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Defining the Fundamentals: Cerebral Autoregulation vs. 
Cerebrovascular Reactivity 

1. Temporal and Spatial Dimensions 

Cerebral autoregulation and cerebrovascular reactivity differ fundamentally in their 

temporal dynamics and spatial expression, reϐlecting their distinct underlying 

mechanisms and stimuli. 

Cerebral autoregulation exists along a continuum and operates over different 

timescales depending on the nature and duration of the stimuli, broadly categorised into 

two primary mechanisms.1 Dynamic cerebral autoregulation starts acting within 1 to 5 

seconds to buffer sudden changes via fast myogenic and neurogenic mechanisms,2-4 while 

static cerebral autoregulation governs slower vascular responses over minutes, engaging 

structural and metabolic adjustments.4, 5 This rapid regulation predominantly involves 

regional vascular territories supplied by speciϐic cerebral arteries, resulting in spatial 

heterogeneity linked to vascular anatomy. 

By comparison, chemical/metabolic cerebrovascular reactivity, particularly responses 

to arterial carbon dioxide (CO2) tension, unfolds over a wider temporal spectrum. Initial 

vasodilatory responses can occur within 5 to 10 seconds, mediated primarily by 

endothelial signalling and smooth muscle relaxation.6-8 However,  sustained or repetitive 

stimuli engage slower neurovascular and metabolic pathways, including glial activation 

and vascular remodelling, inϐluencing blood ϐlow over minutes to hours.9, 10 Spatially, CO2 

reactivity exhibits pronounced heterogeneity, with stronger responsiveness in cortical 

grey matter than in white matter regions.11 

Pressure reactivity, which encompasses vascular responses to changes in blood 

pressure and intracranial pressure (ICP), overlaps temporally with dynamic cerebral 

autoregulation by engaging fast myogenic vasomotor responses but also incorporates 

slower metabolic and structural adaptations.5, 12 Though often regarded as a global 

phenomenon, evidence increasingly supports notable regional variation in pressure 

reactivity, inϐluenced by local differences in vessel density, innervation, and tissue 

compliance.13, 14 These spatiotemporal distinctions between chemical/metabolic and 

pressure reactivity emphasise that, despite both being facets of cerebrovascular 

responsiveness, they rely on distinct physiological pathways and serve different 

functional roles. 
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2. Measurement Domains 

Cerebral autoregulation and cerebrovascular reactivity are complex physiological 

processes that require tailored measurement approaches depending on the stimulus type 

and temporal-spatial scale. Various methods have been developed to capture these 

dynamic cerebrovascular responses, ranging from controlled experimental manoeuvres 

to continuous monitoring indices derived from spontaneous physiological ϐluctuations. 

Cerebral Autoregulation 

Static cerebral autoregulation is assessed by examining the sustained relationship 

between arterial blood pressure (ABP) or cerebral perfusion pressure (CPP) and cerebral 

blood ϐlow (CBF).  Intact static cerebral autoregulation is conϐirmed if CBF returns to or 

is maintained at a relatively constant value despite a sustained change in pressure (the 

characteristic plateau of the Laasen curve); conversely, if CBF changes proportionally to 

pressure, static cerebral autoregulation is impaired, and the ϐlow is pressure-passive.15 

Sustained pressure changes are commonly produced using several methods. 

Pharmacological agents, such as vasopressors (e.g., phenylephrine) or vasodilators (e.g., 

sodium nitroprusside), are used to steadily raise or lower ABP and hold it constant. 

Mechanical and physiological changes include manoeuvres designed to induce sustained 

postural or haemodynamic shifts, such as prolonged head-up tilt, lower-body negative 

pressure, cuff inϐlation/deϐlation, or controlled changes in ICP.1, 3, 15, 16 Two common 

quantitative approaches are reported for measuring the static cerebral autoregulation 

state. Percent-change slope computes the percent change in CBF or cerebral blood 

velocity (CBv) per percent change in CPP or ABP: a slope approaching 0 signiϐies perfect 

static cerebral autoregulation (pressure-independent ϐlow), while a slope closer to 1 

indicates a passively pressure-ϐlow relationship (impaired static cerebral 

autoregulation).3, 15 Static autoregulation index reports the static cerebral autoregulation 

state by computing the changes in cerebrovascular resistance relative to the change in 

ABP or CPP.17, 18 However, a precise, universally accepted algebraic formula for this index 

is currently lacking in the literature. 

