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Abstract

Cerebral autoregulation (CA) is a physiological mechanism that maintains constant cerebral blood flow regardless of
changes in cerebral perfusion pressure and prevents brain damage caused by hypoperfusion or hyperperfusion. In
recent decades, researchers have investigated the range of systemic blood pressures and clinical management strate-
gies over which cerebral vasculature modifies intracranial hemodynamics to maintain cerebral perfusion. However,
proposed clinical interventions to optimize autoregulation status have not demonstrated clear clinical benefit. As
future trials are designed, it is crucial to comprehend the underlying cause of our inability to produce robust clinical
evidence supporting the concept of CA-targeted management. This article examines the technological advances in
monitoring techniques and the accuracy of continuous assessment of autoregulation techniques used in intraopera-
tive and intensive care settings today. It also examines how increasing knowledge of CA from recent clinical trials con-
tributes to a greater understanding of secondary brain injury in many disease processes, despite the fact that the lack
of robust evidence influencing outcomes has prevented the translation of CA-guided algorithms into clinical practice.
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Introduction

Cerebral autoregulation (CA) is a physiological mecha-
nism that accommodates and counterbalances changes
in cerebrovascular dynamics, mean arterial pressure, and
cerebral perfusion to maintain stable cerebral blood flow
(CBF) and tissue perfusion. However, CA’s stabilizing
functions can only be maintained within certain physi-
ologic bounds, and cerebral perfusion pressure (CPP)
levels outside of this range can cause cerebral injury due
to hypoperfusion, hyperperfusion, or other mechanisms.
The first consolidated review on CA, a phenomenon
described since the 1940s, was published in 1959 [1, 2].
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Since then, a plethora of studies have investigated the
range of systemic blood pressures at which cerebral vas-
culature alters intracranial hemodynamics to maintain
cerebral perfusion [3-6].

CA was previously thought to be an “all or nothing”
pressure—flow relationship measured by the change
in CPP over different levels of a physiological stimu-
lus, such as arterial blood pressure (ABP), but we now
know it to be a complex dynamic phenomenon involv-
ing interplays and changes in cerebrovascular resistance
via myogenic, neurogenic, endothelial, and metabolic
responses [7]. Static measures of CPP changes measured
by neuroimaging have paved the way for dynamic meas-
ures of autoregulation. The increasing knowledge of CA
is fueling greater understanding of these complexities,
enhancing our ability to translate the physiological com-
plexity into clinical trials. CA-based targets in clinical
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paradigms may be the missing link in translational cer-
ebrovascular physiology, which can help tailor hemo-
dynamic management in acute brain injury. However,
despite decades of research on the role of autoregulation,
proposed clinical interventions to improve autoregula-
tory status have failed to show clear clinical benefit. As
future trials are designed, it is critical to understand the
underlying cause(s) of our inability to produce robust
clinical evidence supporting the concept of CA-targeted
management.

This review provides pro and con perspectives on vari-
ous aspects of our understanding of CA, ranging from
the technological aspects of assessing autoregulation to
the current state of clinical trials using autoregulation-
based targets. We describe technological advances in
monitoring techniques that are rapidly improving our
ability to translate the physiological complexity of CA
into clinical trials, as well as provide critical insight into
the accuracy of continuous assessment of autoregula-
tion methods used in intraoperative and critical care set-
tings today [8]. We discuss how recent clinical trials are
increasing our understanding of CA, which is fueling
greater understanding of secondary brain injury in many
disease processes, but a lack of robust evidence impact-
ing outcomes, particularly in traumatic brain injury, a
disease in which most work has been done in CA, has
prevented translation of CA-guided algorithms into clini-
cal practice. Finally, even if CA-targeted management
strategies improve outcomes, we need CA optimization
interventions. We discuss the limitations of CA-targeted
therapies in clinical trials, as well as why techniques such
as hypocapnia and drugs such as statins or L-arginine
have not demonstrated strong clinical efficacy.

Technological Aspects of Assessing CA

Pro: Technological Advances Enable Bedside Capture

of Physiological Complexities of CA

Static Versus Dynamic Assessment of CA

Bedside evaluation of CA was initially focused on static
measurements, assessed by evaluating CBF at two differ-
ent mean arterial pressures (MAPs), which are manip-
ulated using vasoactive drugs, or by physiological
challenges expected to induce dynamic changes in CPP.
Interestingly, the CA terminology has been used syn-
onymously to represent carbon dioxide (CO,) or vaso-
motor reactivity and neurovascular coupling between
flow and metabolism, although experts emphasize CA
to be restricted to cerebrovascular response to CPP
changes. CA was once considered an “all or nothing”
pressure—flow relationship evaluated by the change in
CPP over different physiological stimulus levels, such
ABP. We now comprehend the complexity and physi-
ological applications of autoregulation thanks to dynamic

