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Abstract

The aim of this article is to provide an up-to-date review of the state-of-the-art in cerebral 

autoregulation, particularly as it may relate to the clinician scientist whose expertise is in the area 

of neuroscience in anesthesia and critical care. Topics covered range from biological mechanisms, 

methods used for assessment of autoregulation, effects of anesthetics, role in control of cerebral 

hemodynamics in health and disease such as traumatic brain injury where dysregulation is evident, 

and emerging areas such as role of age and sex in contribution to dysautoregulation. Emphasis will 

be placed on bidirectional translational research wherein the clinical informs the study design of 

basic science studies, which in turn, informs the clinical to result in development of improved 

therapies for treatment of CNS pathology.
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Introduction

Cerebral autoregulation is a homeostatic process that regulates and maintains cerebral blood 

flow (CBF) constant across a range of blood pressures. The original conceptualization was 

proposed by Lassen1 as a triphasic curve consisting of the lower limit, the plateau and the 

upper limit. In healthy adults, the limits are between 50 and 150 mm Hg cerebral perfusion 

pressure (CPP) or 60 and 160 mm Hg mean arterial pressure (MAP), where CPP = MAP – 

intracranial pressure (ICP). This homeostatic mechanism ensures that as MAP or CPP 

increases, resistance increases (vasoconstriction) in the small cerebral arteries. Conversely, 

this process maintains constant CBF by decreasing cerebrovascular resistance or 

vasodilation when MAP or CPP decreases. However, given that the lower limit of cerebral 

autoregulation frequently influences clinical management, it should be noted that this value 

has been challenged as being too low.2
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Mechanism of Autoregulation

At least four mechanisms are proposed for autoregulation:

1. Myogenic

2. Neurogenic

3. Metabolic

4. Endothelial

The myogenic component concerns the ability of the vascular smooth muscle to constrict or 

dilate in response to changes in transmural pressure. The neurogenic mechanism occurs 

through an extensive nerve supply to cerebral vessels. For example, activation of alpha 

adrenoceptors shifts the limits of autoregulation to higher pressures and the cerebral vessels 

respond to this with vasoconstriction. The metabolic mechanism probably chiefly 

contributes to autoregulation in the microvasculature, where changes in the 

microenvironment such as for pCO2 and H+ will lead to vasodilation. Additionally, 

endothelial factors, such as nitric oxide, may also contribute to autoregulation. 

Autoregulation is important in the match of CBF to metabolic demand.

Methods Used For Assessment of Autoregulation

Assessment of cerebral autoregulation:

1. Static

2. Dynamic

In the static method, only steady state relationships between CBF and MAP are considered 

without taking into account the time course of changes in these two parameters. 

Determination of a steady state relationship can be accomplished through administration of 

drugs which change MAP but have no effect on metabolism, yielding two values of CBF and 

their difference in relation to the MAP change being indicative of autoregulation.3 Degree of 

intactness of autoregulation can be quantified via calculation of the autoregulatory index 

(ARI), where ARI = % ΔCVR / % ΔCPP and CVR is cerebrovascular resistance. A value of 

0 means absent autoregulation while a value of 1 denotes perfect autoregulation.

In the dynamic method, assessment is based on determination of dynamic changes of CBF in 

response to dynamic changes in MAP. The idea is that after a change in MAP, CBF will first 

react to such a change and then will return to its original value within a finite amount of 

time. The faster the return, the better is the degree of autoregulation.

Several approaches are used to assess dynamic cerebral autoregulation via CBF recovery 

time. In one, which uses the thigh cuff method introduced by Aaslid,4 regulation is defined 

by the slope of CVR recovery, where CVR = CPP / CBF; the steeper the slope of CVR, the 

better is the autoregulation.5 In a second approach, the CBF recovery after the cuff release is 

quantified as an autoregulation index, calculated as a second-order differential equation 

relating changes in MAP and CBF.5 A third method considers study of CBF response to 

slow oscillations in MAP induced by paced breathing, head up tilting, or periodic thigh-cuff 
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inflation.6–8 Transfer function analysis is then performed using beat-to-beat MAP 

measurements as input and CBF as output.9 Here, time delay of phase difference between 

