg) over their ICU stay. In this study, PAx demonstrat-
ed a superior ability to predict mortality over PRx, in those
with mean ICP values below 15 mmHg (= 0.04+0.16 vs. —
0.14£0.16, xX2=6, p=0.01) [3]. Similarly, PAx was shown
in one study to correlate with transcranial Doppler-based
mean flow index (R*=0.46, p <0.0002) [33]. Furthermore,
critical thresholds for PAx in association with 6-month

@ Springer

outcomes have been defined as 0, for favorable/unfavorable
outcome, and + 0.25 for mortality [51]. This was conducted in
non-craniectomized patients, so as to avoid any potential in-
fluence of decompressive hemicraniectomy on cerebrovascu-
lar reactivity measures [42]. Finally, impaired cerebrovascular
reactivity, as defined by PAx, appears to be associated with
admission CT imaging markers of diffuse intracranial injury,
and advanced age [50]. Recent neuroimaging work has dem-
onstrated that worse PAx values (» = 0.64, p = 0.0006) may be
associated with CT-based lesion progression, particularly peri-
contusional edema, during the acute phase of ICU care [30].

However, recent larger studies, both retrospective and pro-
spective, have demonstrate inferiority of PAx in outcome pre-
diction over PRx and RAC [51, 57, 58]. Furthermore, optimal
CPP (CPPopt) based on PAx appear to have limited associa-
tion with 6-month outcomes, with most PAx-CPPopt mea-
sures failing to reach any statistically significant associations
with mortality or favorable/unfavorable outcomes at 6 months
in the multi-center Collaborative European NeuroTrauma
Effectiveness Research in Traumatic Brain Injury
(CENTER-TBI) high-resolution cohort [57]. Thus, the role
of PAx and its derived physiology targets remains in question
in adult TBI monitoring.

2. RAC

RAC, defined as the correlation (R) between AMP (A) and
CPP (C), is derived from the moving Pearson correlation be-
tween AMP and CPP. A relatively newly described index of
cerebrovascular reactivity in TBI, its accurate interpretation is
complex and beyond the scope of the review. Detailed de-
scription of this index can be found in the referenced articles
[49]. In general, using CPP as the driving metric for flow, and
AMP as the surrogate measure for pulsatile CBV, RAC pro-
vides information regarding both cerebrovascular reactivity
[3] and cerebral compensatory reserve [9, 52]. Continuously
measured cerebral compensatory reserve had been described
in various sources in both the hydrocephalus literature and
adult TBI literature through the index RAP—the correlation
(R) between vasogenic slow-waves in AMP (A) and ICP (P)
[21, 52]. Thus, with RAC being derived from the correlation
between AMP and CPP, it provides information both from
PAXx (described in the previous section) and RAC indices, or
so it is believed [49]. Its main limitation currently is complex-
ity of interpretation. RAC appears to behave similarly to PRx,
PAXx, near-infrared-based indices, and transcranial Doppler-
based systolic flow index, statistically [46, 48].

RAC and its evaluation in adult TBI patients is still consid-
ered exploratory and experimental in nature, as highlighted by
the initial study fully describing this index [49]. Compared to
PRx, RAC appears to perform similarly in its association with
both mortality and favorable/unfavorable outcome at
6 months, in both retrospective [51] and multi-center
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prospective data sets [58]. In fact, RAC trends to higher AUC
for favorable/unfavorable outcome association, compared to
PRx, suggesting it may prove superior in this area of outcome
prognostication. Thresholds for 6-month mortality and
favorable/unfavorable outcome have also been described as
—0.10 and —0.05, respectively [51]. Furthermore, RAC ap-
pears to display a more uniform parabolic relationship with
CPP, suggesting it may carry a role in CPPopt determination
[49, 58]. Some preliminary work in RAC-based CPPopt de-
termination has demonstrated comparable performance versus
PRx [57], though this work is quite exploratory in nature at
this time. Finally, recent neuroimaging work has demonstrated
that worse RAC values may be associated with CT-based le-
sion progression, particularly peri-contusional edema, during
the acute phase of ICU care [30].