neuroimaging assessments of CPP variations [7]. Inter-
ventions have been introduced to assess dynamic
autoregulation using carotid compression tests [9] and
Aaslid’s thigh cuff deflation test to yield Tiecke’s model
for autoregulation index [10, 11]. Carotid compression
test involves assessing middle cerebral artery (MCA)
mean flow velocity(MF) measured by transcranial Dop-
pler (TCD) in response to a short compression of a com-
mon carotid artery [9]. When autoregulation is intact,
there is transient hyperemia, whereas when autoregula-
tion is impaired, MFV returns to baseline without any
active “overshoot” The MFV observed immediately after
compression release to the precompression value is a
good indicator of autoregulation [9]. Aaslid’s thigh cuff
deflation test is a dynamic approach that compares MAP
and MFV assessed with TCD by using the rapid drops in
ABP caused by the release of thigh blood pressure cufts
as an autoregulatory stimulus. Tiecke’s model calculates
an autoregulatory index based on CBF velocity (CBFV)
and ABP values after cuff release. This index reflects the
change in cerebrovascular reactivity per second in rela-
tion to the change in ABP. Higher autoregulatory values
indicate increasingly better dynamic CA [11].

The availability of continuous measurement of slow
wave oscillations of CBFV using TCD, continuous inva-
sive intracranial pressure (ICP) monitoring using fiber-
optic probes, local brain tissue oxygen concentrations,
or various near-infrared spectroscopy (NIRS) modali-
ties further allowed dynamic measurements over hours
of physiological changes to be observed in critically ill
patients. On the downside, it expanded the simplis-
tic notion that CA is either present or absent, which is
not true, as most clinically applied methods provide an
index of autoregulation, which is a graded metric. On
the upside, this elaborated that CA is a physiological
phenomenon that engages at certain ranges of blood
pressures and CO, values and has its own latency and
efficiency in preserving CBE. The premise that acute
brain injury causes progressive impairment in CA that
first affects autoregulatory response led to an emphasis
on assessing static as well as dynamic autoregulation.
As early investigations brought forth the association of
dynamic autoregulatory indices as predictive markers of
neurological outcomes, further investment was fueled in
this realm [8, 12].

Technological advances have allowed continuous
acquisition of systemic hemodynamics using arterial line
or end-tidal CO, monitors with time locked calibrated
data displays. Multimodality monitoring (MMM) inte-
grates these systemic parameters with intracranial met-
rics, such as ICP using fiberoptic probes, CBF surrogates
using TCD-derived CBFV, or NIRS cerebral oximetry.
Although the expertise in invasive cerebral monitoring
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continues to be restricted to centers with neurosurgi-
cal expertise, noninvasive alternatives, such as point-of-
care TCD, cerebral oximetry, and robotics-based TCD,
have opened a potential for wider scalability of MMM by
assessment of CA with low-risk portable devices. Initial
attempts at discerning CA used visual display of param-
eters for autoregulation patterns as qualitative waveforms
correlation (Fig. 1). These have now evolved into sophis-
ticated data acquisition and display systems that can pro-
vide millions of high-frequency time-synchronized data
points generated by continuous physiological variables
in critically ill patients. Computational analytics and
data management have also evolved to allow analysis of
curated and harmonized data to generate usable metrics,
such as the pressure reactivity index (PRx), the mean flow
index (Mx), and the tissue oxygenation index (explained
in subsequent sections).

Data Analysis for CA Assessment
Analytic concepts that have allowed the aforemen-
tioned metrics to be measured by the bedside have been

validated in clinical algorithms. These include transfer
function analysis or wavelet analysis [13], which rests
on spectral analysis of gain and phase shifts and coher-
ence between ABP and mean flow velocity. Time domain
analysis, which measures a moving Pearson correlation
coefficient over 30 time-averaged values of ABP and CBF
velocity, proved to be particularly useful in continuous
CA monitoring. PRx measures the response of small cer-
ebral vessels to spontaneous changes of ABP as a moving
correlation coefficient between changes in ICP and ABP
[14]. Mxa is a moving correlation coefficient between
spontaneous slow changes in ABP and slow changes in
mean CBFV measured by TCD [15]. The cerebral oxi-
metry index or tissue oxygenation index(COx) is derived
from NIRS changes in response to ABP and is the cor-
relation coefficient between blood pressure and cerebral
oxygen saturation measured using NIRS [16]. Recently,
there has been exploration into nonparametric methods,
such as project pursuit progression, that characterize
nonlinear relationships between ABP and CBF to define
thresholds for these measures, in which changes in these
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Fig. 1 The evolution of data acquisition and analytics has advanced to provide patient centric targets based on autoregulatory indices. Con-
comitantly, the informational technological framework is ready for prime time to allow testing of such patient centric targets in large, randomized
control trials. Upper panel describes the early attempts at bedside visualization of mean arterial pressure (MAP) along with intracranial pressure
(ICP) waveforms (left). Multimodality platforms (ICM+, Cambridge, UK) now allow visualization of moving correlation coefficient (PRx) between
MAP and ICP to provide bedside visualization (middle). Dynamicity of PRx over systemic blood pressures showed a relationship plotting a U-shaped
curve relationship between PRx and cerebral perfusion pressure (CPP). The most optimal CPP typically is the bottom of the U shape curve (right)
hence called optimal cerebral perfusion pressure (CPPopt). Lower panel highlights the individual components of informatics support that had to
evolve to support the evolution of bedside visualization shown in upper panel. Data storage on cloud that allowed big data analysis led to need for
standardized data formats that allowed collaborative information exchange and creation of clinical algorithms that would be tested across multiple
centers. Such framework can now be tested to create rigorous trials (e.g., BOOST-3, CogiTate) that test clinical algorithms that target patient specific
autoregulation targets
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relationship can be used to predict clinically meaningful
autoregulatory indices [17]. Each of the aforementioned
indices has a unique threshold for discerning impaired
autoregulation, but overall, a positive correlation
between systemic and cerebral hemodynamic parameters
suggests impaired autoregulation. The advent of continu-
ous MMM and the ability to synthesize hours of continu-
ous data covering a wide range of physiological changes
have allowed a clearer understanding of the complex,
dynamic nature of autoregulatory phenomena. This has
provided us guidance into ascertaining optimal CPPs
and ABPs based on detection of point of best autoregula-
tion potential, giving us the concept of the optimal CPP
[18]. The optimal CPP is calculated by plotting a given
autoregulation index (PRx, MXa, or COXx) over a range of
recorded CPP (or ABP, when ICP is not monitored) data
over a 4-h period and identifying the CPP or ABP range
where autoregulation is most preserved. The availability
of such analytic capabilities has allowed us to formu-
late more detailed investigations, such as optimal CPP,
that match the complexity of data obtained on cerebral
hemodynamics.