MAP and CBF as a function of frequency can be used to determine the degree of intactness 

of autoregulation. This is an important alternative approach since the thigh cuff inflation/

deflation technique presents problems in the traumatic brain injury (TBI) patient, where 

manipulation of blood pressure (secondary to thigh cuff deflation) would occur at a time 

when the injured brain may be least able to tolerate it. The Mx is one such measure of 

dynamic auotoregulation. It is a Pearson correlation coefficient between CPP and flow 

velocity measured by transcranial Doppler (TCD) and can indicate autoregulation if the 

magnitude of CPP fluctuations is large enough to activate an autoregulatory response (> 5 

mm Hg). Positive values for Mx indicate impaired autoregulation, while zero or negative 

values indicate intact autoregulation. This index correlates significantly with the leg cuff 

test.10 Another similar measure of dynamic autoregulation is PRx, defined as the correlation 

coefficient between slow waves in ICP and arterial blood pressure. The PRx is negative for 

intact autoregulation, and is positive for impaired autoregulation.11

CBF in all of these methods is typically determined non invasively via TCD. TCD, however, 

has the disadvantage of only being able to measure CBF velocity in larger vessels such as 

the middle cerebral artery (MCA). Recently, it has been shown that use of near infrared 

spectroscopy (NIRS) will allow for measurement of CBF in small cerebral arterioles, 

yielding a quantitative determination of dynamic autoregulation in the cerebral 

microvasculature of the human.12 A related technique, diffuse correlation spectroscopy 

(DCS), has been successfully demonstrated to obtain regional CBF non invasively in patients 

under a variety of conditions, including TBI, orthostatic stress in acute ischemia, and post 

operatively in neonatal cardiac surgery.13,14 Calibration studies of absolute CBF values 

obtained via DCS have been recently completed,13 making the future outlook for use of 

DCS as a quantitative method for determination of autoregulation in the microvasculature 

more attractive.

Clinical Applications of Autoregulation Testing

A benefit to autoregulation testing relates to management of patients with TBI in the neuro 

intensive care unit, where sophisticated equipment for determination of dynamic indices of 

autoregulation is available. However, there are tangible benefits for management of 

neurologic patients in the operating room through use of simpler determination of static 

autoregulation. These benefits include:

1. Perioperative management of patients undergoing carotid endarterectomy.

2. Blood pressure management in uncontrolled hypertensive patients.

3. Blood pressure support in patients with carotid artery stenosis.

Effect of Anesthetics on Autoregulation

In general, inhaled anesthetics such as isoflurane and desflurane have a depressive effect on 

autoregulation,15,16 the one exception being sevoflurane.17,18 In contrast, propofol preserves 

autoregulation15 and is viewed as the anesthetic of choice in patients with high ICP,19 

Armstead Page 3

Anesthesiol Clin. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



although one study observed that high dose propofol impaired autoregulation in head injured 

patients.20 Others have observed that the combination of remifentanil with propofol results 

in preservation of cerebral autoregulation.19,21 Current neurocritical care of TBI is largely 

based on TIVA, or total intravenous anesthesia, often involving fentanyl.

Pathophysiology of Cerebral Autoregulation in TBI: Outcome and 

Treatment

Multiple studies have demonstrated that cerebral autoregulation is absent or impaired in 

significant numbers of patients after TBI, even when values of CPP and CBF were normal.22 

Cerebral hypoperfusion that occurs post TBI may result from the decreased metabolic 

demand due to coma (with appropriately matched CBF) or may alternatively indicate 

ischemia. Under normal physiologic conditions, decreases in CPP result in vasodilation and 

increased cerebral blood volume (CBV), leading to increases in ICP in the context of 

abnormal intracranial compliance. When autoregulation is impaired, decreases in CPP result 

in decreases in CBF; in moderate/severe TBI such decreases in CBF may reach ischemic 

levels, further exacerbating secondary injury. A number of retrospective studies have 

observed that impaired cerebral autoregulation is associated with worsened outcome 

(Glasgow Outcome Scale).23–25 Cerebral autoregulation also has been observed to correlate 

with brain biochemistry via microdialysis in patients with severe head injury.26 Critical 

autoregulatory thresholds for survival and improvement of outcome may vary as a function 

of age and sex.23,24

One treatment modality has been derived with specific consideration of cerebral 

autoregulation. This treatment relies on administration of vasoactive agents that increase 