3. PRXss.15

In an attempt to focus on purely the vasogenic frequency
range associated with cerebral autoregulation (i.e., 0.02 to
0.07 Hz) [14, 19, 37, 59], PRxs5.15 was developed to remove
very-low-frequency bands (i.e., 0.01 to 0.005 Hz) of ICP and
MAP outside of this range typically found in classic PRx
calculations, and provide a “pure” metric [19]. PRx classically
contains the slow-wave vasogenic frequency band of 0.05 to
0.005 Hz [7, 10, 14]. In order to derive PRxss.;5, raw full-
waveform ICP and MAP data require processing using a fre-
quency bandpass filter for 0.018 to 0.067 Hz (i.e., oscillations
with a period of 55 to 15 s in duration) [19]. Then, 5-min
sliding data windows are used to derive the cerebrovascular
reactivity metric, similar to classic PRx [10].

Given the relatively new nature of this index, there exists
very limited literature on its application in TBI. Small retro-
spective studies have found that PRxss_;5 is independently
associated with global 6-month outcome, and displays re-
duced variability compared to PRx [19, 39]. Furthermore,
there appears to be a positive correlation between
microdialysis-based lactate:pyruvate ratio and impaired cere-
brovascular reactivity, as measured through PRxss5.15 [40].
However, much further validation of this metric is required
prior to widespread adoption.

Low-resolution techniques

Table 2 provides an overview of the literature for low-
resolution ICP-derived continuous cerebrovascular reactivity
metrics in adult TBI. Low-frequency autoregulation index
(LAx) and long-PRx (L-PRx) variants exist, with nomencla-
ture depending on the center and study. In general, these mea-
sures are derived using minute-by-minute mean ICP and MAP
data. Moving Pearson correlation coefficients are then calcu-
lated between these minute-by-minute measures, using vari-
ous described window lengths of 5 min up to and including

120 min. The most commonly quoted window lengths for
calculation are on the order of 20 to 30 min in length. These
metrics were developed for situations where high-resolution
full-waveform ICP and MAP data was not available. Many
commercially available ICU monitors have data output fre-
quencies limited to 1 Hz or less, leaving classic PRx, or other
high-resolution techniques not feasible. Similarly, many cen-
ters do not have the biomedical engineering expertise to ex-
tract, store and process full-waveform ICP and MAP data, if
the ability to export such data exists. As such, in an attempt to
expand the accessibility of cerebrovascular reactivity monitor-
ing outside of a limited set of expert academic centers, these
metrics were developed. The main limitation is that they eval-
uate the ultra-low-frequency band (i.e., below 0.005 Hz) for
ICP and MAP, and uncertainty regarding the appropriate win-
dow length for calculation. It remains unknown how much, if
any, autoregulation information is contained within this fre-
quency range [19, 34]. Though, recent data suggests that
shorter window lengths demonstrate strong statistical associ-
ations with classic PRx [41].

Various clinical studies exist correlating L-PRx/LAx met-
rics to high-resolution PRx, or other non-ICU-based continu-
ous measures of cerebrovascular reactivity. Using a 20-min
calculation window, L-PRx has been shown to be moderately
correlated with ICP (r=0.467, p=0.011), and elevated
lactate:pyruvate ratio on microdialysis [34], similar to larger
microdidalysis studies with high-resolution PRx [43].
Similarly, LAX, studied using different window lengths, dem-
onstrated strong outcome association at 6 months [16, 17].
Further, impaired cerebrovascular reactivity, defined by
LAx, was shown to reduce the CPP threshold for insults tol-
erated in this patient cohort [17]. Furthermore, it has been
demonstrated that LAx may be utilized to determine
CPPopt, with strong outcome associations [11, 12].
However, some studies have questioned the strength of out-
come association for these low-resolution metrics, displaying
superior performance of PRx over L-PRx [23]. Thus, given
the current limited and conflicting literature body, these met-
rics should still remain exploratory in nature.

Discussion

We aimed to produce a comprehensive scoping overview of
the literature regarding ICP-based non-PRx continuous cere-
brovascular reactivity metrics in adult TBI. The literature re-
mains scare to date regarding the applicability of these met-
rics. However, it must be acknowledged that many of these
measures display promise above and beyond classic PRx
monitoring. The main drawback with PRx monitoring and
management strategies is its dependency on a few selected
ICU monitoring solutions; thus, if other indices show
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potential, it could offer solutions for more widespread imple-
mentation. Some important aspects deserve highlighting.