Data Storage and Archiving

Advances in informatics have made it feasible to store
high-resolution data generated from the aforementioned
efforts. There has been significant work toward stand-
ardization of data software library and file formats that
support large, complex, heterogeneous data (Hierarchical
Data Formats). Efforts have been made to make open-
source clinical data warehousing and analytics research
platforms available to researchers more widely, a clas-
sic example being the Informatics for Integrating Biol-
ogy at the Bedside data model. Further development of
such framework for physiological metrics, such as CA,
will allow collaborative exchange of information neces-
sary for broader clinical translation. There are already
ongoing efforts in standardizing data processing using
deep learning that will allow scalability of CA data-based
thresholds between sites. To expand availability of these
measures to bedside use, a large data analysis framework
has been created that allows individual patients’ real-time
autoregulation data to become available at the bedside.
Currently, such technologies are expensive and require
software such as ICM+ (University of Cambridge, Cam-
bridge, United Kingdom, https://www.enterprise.cam.
ac.uk/opportunities/icm-software-for-brain-monit
oring-in-neurological-intensive-care-research/). ~ How-
ever, bedside clinical monitoring integrating ICM+ or
Moberg now allows clinician access to these data in real
time to inform decisions. As most technologies progress,
further advancements in creating application program-
ming interfaces will facilitate bedside use of metrics

such as optimal CPP, calculated through such software,
and appear to be around the corner [19]. The excitement
created by widespread availability of such technologies
has fueled investigations into different disease processes
concerning autoregulation and into revisiting established
clinical algorithms and hypotheses to mitigate secondary
brain injury.

Con: Accurate Assessment of CA and Autoregulation
Indices is Still a Mystery

Availability

In parallel with evolving technology that allows wide-
spread application of specific autoregulation-oriented
therapies, we need to address the issue of limited avail-
ability and accuracy of metrics used in monitoring
autoregulation.

Interventions added to assess dynamic autoregulation
using carotid compression tests [9] and Aaslid’s thigh
cuff deflation test to yield Tiecke’s model for autoregu-
lation index [10, 11] have limited widespread scalabil-
ity. The safety and validity of these tests in critically ill
brain-injured patients has not been systematically inves-
tigated. Although technological advances have enabled
more practical bedside continuous monitoring para-
digms based on easy-to-monitor correlations between
systemic and cerebral hemodynamic measures, MMM
frameworks, data infrastructure for the large amounts
of data generated, and computational support to provide
physiological signals require large resource commitments
that are not feasible for many medical centers unless the
infrastructure becomes more affordable.

Accuracy

Feasibility of bedside availability of moving correlation
coefficients such as PRx, Mx, or COx has encouraged a
simplistic notion of CA as being either present or absent.
Data have shown that these metrics are graded over a
range, and singular thresholds for discerning impaired
autoregulation is an oversimplification and may not be
accurate in all clinical scenarios. For moving correlation
indices assessed using continuous monitoring devices
validated in critical care, such as the TCD-based Mxa,
the 95% confidence limit for agreement between the left
and right side of Mxa has been assessed as 0.18 (arbitrary
units) [20]. This value can be taken to define the accuracy
for Mxa. Specifically, if patient A has greater Mxa than
patient B by more than 0.18, then we can state that patient
A has worse autoregulation than patient B. Similar accu-
racy may be seen for PRx. In those rare cases when two
intraparenchymal transducers are placed in both hemi-
spheres, limit of agreement between left and right may
be observed around 0.15-0.2 (unpublished data). This
can be seen only in patients without substantial midline
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shift. When the brain structures are asymmetrical, this
limit may increase (Fig. 2). Inaccuracy in the assess-
ment of PRx and NIRS-derived indices produces errors
of assessment of optimal CPP or optimal MAP. Gener-
ally, there is a lack of studies investigating the accuracy of
estimating optimal CPP and optimal MAP with defined
errors of estimation of used autoregulatory indices. Vari-
ous methods have been studied to improve the accuracy
of autoregulation monitoring. Wavelet-based indices [21]
or use of positive end-expiratory pressure 1-min oscilla-
tions [22] was promising, but none of these techniques
has been tested yet in clinical practice (Table 1).