MAP to normalize reduced CPP after TBI and the identification of the optimal CPP that 

maximizes the intactness of autoregulation. Those patients with CPP values below that of 

the one considered optimal have been shown to be at increased risk of fatal outcome, while 

too high a value of CPP is equally thought to be bad since it is often associated with 

increased rate of severe disability.27 Optimal CPP, as determined by PRx in TBI patients, has 

been shown to be narrowed from a normal range and vary from 65 to 95 mm Hg in 300 

patients (with total mean value of 75 mm Hg).25 Similar results were obtained using other 

technologies to determine degree of intactness of autoregulation, such as direct brain tissue 

monitoring (ORx) and near-infrared spectroscopy (COx).28,29 While such results would 

seem to indicate that randomized prospective trials involving CPP (optimal) are needed, to 

date no such trial has been conducted.

Given that dysregulation appears to correlate quite well with clinical outcome, one could 

hypothesize that autoregulation should be therapeutically manipulated to improve 

recovery.25 While this hypothesis has never been formally prospectively tested, a few 

observations have hinted that there may indeed be support for it. For example, Mx value was 

observed to improve with induction of moderate hypocapnia in TBI patients,30 but 

autoregulation was observed to be impaired when hyperventilation was more intense, 

resulting in a robust decrease in pCO2.31 Additionally, indomethacin has been shown to 

decrease ICP and CBFV, thereby increasing CPP, resulting in improved dynamic cerebral 
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autoregulation in still other TBI patients.32 Other clinical work has shown that other 

therapeutic maneuvers equally change cerebral autoregulation status, such as hypothermia, 

use of mannitol or hypertonic saline, barbiturates, and various anesthetics.25,33

Role of age and sex in cerebral autoregulation, dysautoregulation, and its treatment after 
TBI

a. Clinical Studies—Only a few studies of cerebral autoregulation in healthy children 

have been published and clinicians often assume that there are no age or sex related 

differences in this process.34 In one study, healthy children anesthetized with low-dose 

sevoflurane revealed no age-related differences in autoregulatory capacity.35 However, 

counter to the assumption that the lower limit of cerebral autoregulation in younger children 

is lower, these investigators also concluded that there were no age related differences in 

lower limit since that value in children aged 6 months to 2 years receiving sevoflurane was 

observed to be 60 ± 9 mm Hg.36 Alternatively, there may be age related differences in the 

latency of cerebral autoregulation. For example, compared to adults, adolescents may have a 

delayed return of CBF in response to brief hypotension.37 Additionally, there may be sex 

differences in pediatric cerebral autoregulation.34,37,38 Despite these clinical studies, the 

mechanisms of cerebral autoregulation in healthy children are not understood completely.39

A number of conditions can disrupt autoregulation in children, including hypoxic conditions, 

prematurity, congenital heart defects, intracranial hemorrhage, and TBI. Risk of 

dysautoregulation in preterm infants increases with severity of illness.40 TBI is the leading 

cause of injury-related death in children and young adults41 and thus will be the focus here, 

with boys over a larger age range and all children under 4 years having particularly poor 

outcomes.42–44 Cerebral autoregulation is often impaired after TBI,23 and with concomitant 

high ICP, lead to poor outcome. In children with impaired autoregulation, lower blood 

pressure may result in diminished CPP and CBF. Decrease in MAP causes cerebral 

vasodilation, increase in cerebral blood volume, and thus an increase in ICP. In the context 

of plateau wave generation, increased ICP will further decrease CPP, leading to more 

cerebral vasodilation, resulting in a vicious cycle, the vasodilation cascade.45 Critical closing 

pressure (CCP) has been defined as an arterial pressure threshold below which arterial 

vessels collapse. Dewey et al (1974)46 identified in their model of CBF regulation a 

relationship between CCP and cerebral autoregulation indicating that cerebral autoregulation 

mediated increases in vasomotor tone as predicted by CCP. This concept has recently been 

re-visited47 but while the difference in CPP-ICP significantly correlated with cerebral 

autoregulation, it lacked the power to predict outcome after head injury. Nonetheless, by 

stabilizing CPP at higher levels, ICP might be better controlled without cerebral ischemia.45 