First, the high-resolution ICP-based alternative metrics ap-
pear to display some promise. PAx may have a role in those
patients with low mean ICP for cerebrovascular reactivity as-
sessments [3, 33], and potentially even CPPopt determination
[57]. RAC, though complex in interpretation, carries informa-
tion regarding both cerebrovascular reactivity and compensa-
tory reserve [49], with trends toward stronger favorable/
unfavorable outcome association at 6 months compared to
PRx [51, 58]. Further, RAC may have an emerging role in
CPPopt determination, given the stronger parabolic relation-
ship seen between RAC and CPP, compared to PRx and CPP,
on preliminary analysis [49, 57]. Finally, PRxss_;5 provides a
cerebrovascular reactivity index with more focus on the true
autoregulation slow-wave frequency range [19], with strong
outcome association [19, 39]. However, overall the literature
on these three metrics is limited, leaving their application cur-
rently as experimental. Furthermore, all three indices are much
more complex to derive, requiring comfort with either Fourier
analysis [3, 49], or bandpass filtering techniques [19]. This
may limit this adoption to non-expert clinical centers. Much
further investigation is required to validate their associations
with outcome, assess their role in prognostication, and deter-
mine applicability in the derivation of individualized physio-
logic targets in TBI.

Second, the low-resolution metrics, L-PRx and LAX, have
very limited literature to date [11, 34]. They show promise in
that they can be derived using minute-by-minute data, open-
ing the doors for widespread adoption into centers without
biomedical engineering expertise, or the ability to obtain
high-frequency full-waveform physiologic data. Preliminary
data indicates that L-PRx and LAx have some moderate asso-
ciation with high-resolution PRx [23], and demonstrate strong
associations with outcome [11, 16]. In addition, they may
even be applicable to the derivation of individualized
CPPopt [12], potentially expanding this type of personalized
medicine to non-specialized centers. However, L-PRx and
LAx should still be considered very experimental, given it is
unclear what aspect of the autoregulation they are truly mea-
suring [14, 19, 23], and the optimal window length for calcu-
lation remains unclear [41].

Third, the literature body surrounding ICP-derived PRx
alternatives is complex. Over the years, various measures of
cerebrovascular reactivity have been derived based on ICP
signals. Yet, none have gained the traction of the original
metric in this field, PRx. As new measures are derived, they
tend to be compared to PRx. This yields a situation where
newer metrics tend to take a back-seat to PRx, regardless of
their comparative performance. Indices which perform poorly
in comparison to PRx tend to be “shelved,” rarely emerging in
future studies on advanced neuromonitoring. Similarly, those
metrics which perform similar to PRx also tend to be
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overlooked, as PRx is easier to derive and has a larger captive
audience based on it being the historical first measure. This
produces a situation where it is difficult for newer measures to
gain traction and acceptance in the literature and amongst end-
users, despite their nuanced potential. As multi-center collab-
orative groups and data sets emerge, it is imperative that these
ICP-derived alternatives be re-explored.

Fourth, the strength of relationships and conclusions in
specific studies must be considered preliminary and explor-
atory. As mentioned above, many studies compare newer I[CP-
derived metrics to PRx. Thus, we are comparing ICP to ICP-
derived measures. This brings up the issue of collinearity in
comparison between measures of similar origin. As such, the
strength of statistically significant results requires some de-
gree of skepticism in their interpretation given most have not
accounted for such collinearity. One way around this would be
to assess the relationship between two, or more, such mea-
sures while evaluating the variance inflation factor analysis.
Another would be to explore the higher-resolution behavior of
such measures over time using time-series methodologies,
which would also account for autocorrelation within a given
metric over time [41]. To date, very little work in this area has
been conducted, and will be the focus of future multi-center
collaborative data sets [5].

In general, we are still a ways away from adoption of either
the high-resolution or low-resolution ICP-based alternative
measures. All should remain experimental at this time.
Future work in the area will take coordination between multi-
ple international centers of excellent in cerebrovascular reac-
tivity monitoring, pooled data, and ongoing prospective data
collection strategies, in order to validate current findings and
truly understand the role of these measures in adult TBI care.