Autoregulation as a Target for Therapy

Pro: Clinical Trials are Underway

The concept of autoregulation, first described more than
half a century ago [1], has been a target for management
of CPP in brain-injured patients (Table 2). The concept
of individualized CPP has drawn growing interest, coin-
ciding with the availability of tools that can potentially

assess the intrinsic and specific autoregulatory capac-
ity of each patient. The calculation of optimal CPP and
MAP appears to be a useful application of CA assess-
ment, as the individualization of CPP/MAP targets
may minimize the risk of secondary brain damage and
improve outcomes in traumatic brain injury (TBI) and
non-TBI, allowing phenotyping of patients for prospec-
tive interventions [23]. Interestingly, underlying disease
states such as traumatic injury, neurosurgical interven-
tions, heart failure, diabetes, or hypocapnia may affect
such correlations, emphasizing the need for more physi-
ological data to be integrated into investigating predic-
tive correlations of autoregulatory indices with outcomes
[23]. Prospective studies are focusing on showing safety
and feasibility of autoregulation-targeted clinical algo-
rithms, which will lead to further investigations into the
possibility of individualized hemodynamic targets and
their relationships to outcomes. A recent systematic
review focused on CA in cerebrovascular disease found
48 total studies: 23 studies on ischemic stroke, 18 studies
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on aneurysmal subarachnoid hemorrhage , five studies
on ICH, and two studies on systemic hypertension [3].
Another review focused on non-brain-injured patients
found an additional 22 studies on septic shock, intraop-
erative monitoring, and the pediatric population [4].

Traumatic Brain Injury

The Brain Trauma Foundation guidelines recognize that
the minimum optimal CPP threshold is unclear and may
depend on the autoregulatory status. Current guide-
lines suggest a CPP target of 60—70 mmHg in patients
with TBI [24] and a MAP challenge to assess autoregu-
latory status to recommend optimal CPP targets for the
management of intracranial hypertension [24]. In 2002,
Steiner et al. [18] proposed an algorithm to evaluate indi-
vidualized optimal CPP based on distribution of PRx. The
Seattle International Severe Traumatic Brain Injury Con-
sensus Conference recommended a consensus manage-
ment algorithm that incorporated the assessment of CA
to define individual CPP goals in patients with TBI [25].
However, CA may evolve with the temporal evolution of
TBI, and hence continuous assessment of CA to identify
optimal CPP for blood pressure titration may be a more
useful and appropriate target for interventions [18, 26].
A retrospective analysis showed that CA varies accord-
ing to CPP and that greater deviations of CPP from opti-
mal CPP were associated with worse clinical outcomes.
Since then, the calculation of optimal CPP using auto-
mated software has been progressively refined. Current
approaches consist of the application of an advanced
computerized algorithm that continuously estimates the
indexes representing the relationship between CPP/MAP
and the surrogate of strength of CA (such as PRx, COx,
etc.), with continuous updating of the optimal CPP curve
as a target [27].

Maintaining CPP close to the optimal CPP in patients
with severe TBI has been shown to be associated with
optimal brain tissue oxygenation [28], a better cerebral
energy metabolism profile [29], and favorable outcomes
[30]. Additionally, previous studies have demonstrated
that patients with impaired CA (high PRx) have better
outcomes if treated with ICP-guided therapy with rela-
tively lower CPP targets, whereas patients with intact CA
(low PRx) benefit from CPP-guided therapy with rela-
tively higher CPP targets [31].

A recently published CPPopt Guided Therapy: Assess-
ment of Target Effectiveness( (COGIiTATE) study (a
phase 2 trial) randomized 28 patients with TBI to cur-
rent guidelines management and 32 patients to autoreg-
ulation-guided CPP management [27]. The primary end
point was feasibility, evaluated as the percentage of time
of patients spent with CPP concordant (within 5 mmHg)
with the defined CPP targets, with secondary outcomes

being safety and an increase in the therapeutic intensity
level. The trial demonstrated the feasibility and safety
of targeting an individual and dynamic CA-guided CPP
in TBI patients without a concomitant increase in the
therapeutic intensity level [32]. It also found that when
the dynamic optimal CPP was targeted, patients spent
a significantly higher percentage of time with CPP con-
cordant with the set CPP target given by optimal CPP
[32]. The clinical outcomes of patients with and without
dynamic CA-guided CPP management were comparable,
but the trial was not designed to assess outcomes [32].
The current evidence indicates that CA-guided manage-
ment leads to optimization of cerebral physiology after
TBI and is safe and feasible but needs a phase III study to
prospectively demonstrate the potential outcome advan-
tage of real-time CA-guided management.

Subarachnoid Hemorrhage

Impaired CA in subarachnoid hemorrhage (SAH) is well
known to be associated with delayed cerebral ischemia,
vasospasm, and unfavorable outcome [33-35]. The feasi-
bility of optimal CPP assessment in patients with severe
SAH has also been demonstrated [36]. As expected, a
CPP below optimal CPP is associated with low CBF [37].
In fact, the autoregulatory status may evolve with the
development of cerebral vasospasm, indicating the need
for more individualized blood pressure goals and hence
optimization of cerebral physiological milieu. Neverthe-
less, concrete evidence showing improvement in clinical
outcomes with CA-guided therapy is lacking.