Because augmenting MAP in the hyperemic brain could theoretically result in worse edema 

or cerebral hemorrhage,44,48 it is uncertain if empirically increasing MAP to prevent 

cerebral ischemia in the presence of impaired cerebral autoregulation and cerebral 

hyperemia may potentially be harmful.35 Moreover, a fixed blood pressure does not improve 

nor allow for cerebrovascular adaptation to changing CBF-metabolism requirements. Since 

cerebroautoregulation changes with time after TBI, it is suggested that blood pressure 

management strategies can neither be empiric nor fixed but rather should be based on the 

status of cerebral autoregulation. In this context, vasodilator mechanisms of cerebral 
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autoregulation may be important in improving outcome after TBI. The functional 

significance of this idea rests on several clinical observations. For example, cognitive 

outcome (GOS) and risk of death are correlated with degree of cerebral autoregulatory 

impairment in children after TBI.23,34 Additionally, severity of impaired cerebral 

autoregulation may be greater in those children who are victims of intentional or abusive 

TBI compared to children with noninflicted TBI.49

Current 2012 Pediatric Guidelines recommend maintaining CPP above 40 mm Hg, noting 

that an age-related continuum for the optimal CPP is between 40 and 65 mm Hg.50,51 

Despite these current therapeutic targets, guidelines are lacking regarding how this should be 

achieved. For example, maintaining CPP within these levels is often managed by use of 

vasopressors to increase CPP and optimize CBF. However, vasoactive agents clinically used 

to elevate MAP after TBI, such as phenylephrine (Phe), dopamine (DA), epinephrine (EPI) 

and norepinephrine (NE)52,53 have not sufficiently been compared regarding effect on CPP, 

CBF, autoregulation, and survival after TBI, and clinically, current vasopressor use is 

variable. A recent single center study found that: 1). Phe was used nearly twice as often as 

any other vasopressor, 2). Young children tended to receive DA and EPI whereas older 

children received Phe and NE, 3). Blood pressure was managed with 1 drug during the first 

3 hours, and 4). NE was associated with a higher CPP and lower ICP at 3h post injury.54 

Nonetheless, CPP-directed therapy has remained somewhat controversial because it has been 

observed to either have no effect or in fact worsen outcome.55 Further complicating this 

issue is that most pressors are neurotransmitters, which normally have no effect on the brain 

when given peripherally. However, with a disrupted blood brain barrier (BBB), these drugs 

may cross the BBB and impact on cerebral metabolism. Additionally, CPP has been 

considered to be a poor surrogate for CBF,56 since regional or local CBF may be markedly 

reduced even if CPP is normal.55 Therefore, there remains an unmet need to have available 

appropriate noninvasive bedside monitors which may enable identification of the optimal 

vasopressor and whether pressor choice determines outcome as a function of age and sex in 

pediatric TBI.

b. Basic Science Studies—Although several rodent models of TBI have been 

described,57 all have the disadvantage of not permitting repeated measurements of systemic 

physiological variables and regional CBF because of the small size of the subjects. 

Additionally, rodents have a lissencephalic brain containing more grey than white matter. In 

contrast, pigs have a gyrencephalic brain similar to humans that contains substantial white 

matter, which is more sensitive to ischemic damage than grey matter.

Since ethical considerations constrain mechanistic studies in children with TBI, we have 

used an established porcine model of fluid percussion injury (FPI) that mimics TBI to 

corroborate clinical observations regarding cerebral autoregulation after TBI.58 Newborn 

and juvenile pigs may approximate the human neonate (6 months- 2yrs old) and child (8–10 

yrs old).59

Armstead and Vavilala have recently taken a bidirectional translational approach to 

investigate the role of vasoactive agent choice in outcome after TBI. Clinical observations 

were used to inform study design of procedures conducted in pigs after fluid percussion 
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injury (FPI), with intent to use information so derived to improve outcome in brain injured 

children; e.g. a bedside to bench and back again arrangement. Early studies focused on Phe, 

given that it is the predominant vasoactive agent administered clinically in young children 

after TBI.54 We were surprised to observe that while Phe is protective of cerebral 

hemodynamics, particularly for autoregulation, in newborn female piglets, it aggravates 