Limitations

Despite a systematically conducted scoping overview of the
literature being conducted, there are some significant limita-
tions of this review and the outlined literature body, which
deserve mentioning. First, despite an all-inclusive search strat-
egy, it appears that there remains limited literature for ICP-
derived continuous cerebrovascular reactivity monitoring,
outside of PRx. Thus, even though some interesting trends
regarding specific alternative indices were mentioned in this
review, these metrics remain exploratory at this time. They
should not be adapted to widespread clinical monitoring of
cerebrovascular reactivity without proper validation and ex-
ploration in multi-center datasets. Furthermore, most studies
were generated from a select few centers in Europe with spe-
cialized expertise in biomedical signal processing and its ap-
plication to advanced monitoring in TBI patients. As such,
many studies have overlapping patient populations from these
few centers of excellence, given such data is both cumber-
some to collect, analyze, and interpret. Given many studies
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in the area of biomedical engineering techniques in TBI mon-
itoring are exploratory, the same datasets are utilized to try to
answer different questions/aspects of cerebral physiology
post-injury. It is impossible to explore and answer all ques-
tions related to different measures of cerebral physiology or
cerebrovascular reactivity in one or two papers, given the
complexity of analysis and interpretation, as well as the myr-
iad of very different questions being answered. The archived
data sets from the few centers of excellence who lead this area
are optimally positioned to be able to answer such preliminary
questions, and have thus generated many papers from a rela-
tively small data source. Of course, validation of such findings
is another story, and highlights the need for future multi-center
data collection strategies in TBI, which may be able to both
validate and provide clarity regarding the utility of such
measures.

Second, most of the studies included were retrospective in
nature. The patient populations were heterogeneous in nature,
with varied periods of high-frequency digital physiologic
monitoring described. Many of these studies came from the
same centers, with overlapping patient populations between
articles. Thus, it is unknown how many unique patients were
studied overall. Furthermore, these patients were adult TBI
populations receiving active treatment for ICP and CPP dur-
ing their ICU care. Meaning, their described behavior does not
represent the true untreated behavior, or nature behavior, in
adult TBI. As such, lack of association between these alterna-
tive metrics and classical PRx must be taken with some degree
of skepticism. No strong conclusions regarding these alterna-
tive measures can be made at this time, as they all suffer from
significant and varied biases.

Third, given the heterogenous nature of these studies, formal
meta-analysis is not possible, nor would it have led to interpret-
able results. As such, we are left with a simple scoping over-
view of the literature. This emphasizes the preliminary and
exploratory nature of the described studies, necessitating much
further investigation in larger multi-center cohorts.

Fourth, at this time, we are unable to make definitive com-
ments on the utility of longer window versions of PRx, or
weighted window approaches. One of the included studies
documented various window lengths in the determination of
CPPopt based on LAx [11, 12]. It is possible that LAx or L-
PRx provide different pieces of information regarding cerebral
autoregulatory status, by variations in window length and/or
weighting used in the derivation of such indices. Shorter ver-
sus longer windows may provide information on dynamic or
static aspects of cerebral vasomotion. However, it must be
acknowledged that increasing window lengths does run the
risk of including information beyond the vasogenic frequency
range associated with autoregulation, further muddying the
picture. Thus, at this time, much further work is required to
both validate such measures and investigate their ability to
measure aspects of the Lassen curve in experimental models,

and their application in TBI monitoring. Such work will be the
ongoing efforts of the CENTER-TBI high-resolution sub-
study [27] and the CAnadian High Resolution Traumatic
Brain Injury (CAHR-TBI) Research Collaborative [5].

Fifth, given the small number of studies, from a few centers
in Europe, with occasional overlapping data sets, there runs
the risk that the identified studies in this area suffer from
publication bias, with only positive findings being described.
This is true of many emerging and niche areas in medicine,
where the focus is only on positive findings. As such, this is
another factor which limits the ability to extrapolate the find-
ings of the studies included in this scoping review. However,
one must acknowledge that recent multi-center data sets have
begun to provide evidence in support of the previous single
center retrospective findings [57, 58]. This again highlights
the need for ongoing multi-center initiatives in advanced
neuromonitoring [5, 27].