Intracranial Hemorrhage

Dynamic CA has been showed to be impaired bilater-
ally in patients with supratentorial hemorrhage for up to
12 days since onset, especially in the presence of small
vessel disease, and slowly recovers over a month [38-40].
Autoregulatory indices derived from ICP and ABP (PRx),
as well as CBFV, ABP (Mx), and serial decline in these
parameters, have shown to correlate with poor clinical
status in ventricular hemorrhage and poor clinical out-
comes in hemorrhagic stroke [39]. Larger hematoma vol-
umes tend to have poor CA ipsilateral to the hematoma
[39, 41]. A recent experimental study, BREATHE-ICH,
explored the feasibility of hypercapnia-induced improve-
ment in CA in small-volume ICH patients without intra-
ventricular hemorrhage [42].

Acute Ischemic Stroke

CA impairment has been shown to occur in different
subtypes of ischemic stroke but generally improves after
successful recanalization [43]. Impaired CA in the very
early phase of acute ischemic stroke (AIS) increases the
likelihood of poor response to intravenous thrombolytic
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therapy, as assessed by an National Institute of Health
Stroke Scale ( score at 24-48 h [44]. Autoregulation
assessment early after AIS may be a potential strategy
to predict response to thrombolytic therapy, which may
have implications for planning neuroprotective strategies
and additional interventions. Further, in patients with
large vessel occlusion undergoing thrombectomy, the fea-
sibility of continuous estimation of optimal ABP with CA
assessment using the NIRS-derived tissue oxygenation
index has been demonstrated [45]. Using this approach,
blood pressure exceeding the individual CA threshold
following reperfusion is associated with hemorrhagic
transformation and worse functional outcome in a time-
dependent manner irrespective of the final infarct vol-
ume [45, 46]. However, the feasibility of personalized
blood pressure management targeting a dynamic optimal
blood pressure and its impact on outcomes in patients
with AIS needs further investigation.

Sepsis-Associated Encephalopathy

CA monitoring with TCD-derived Mxa is moving cor-
relation coefficient or NIRS-derived COx has been
used to identify optimal blood pressure in patients with
sepsis-associated encephalopathy and reveals that opti-
mal blood pressure varies between patients and within
patients over time during sepsis [47, 48]. Studies have
shown that CA is impaired more often in patients with
sepsis-associated encephalopathy than in patients with
sepsis without encephalopathy and that impaired CA
independently predicts adverse outcomes [48—50]. This
makes CA-guided hemodynamic management an attrac-
tive approach to optimize and individualize cerebral
physiology in this population [47, 51].

Perioperative Management in Coronary Bypass

Another interesting avenue for CA-based therapy is
during the intraoperative period. Patients undergoing
cardiac surgery (especially those who require cardio-
pulmonary bypass) are known to be at an increased risk
of perioperative neurological complications and expo-
sure to blood pressure below the autoregulatory limits.
Hence, rather than empiric blood pressure targets, there
has been an interest in a personalized approach to hemo-
dynamic management using bedside CA monitoring. A
recent randomized control trial investigating periopera-
tive management during cardiopulmonary bypass sur-
gery with CA-guided management [52] did not find a
reduction in the frequency of the composite end point
of neurological complications (clinical stroke, restricted
diffusion weighted imaging lesions, or change from base-
line cognitive score) on those with target MAP based
on CA monitoring and those without. Interestingly, it
noted a reduction in the frequency of delirium and better

performance on tests of memory 4-6 weeks after sur-
gery in patients with CA-guided management [52]. More
recently, in a trial involving patients older than 55 years
undergoing nonemergency cardiac surgery, patients were
randomized to maintaining MAP during cardiopulmo-
nary bypass based on the patients’ lower limit of CA or to
standard practice [53]. The odds of the primary outcome
of the incidence of postoperative delirium were reduced
by 45% in patients randomized to the autoregulation
group [53]. Given the significant burden and impact of
postoperative delirium in surgical patients and the lack
of agreement on the appropriate blood pressure target
during cardiopulmonary bypass, monitoring CA dur-
ing surgery provides an alternative, practical method to
individualize the blood pressure goals. Similar work has
shown utility of determining the ABP-dependent limits
of autoregulation in the pediatric population and Extra-
corporeal Membrane Oxygenation population [54, 55].

There is ongoing work examining similar CA-based
approaches in other surgical populations, for example,
older patients undergoing spine surgery. Whether this
approach is effective in those populations remains to be
seen.