cerebrovascular dysregulation in male newborn piglets post injury.60 Because of this 

perplexing observation, we speculated that pressor choice may influence outcome. Indeed, 

another pressor, DA, produced equivalent cerebrohemodynamic protection in both male and 

female piglets after TBI.61

Mechanistic studies were designed to further explore these observations. First, it was found 

that autoregulation was impaired more in the male compared to the female piglet after FPI, 

resulting from a shift in the constrictor to dilator ratio, with greater brain concentration of 

the spasmogen endothelin-1 (ET-1) and little to no increase in the endogenous vasodilator 

peptide adrenomedullin (ADM), a K channel opener (Fig 1).62,63 Autoregulation had been 

prior observed to be dependent on opening of K channels (particularly Katp and Kca 

channels), while ET-1 is known to impair opening of K channels via release of activated 

oxygen which then activates (phosphorylates) the Extracellular signal-regulated kinase 

(ERK) isoform of mitogen activated protein kinase (MAPK), a distal signaling system 

important in control of cerebral hemodynamics (Fig 1).58 Because more ERK MAPK is 

released after FPI in the male compared to the female,62,64 there is correspondingly greater 

impairment of autoregulation and Katp and Kca channel agonist-mediated 

cerebrovasodilation post injury in males compared to females.65 While Phe blunted ET-1 

and ERK MAPK upregulation in female piglets after FPI, there was an unanticipated and 

unwanted Phe-mediated aggravation of ET-1 and ERK MAPK upregulation in male piglets 

post injury (Fig 1).60 The latter compounded the already greater release of ET-1 and ERK 

MAPK in males compared to females after FPI and appeared to contribute to the sex 

dependent impairment of autoregulation.60 The ET-1 antagonist BQ 123 blocked elevation 

of CSF ERK MAPK and the aggravation of such elevation by Phe after FPI.60 Co-

administered BQ 123 with Phe also prevented impairment of autoregulation after FPI, 

supportive of the intermediary role for ET-1 in sex dependent Phe-mediated hemodynamic 

dysregulation. Alternatively, Phe also promoted the increase in brain levels of ADM in 

females but not males after FPI.60 In the context of ADM being an opener of K channels, 

Phe can be viewed as upregulating an endogenous neuroprotectant in females after FPI. 

Therefore, Phe augments impairment of autoregulation in males after TBI both because it 

promotes release of a spasmogen and subsequent block of Katp and Kca channels as well 

because it simultaneously limits release of an endogenous neuroprotectant (Fig 1).66 In 

contrast, DA completely blocked ET-1 and ERK MAPK upregulation in both newborn male 

and female piglets after FPI (Fig 1),61 serving as an explanation for equivalent protection of 

autoregulation post injury in male and female piglets.

A third vasoactive drug, NE, has recently been investigated. In the first study, we observed 

that NE preferentially protected cerebral autoregulation and prevented neuronal cell necrosis 

in hippocampal areas CA1 and CA3 in female newborn piglets after FPI.67 However, NE 

had no protective effect on cerebral autoregulation and potentiated neuronal cell necrosis in 

male newborn pigs, despite achievement of a similar CPP.67 In the second study, NE 
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protected cerebral autoregulation and limited hippocampal neuronal cell necrosis after FPI in 

both male and female juvenile pigs,68 indicating that the same vasoactive drug elicits both 

age and sex dependent differences in outcome under equivalent injury intensity conditions.

Mechanistically, two mediators were investigated in the above studies: ERK MAPK and 

IL-6. Clinically, IL-6 was observed to be increased in the CSF of children after severe 

TBI.69 Its role in CNS pathology, however, is less well understood. For example, IL-6 may 

mediate motor coordination deficits after TBI,70 appears associated with poor neurological 

outcome following hemorrhagic stroke,71 yet may also be involved in regenerative and 

repair processes.69 In our first study, NE increased ERK MAPK upregulation in young 

males, but blocked upregulation in young females after FPI.67 In contrast, in the second 

study using older pigs, NE blunted ERK MAPK and IL-6 upregulation in both males and 

females after FPI.68 Co-administration of the ERK MAPK antagonist U 0126 preserved 

autoregulation and maintained CBF after FPI in newborns, regardless of sex.67 U 0126 also 

prevented hippocampal neuronal cell necrosis associated with FPI.64 IL-6 was similarly 

increased after FPI more in young males compared to females and NE aggravated such 

upregulation in an ERK MAPK dependent manner in males; the ERK MAPK antagonist U 

0126 blocked IL-6 release.64 In contrast, NE blocked IL-6 upregulation in young females 

after FPI.64 These data indicate that ERK MAPK mediates elevation of IL-6, which is 

associated with greater hemodynamic impairment and hippocampal cell necrosis after FPI in 

young males.