Traditional evaluation of dynamic cerebral autoregulation often employs controlled or 

spontaneous perturbations of ABP. These methodologies are highly developed, constitute 

the established approach for dynamic cerebral autoregulation assessment, and have been 

the subject of numerous reviews and consensus white papers.19, 20 One prominent 
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example utilising controlled perturbation is the autoregulation index (ARI). This unitless 

number (ranging from 0 to 9) represents the efϐiciency of the dynamic cerebral 

autoregulation response to rapid, induced changes in ABP, such as those caused by a 

thigh-cuff deϐlation manoeuvre.3  The ARI is derived by ϐitting the measured CBv response 

to the theoretical Tiecks' model, which provides ten predeϐined templates of dynamic 

cerebral autoregulation effectiveness (ARI = 0 denotes passively pressure-dependent 

ϐlow, and ARI = 9 denotes maximally intact dynamic cerebral autoregulation).  

Complementing the ARI are spontaneous ϐluctuation-based methods, such as Transfer 

Function Analysis (TFA). TFA is a sophisticated methodology that characterises the 

frequency-domain relationship between spontaneous oscillations in ABP (input) and CBv 

(output) to quantify autoregulatory performance across different timescales.21, 22 TFA 

yields three primary frequency-dependent parameters, typically assessed in the very low- 

and low-frequency ranges (0.02-0.2 Hz), which correspond to the main frequency band 

of dynamic cerebral autoregulation. 

- Gain measures the amplitude damping. Intact dynamic cerebral autoregulation is 

characterised by low gain (CBv ϐluctuations are damped), whereas impaired 

dynamic cerebral autoregulation shows high gain (CBv is passively transmitted). 

- Phase measures the time delay between the ABP and CBv signals. Intact dynamic 

cerebral autoregulation exhibits a positive phase (CBv changes lead ABP changes 

due to the active vascular response), while impaired dynamic cerebral 

autoregulation has a near-zero or negative phase (ABP and CBv are in sync, 

reϐlecting passive transmission). 
- Coherence: Measures the linearity and reliability of the relationship. A high 

coherence is required for the reliable assessment of dynamic cerebral 

autoregulation integrity.   

TFA is highly regarded and constitutes the established methodology for dynamic cerebral 

autoregulation assessment, formalised through recommendations from the 

Cerebrovascular Research Network (CARNet).  

Chemical/Metabolic Cerebrovascular Reactivity 

Unlike assessments of dynamic cerebral autoregulation based on spontaneous pressure 

ϐluctuations, cerebrovascular reactivity to metabolic stimuli requires the controlled 

introduction of a physiological challenge.  
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The most common approach involves manipulating arterial CO2 levels, a potent 

cerebral vasodilator, resulting in a rapid onset and rapid cessation of the effect. Protocols 

for this challenge include controlled inhalation (e.g., 5% CO2) or regulating the end-tidal 

CO2 (EtCO2) input signal via controlled step changes, clamping, or ramp protocols.23 While 

breath-hold challenges have been explored as a low-tech alternative, inconclusive results 

were reported.6 Vasoactive pharmacological challenges, such as acetazolamide, are also 

routinely used to induce known maximal vascular responses and estimate vascular 

reserve.24-26 Furthermore, nitric oxide is considered a fundamental and integral molecule 

in neurovascular coupling from pre-clinical and human studies.27 Notably, a study in 

young healthy males has shown that nitric oxide signalling is integral to the neurovascular 

coupling response: visual stimulation combined with administration of the nitric oxide 

synthase inhibitor L-NMMA attenuated the hemodynamic response, highlighting a 

potential neurovascular coupling-based pathway for cerebrovascular reactivity 

assessment.28  

The resulting hemodynamic output for both cerebral autoregulation and 

cerebrovascular reactivity assessment is measured using several high-resolution 

techniques.29, 30 Transcranial Doppler (TCD) remains the most widely adopted choice for 

routine clinical cerebrovascular reactivity assessment, monitoring the resulting changes 

in mean CBv in major vessels.31 Near-infrared spectroscopy is another effective non-

invasive tool used to assess changes in oxyhaemoglobin and deoxyhaemoglobin 

concentration, which act as surrogates for changes in CBF and cerebral arterial blood 

volume (CaBV).32-35 Alternatively, Magnetic Resonance Imaging (MRI) methods provide 

crucial regional and spatial information.36 These include Blood-Oxygen-Level-Dependent 