Con: Lack of Level | Evidence for Optimal CPP/
ABP-Oriented Management in TBI

Despite all aforementioned efforts, strategies aimed at
preserving or restoring CA based on optimal blood pres-
sure in neurocritical care have not as yet produced class
I evidence for improving outcomes [18]. Several observa-
tional studies suggest potential benefit from determining
optimal CPP to improve outcomes in critical care [26].
A recent systematic review [56] found a large number of
observational studies that had tried to determine the fea-
sibility of finding patient-specific optimal CPP to obtain
optimal MAP or CPP at the patients’ bedside in differ-
ent clinical scenarios, such as TBI, SAH, intracerebral
hemorrhage, and hypoxic encephalopathy. These stud-
ies suggested that both the duration and the magnitude
of deviations in the difference between CPP and optimal
CPP were associated with unfavorable outcomes. More
conclusive evidence exists for intraoperative optimiza-
tion of MAP during cardiac surgery in that a recent mul-
ticenter trial produced at least partially positive results
[52]. However, the application of the optimal CPP to
guide management of critically ill patients still needs data
from randomized controlled trials.

The recently published CPPopt Guided Therapy:
Assessment of Target Effectiveness( (COGIiTATE) study
randomized patients with TBI to current guidelines man-
agement in a control arm and autoregulation-guided
CPP management in a control arm [32]. The primary
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end point of feasibility was achieved, and CPP in the
intervention group was in the target range for 46.5% of
monitored time, without an increase in the therapeutic
intensity level. However, the study was underpowered for
clinical outcomes and does not justify the application of
protocols based on optimal CPP/MAP.

Despite numerous experimental and clinical studies
investigating CA and its application [57], there is still
no definite proof that using autoregulation as a clinical
marker improves functional outcome in most acute neu-
rological diseases (Fig. 3). Therefore, at present, autoreg-
ulation-directed clinical management cannot currently
be part of routine clinical practice, and it should be eval-
uated by large prospective randomized controlled trials
to assess effects on patient outcomes.

Interventions for Modulating Autoregulation

Con: Failures of Autoregulation-Targeted Interventions

We acknowledge that the existence of autoregulation as
a physiological mechanism has been demonstrated and
described in almost countless experimental and clini-
cal studies. Even if we find definitive proof that using
autoregulation as a clinical marker improves outcomes
in any acute neurological disease, we need interventions

that will help us modulate autoregulation to desired
parameters. We do not have these interventions. A
classic example is a failure of hypocapnia as a strategy
to lower cerebral blood volume to reduce elevated ICP
and, at the same time, improve CA by shifting the lower
limit of autoregulation to lower values. Theoretically an
ideal strategy, this intervention has been shunned by
neurocritical caregivers because of the risk of regional
ischemia. Pharmaceutical therapies targeted at autoreg-
ulation, such as statins or L-arginine, have not shown
clinical efficacy in acute neurological diseases.

A significant number of investigations have been con-
ducted to investigate CA-targeted therapies that have
not yielded positive results. A good example is the fail-
ure of hypocapnia as a strategy to lower cerebral blood
volume, thereby reducing elevated ICP and, at the
same time, improving CA by shifting the lower limit of
autoregulation to lower values of CPP [58]. Theoreti-
cally, it looks almost ideal, but because of the risk of
regional ischemia in the presence of a vascular bed with
heterogeneous reactions to changes in CO, levels, it
is prohibited in neurocritical care, especially in severe
TBI [59]. Autoregulation-targeted medications, such as
statins (in SAH) or L-arginine, have not shown defini-
tive clinical efficacy in acute neurological diseases. A
critical insight is needed into the failure of such inter-
ventions as we address improving the poor accuracy of
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continuous assessment of autoregulation methods used
currently in neurocritical care units and intraopera-
tively (Fig. 3).

Mild Hypocapnia

The exact mechanisms modulating CA are complex
and not completely understood. The literature gen-
erally considers the following pathophysiological
mechanisms:

1. Endothelial and myogenic function is one of the most
studied mechanisms and is related to the mechani-
cal receptors of endothelial cells that change conse-
quent to stress and transmural pressure and regulate
the production of nitric oxide (NO) and endothelin
to control the tone of smooth muscle cells and mod-
ify the vascular tone/diameter in response to MAP
changes to maintain constant CBF.

2. The cerebral vessels receive afferent and efferent
nerve terminations that modulate the cerebrovascu-
lar tone through neurogenic mechanisms [60].

Cerebrovascular reactivity is importantly regulated
by other variables, in particular, partial pressure of oxy-
gen and partial pressure of carbon dioxide (PaCO2).
Both arterial hypoxia and hypercapnia can precipitate
cerebral hypoxemia and can cause a compensatory cer-
ebral vasodilation, whereas hyperoxia and hypocapnia
can lead to cerebral vasoconstriction and thus affect the
shape, length, and position of the plateau in the Lassen
curve [61-63]. Because PaCO?2 is one of the most impor-
tant modulators of vascular tone and CA, its role in the
management and optimization of autoregulation has
been widely studied, with the aim to assess the values of
PaCO2 (the upper and lower limits) beyond which cer-
ebrovascular reactivity is altered [64—66]. Some authors
have explored this issue with physiological studies, sug-
gesting a potential role of hypocapnia in reducing ICP
and optimizing cerebrovascular reactivity. In an experi-
mental study from Harper et al. evaluating cerebral reac-
tivity and cerebrovascular diameter at different levels of
PaCO2, CBF did not decrease further below a PaCO2
of 20 mmHg after induction of hyperventilation, and
maximum dilatation was reached beyond a PaCO2 of
80 mmHg [67]. However, when MAP was reduced, the
increase in blood flow on raising PaCO2 from 40 to
80 mmHg was only 50% of the capacity compared to
normotensive experiments and did not change at all for
MAP below 50 mmHg. This suggests that in conditions
of hemodynamic instability, modulating PaCO2 values
to manipulate CBF may not be able to optimize CBF but
instead could have deleterious effects. Hypocapnia may

shift the lower limit of autoregulation to lower values of
MAP, in this way extending the range of autoregulation.