In the context of the neurovascular unit (NVU), we hypothesize that CBF contributes to 

neuronal cell integrity; eg normalization of CBF via administration of vasoactive drugs that 

elevate MAP should limit neuronal cell necrosis associated with TBI. Administration of NE 

to increase CPP after TBI in the piglet prevented impairment of cerebral autoregulation and 

neuronal cell necrosis in the CA1 and CA3 hippocampal areas of the brain.67 Clinically, 

degree of impairment of autoregulation is significantly correlated with GCS.23,34 Although 

cognition depends on more than the hippocampus and formal cognitive testing was not 

performed in these studies, these data nonetheless support the idea that targeting CPP and 

thereby protecting cerebral autoregulatory capacity may improve cognitive outcome. The 

NVU concept and its potential role in cognition may be somewhat more universal than prior 

appreciated. For example, administration of tPA-S481A, a catalytically inactive tPA variant 

that competes with wild type tPA for binding, cleavage and activation of NMDA receptors, 

after TBI in the pig similarly improved cerebral hemodynamics and prevented impairment of 

cerebral autoregulation and CA1 and CA3 hippocampal cell necrosis.72 We speculate that 

choice of pressor may influence cognitive outcome as a function of age and sex in the setting 

of TBI.

In summary, vasoactive agents clearly have complex sex-dependent effects on CBF and may 

potentiate impairment (Phe), prevent impairment (DA), or have no effect (NE) on 

impairment of cerebral autoregulation in newborn males after TBI. Additionally, when 

considering age, NE may have no effect in the newborn, or prevent impairment in the 

juvenile male after TBI. These studies strengthen the idea that choice of vasoactive agent is 

important in determining outcome after pediatric TBI as a function of sex and age. To our 

knowledge similar studies have not been conducted in the adult.
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Concluding Remarks

This article has emphasized a bidirectional translational research approach in summarizing 

state of the art aspects of cerebral autoregulation that range from the traditional to the newly 

emerging. Enhanced cross talk between basic science and clinical disciplines will speed the 

transfer of knowledge resulting in better therapeutic approaches towards improving outcome 

in patients with CNS pathology such as TBI where there is cerebral dysautoregulation.
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Key Points

1. Cerebral autoregulation can be assessed by static and dynamic 

techniques.

2. Inhaled anesthetics generally depress autoregulation, except for 

sevoflurane. TIVA is most widely used in neurocritical care of TBI 

patients.

3. Autoregulation impaired after TBI. CPP directed therapy often used to 

improve outcome.

4. Identification of optimal CPP in health and disease an active area of 

investigation.

5. Role of age and sex in cerebral autoregulation in physiology and 

pathology of TBI is an emerging area of clinical significance.
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Figure 1. 
Comparison of proposed mechanisms for Phe (Upper Panel) and DA (Lower Panel) in 

control of cerebral hemodynamics after FPI in newborn piglets. Arrow thickness in 

proportion to probability of action.

FPI = fluid percussion brain injury, ET-1 = endothelin-1, O2− = oxygen free radical, ERK 

MAPK = Extracellular signal-regulated kinase (ERK) isoform of mitogen activated protein 

kinase (MAPK), Phe = phenylephrine, DA = dopamine, ADM = adrenomedullin, Katp and 

Kca = atp sensitive and calcium sensitive K channels.
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From Armstead WM, Vavilala, MS. Age and Sex Differences In Hemodynamics In a Large 

Animal Model of Brain Trauma. In: Lo EH, Lok J, Ning M, Whalen MJ, editors. Vascular 

Mechanisms in CNS Trauma. New York: Springer; 2014. p. 269–284; with permission.
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