(BOLD) functional MRI, which detects changes in microvascular function, as well as 

Arterial Spin Labelling and Phase-Contrast MRI.23, 37 Multimodal techniques and 

comparison between modalities were also explored, providing coverage of different 

aspects of cerebrovascular reactivity.30, 38-40  

When a dedicated challenge protocol is used, frequency-domain analysis such as TFA 

can be applied to the CO2 input and the corresponding BOLD/TCD output. This goes 

beyond the simple magnitude measurement of the response (gain) by also quantifying 

the speed of the vascular reaction (phase) and the reliability of the relationship 

(coherence) at relevant frequencies.41-43  
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Time-Domain Indices for Autoregulation and Pressure Reactivity 

Beyond the established methodologies, a recent review from the CARNet group 

comprehensively summarised all time-domain methods for dynamic cerebral 

autoregulation quantiϐication, highlighting the valuable insight brought by analysing the 

time course of input and output signals.44 These methods can be broadly categorised into 

four groups:  

- Correlation methods: simple statistical indices that assess the relationship between 

low-frequency oscillations in the parameters of interest; 

- Linear time-invariant systems: models that describe the cerebral vasculature as 

linear ϐilters, characterised by impulse response modelling to capture the system’s 

dynamic characteristics; 

- ARI and Rate of recovery: methods based on mathematical equations ϐitted to an 

induced step change in pressure;  

- Advanced models: heterogeneous group which includes mathematical 

compartmental models (which simulate underlying physiological mechanisms), 

directional sensitivity indices (analysing the differential response to increasing vs. 

decreasing pressure), multiple-input models, and extensions such as non-linear or 

time-varying models (which allow linear time-invariant systems parameters to be 

continuously tracked over time).  

The most widely used and commonly applied metrics remain the pressure-reactivity 

index (PRx), the mean ϐlow index (Mx), and the arterial mean ϐlow index (Mxa). These 

three indices are correlation-based time-domain metrics that attempt to quantify 

cerebrovascular responsiveness. Mx quantiϐies the correlation between spontaneous, 

slow-wave ϐluctuations in CPP and CBv.45, 46 CBv is typically measured non-invasively in 

the middle cerebral artery using TCD and serves as a proxy measure for CBF, based on the 

relationship 𝐶𝐵𝐹 = 𝐶𝑆𝐴 ∙ 𝐶𝐵𝑣, where CSA is the cross-sectional area of the middle 

cerebral artery.47 For the theoretical Mx deϐinition, the CSA is assumed to be constant, 

allowing CBv to represent changes in CBF.  

Mxa is closely related to Mx, but measures the correlation between ABP and CBv, 

without incorporating ICP. Unlike Mx, which depends on CPP, Mxa assesses 

autoregulatory capacity solely based on ABP-induced changes in ϐlow, offering a distinct 
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window into classical cerebral autoregulation mechanisms by removing the inϐluence of 

intracranial compliance and pressure dynamics.   

Complementing these, PRx is derived by correlating slow-wave oscillations of ABP and 

ICP.12 It serves as a global index of cerebrovascular pressure reactivity, reϐlecting blood 

volume changes brought by cerebral vessel dilatation or constriction in response to 

changes in ABP.48 PRx, therefore, reϐlects the changes in CaBV in response to changes in 

cerebral vessels’ size, a product of cerebral autoregulation, and is widely used clinically 

to monitor autoregulatory function in patients with brain injury.12, 49 

Together, these diverse methods capture different facets of cerebrovascular 

physiology: from controlled perturbations versus spontaneous ϐluctuations, and chemical 

versus pressure stimuli, to regional versus global vascular responses.  
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