Finally, we limited our search to continuous metrics, based
in the time domain. This was purposefully conducted, as cur-
rent application of continuous cerebrovascular reactivity mon-
itoring in adult TBI utilizes time-domain-based approaches.
Such approaches are convenient and have a high ease of ap-
plication for clinicians at the bedside. With that said, there are
some frequency-domain ICP-based continuous measures that
were not described in this review, such was wavelet-PRx [26].
These metrics may prove useful in the future, with improved
background processes for derivation and better understanding
of'their interpretation. However, at this time, they have limited
applicability in the clinical monitoring of the TBI patient.

Future directions

Based on this scoping review, it is clear that the literature on
ICP-derived continuous cerebrovascular reactivity indices is
limited. As alluded to above, there exists a role for future
evaluation of such measures. Future work necessitates multi-
center prospectively acquired high-frequency physiologic da-
ta sets in order to provide validation to these previous explor-
atory works. This work will focus not only on the derived
cerebrovascular reactivity metrics themselves, but also on in-
dividualized physiology thresholds, such as CPPopt or indi-
vidual ICP thresholds, in order to assess which measure may
be optimally positioned to derive such personalized targets.
This will require large patient numbers, in addition to quality
control in the data collection/archival processes. Such initia-
tives are underway with the CENTER-TBI HR cohort [27]
and the recently developed CAHR-TBI initiative in Canada
[5]. Furthermore, evaluation of lower-resolution metrics, such
as LAx and L-PRx, is a focus of our collaborative research
group between Canada, Sweden, and Finland [41]. Such work
will focus on evaluating the role of these alternative measures
in the clinical monitoring of cerebrovascular reactivity, and
will employ more complex statistical methodologies,
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accounting for various patient factors, injury patterns, and col-
linearity. This work will also employ time-series methodologies
to account for autocorrelation, and hopefully better describe the
higher-frequency relationship between such measures in vivo in
TBI. Finally, we plan to explore machine learning methodolo-
gies in the assessment of co-variance and behavior of these
various indices over time. Such initiatives will be multi-
disciplinary endeavors, including computer science, engineer-
ing, neuroscience, physiology, and population health experts.

However, future work cannot only rely on clinical data sets,
as every cerebrovascular reactivity measure has yet to be val-
idated as a reliable measure of the Lassen curve. As such,
future work necessitates experimental large animal studies to
evaluate the ability of such metrics to detect both the lower
limit and upper limit of autoregulation, during extremes of
both MAP and ICP. Such large animal model work is expen-
sive, and will require multi-center collaborative approaches in
order to accomplish such goals.

Conclusions

Non-PRx continuous ICP-based cerebrovascular reactivity
metrics can be split into high-resolution and low-resolution
measures. High-resolution indices include PAx, RAC, and
PRx55.15, while low-resolution indices include L-PRx and
LAx. It remains unclear the true role for this metrics beyond
classic PRx. Each displays situations where it may prove su-
perior over PRx, given limitations with this currently widely
accept measure. Much future investigation into each of these
alternative metrics is required prior to adoption into the clin-
ical monitoring armamentarium in adult TBI.
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Comments Traumatic brain injury (TBI) affects millions of people each
year and the most severe cases are treated in highly specialized neuro-
intensive care units using multimodal neuromonitoring. Various invasive/
non-invasive measurements are integrated to aid real-time assessment of
brain physiology and guide therapeutic interventions to prevent second-
ary brain injury. The pressure reactivity index (PRx) has been proposed as
a metric to continuously monitor cerebrovascular reactivity, but other
similar indices with different advantages have been put forward. In this
scoping review, the authors summarize the scientific evidence of non-PRx
(ICP based) indices of cerebrovascular reactivity in adult TBI. As con-
cluded in the paper, the literature is limited and primarily consists of
retrospective investigations from a few centers. Currently, PRx-based
optimization of cerebral perfusion pressure is investigated in a clinical
feasibility trial (COGITATE), but much further research is needed (in-
cluding investigations in animal models) before any of the other indices
can be put into clinical testing.
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