Some studies suggest that hyperventilation can lead
to reduced CBF, increased ischemic burden, and worse
outcome [64, 66]. This has led physicians to recommend
hyperventilation only in extreme life-threatening situ-
ations with high risk of cerebral herniation and only for
limited periods [24]. However, other evidence suggests
that brief hyperventilation, despite causing reductions in
CBE, does not affect energy failure [65]. In fact, a recent
substudy of the CENTER-TBI project demonstrated
that the use of hyperventilation does not affect patient
outcomes [68], and the recent Seattle algorithm recom-
mends the use of PaCO2 values of 32-35 mmHg in case
of refractory intracranial hypertension, possibly together
with the use of additional advanced multimodal neu-
romonitoring for the evaluation of cerebral oxygenation
and metabolism [69]. Thus, at present, the clinical use of
modulating PaCO2 to reduce intracranial hypertension
and optimize CA remains under debate.

Statins

Statins have been investigated for their impact on
autoregulation independent from their effect on lower-
ing cholesterol level. Early experimental studies indi-
cate that individuals treated with statins have a stronger
autoregulatory response probably through upregulation
of endothelial NO synthase [70]. It is well documented
that effective cerebrovascular protection from a short
treatment course of statins after aneurysmal SAH may
function through cholesterol-dependent mechanisms, in
addition to the cholesterol-independent pathway. This
was a subject of a single-center randomized trial show-
ing better neurological outcome in patients treated with
statins [71]. Secondary analysis of the results has shown
that the neuroprotective effects of acute treatment with
pravastatin following aneurysmal SAH are associated
with the enhancement of autoregulation [71]. A routine
and daily assessment of CA using the transient hypere-
mic response ratio may help identify patients at high risk
of delayed ischemic neurological deficit . However, the
phase III multicenter Simvastatin in aneurysmal suba-
rachnoid haemorrhage(STASH) trial did not detect any
benefit in the use of simvastatin for long-term or short-
term outcome in patients with aneurysmal SAH [72].
Despite demonstrating no safety concerns, it has been
concluded that patients with SAH should not be treated
routinely with simvastatin during the acute phase. There-
fore, another attempt to use autoregulation-oriented
medication in acute neurological disease failed.
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L-arginine

L-arginine is a potential mediator of vascular autoregu-
lation based on its role as a substrate for several enzy-
matic pathways involved in the production of NO and
L-citrulline, which are catalyzed by NO synthases (NOS)
[73]. NO is a potent vasodilator and contributes to main-
tenance of resting CBF and cerebrovascular reactivity to
metabolic activity [74]. Depletion of L-arginine can lead
to disturbances in the NO pathway through oxidative
stress due to uncoupling of NOS resulting in oxygen radi-
cal formation [75]. NO depletion can enhance neuroin-
flammation, and arginase, a direct competitor with NOS,
may promote inflammation by decreasing cellular NO,
which enhances the Nuclear Factor NF-kf} pathway and
contributes to endothelial dysfunction [76]. Deficiency of
NO may also result in vasoconstriction of cerebral ves-
sels, causing decreased CBF or even ischemia.

Impairment of the NO pathway leads to reduction in
vasoactive responses in experimental TBI, which can be
rescued by either L-arginine supplementation or argin-
ase inhibition [77]. Cationic arginine-rich peptides, such
as polyarginine-18, were found to reduce axonal injury
in experimental TBI but without improvement in hip-
pocampal neuronal loss or functional outcome [78]. Clin-
ically, reductions in L-arginine concentrations have been
associated with unfavorable clinical outcome in intrac-
ranial hemorrhage, SAH, and TBI, although increases in
systemic L-arginine are described after the acute phase
[73]. NO accumulates in the brain, both immediately
after injury due to endothelial NOS and neuronal NOS
and again several hours to days later [75]. Excess pro-
duction of NO could result in cytotoxicity because NO
is metabolized to peroxynitrite. The immediate increase
in NO by neuronal NOS can be inhibited by preinjury
7-nitroindazole, which has been shown to improve neu-
rologic outcome in TBI models [79]. However, treat-
ment with NOS inhibitors, such as L-NG-Nitro arginine
methyl ester (L-NAME) or 7-nitroindazole (7-NI), dur-
ing the early postinjury time has been disappointing and
inconsistent [79]. The initial NO peak is followed by a
period of low NO levels associated with low CBF, during
which L-arginine administration can improve both CBF
and outcomes in experimental models by restoring NO
levels [79]. Finally, a late peak in NO after TBI is thought
to be due to inducible NOS, which can be inhibited with
neuroprotective effects.

Recent clinical trials investigating therapeutic strate-
gies with L-arginine metabolism have yielded varying
results. Inhibition of NOS by the endogenous metabolite,
asymmetric dimethylarginine, a product of L-arginine
methylation, had detrimental effects on vasospasm after
aneurysmal SAH [79]. Several exogenous agents have
been investigated in phase I/II clinical trials. VAS203

(Ronopterin), an inhibitor of NOS at the tetrahydrobi-
opterin cofactor binding site (as opposed to the L-argi-
nine binding site), is currently under evaluation in the
phase III trial called Efficacy of VAS203 (Ronopterin)
in Patients With Moderate and Severe Traumatic Brain
Injury(NOSTRA-III) (ClinicalTrials.gov  Identifier:
NCT02794168) for moderate to severe TBI. Preclini-
cal evaluation in a mouse TBI model showed that intra-
venous administration prevented ICP elevation and a
decrease in CBF without impacting MAP and with sig-
nificant neurologic improvement after 6 days [80]. Mech-
anistically, VAS203 appears to contribute to prevention
of posttraumatic arteriolar vasodilation and therefore
inhibition of endothelial NO production. A phase II
clinical trial called NOSTRA (NCT02012582) conducted
in 32 patients showed a reasonable safety profile but
no significant impact on ICP, CPP, or partial brain oxy-
gen pressure compared to placebo-treated patients [81].
Nevertheless, functional outcome at 6 months showed
improvement in favor of the VAS203 group. The NOS-
TRA-III study is currently underway (NCT02794168)
[82]. A cationic arginine-rich peptide, CN-105, is also
currently under investigation in a phase 2 clinical trial
for ICH patients, the Evaluation of CN-105 in Subject
With Acute Supratentorial Intracerebral Hemorrhage(S-
CATCH) study (NCT03711903), following the proof-of-
concept A Proof of Concept Study to Evaluate CN-105
in ICH Patients (CATCH) study (NCT03168581), which
showed no increase in adverse events and no increase in
hematoma expansion or neurological deterioration com-
pared to a contemporaneous cohort [83]. The mechanism
of action of CN-105 is via apolipoprotein E signaling,
which mediates anti-inflammatory and neuroprotective
effects rather than directly via L-arginine metabolism.
Following promising results in a preclinical brain injury
murine model that showed decreased neuroinflamma-
tion, a phase I trial indicated safety in humans [84]. Thus,
several candidate drugs related to L-arginine metabolism
have shown supportive preclinical data in acute brain
injury and may represent promising therapies for trans-
lation to more definitive efficacy trials. However, at this
time, variable results and lack of randomized placebo-
controlled studies limit enthusiasm for this approach at
least based on autoregulatory mechanisms.

Conclusions and Future Perspectives

The concept of CA is fascinating, and there is increas-
ing interest especially for the concept of optimal CPP or
optimal MAP to individualize brain perfusion targets in
critical care patients. Although many retrospective stud-
ies show that better outcomes from acute neurological
disorders are associated with stronger autoregulation,
there is a lack of definitive proof that targeted restoration
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of CA improves outcome. It is possible that a lack of a
reliable means for rapid, graded, and repetitive autoreg-
ulation improvement underlies the apparent lack of evi-
dence for this seemingly attractive concept. Previous
studies have failed in the application and modulation of
physiological factors, such as PaCO2, and pharmacologi-
cal treatments to optimize CA. We have technologically
“complex and cool” monitoring paradigms to assess our
patients’ autoregulation, but targeting such a strategy
is difficult to apply in acute neurological diseases that
require high-resource framework. The goal of showing
positive effects of autoregulation-guided management on
outcomes will require prospective randomized controlled
trials powered for clinical outcome. In addition, future
studies should focus on the evaluation of a combination
of both clinical and pathophysiological end points, such
as biomarkers, cerebral ischemia, and altered cerebral
metabolism.

We also recognize that larger randomized clinical
studies will have to address the current limitations in
autoregulatory research, namely heterogeneity in bedside
assessment of autoregulation, lack of standardized defi-
nitions and costs associated with maintaining an infra-
structure of monitoring devices, and lack of data analysis/
display platforms to support integration of monitoring
data and bedside display using MMM. Strategies to opti-
mize CBF according to CA will benefit from evidence
using different technological tools, including noninvasive
methods, especially in patients with no indications for
invasive monitoring (such as cardiac arrest patients) and
in different groups of brain-injured patients, including
those with SAH and nontraumatic intracranial bleeding.
With evolving clinical expertise ignited by early trials,
it is only a natural evolution that further technological
advances in this field will yield cheaper and more acces-
sible industry models that allow individualized autoregu-
latory ranges to be tested with high rigor and translated
to bedside use, facilitating tangible precision medicine in
cerebral hemodynamic monitoring [85, 86]. But it has not
happened yet.

Early signals from clinical trials have shown the feasi-
bility of autoregulation being a target for goal-directed
therapy as well as a potential biomarker for prognostica-
tion in both cerebrovascular diseases and patients at risk
of brain injury in systemic diseases. Integration of vali-
dated autoregulatory indices as part of MMM may pro-
vide us phenotypes for designing future trials that could
use autoregulation-based targets for testing therapeutic
interventions. Retrospective studies have shown associa-
tions with outcomes, and prospective studies are showing
safety and feasibility; we need rigorous prospective data
in a well-designed clinical trial using one of the known
methodologies before we can say it is game time.
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