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Originally championed by Harvey Cushing in the 
early 1900s, the measurement of blood pressure 

during anesthesia and surgery became widespread in 
the 1920s.1,2 Physicians soon recognized the relationship 
between intraoperative hypotension and adverse patient 
outcomes.3 Nonetheless, over a century later there is pres-
ently no agreement on a universally accepted definition of 
hypotension.4 In this focused review, we will briefly dis-
cuss a common approach for defining hypotension based 
on arbitrary or population-driven thresholds. We then will 
propose a novel method for potentially defining hypoten-
sion individually based on monitoring cerebral blood flow 
autoregulation.

Current Approach for Determining Hypotension 
Threshold
The controversy regarding how to best define intraopera-
tive hypotension was highlighted in a systematic review by 
Bijker et al.,4 who identified 130 manuscripts that utilized 
140 different definitions for this term. The most frequently 
used definition (12.9% of articles) was a relative decrease 
in systolic blood pressure more than 20% from baseline 
followed by the combination of systolic blood pressure of 
less than 100 mmHg or a more than 30% decrease from 
baseline (7.9% of articles). These definitions, however, were 
mostly based on opinion and historical precedent. Further, 
determining a true “baseline” blood pressure is challenging 
in an operative setting.

Another approach for defining hypotension is to deter-
mine blood pressure cutoffs associated with adverse periop-
erative outcomes. In this regard, Wesselink et al.5 performed 
a systematic review of 42 high-quality publications to syn-
thesize blood pressure cutoffs for defining hypotension 
based on the relationship with adverse patient outcomes 
after noncardiac surgery. Thresholds of intraoperative mean 
arterial pressures (MAPs) in relation to any adverse events 
were synthesized into incremental risk categories (table 1). 
The risk for organ injury (e.g., acute kidney injury, myocar-
dial infarction, stroke, or delirium) or mortality increased 
progressively depending on the degree and duration of 
MAP decrements from baseline starting at a MAP of less 
than 80 mmHg. Generalizing these results to every day 

practice, though, is tempered by the varying frequency of 
cardiovascular disease and other risk factors in any given 
patient. The applicability of these data to women, minority 
patients, and the aged whom were under represented in 
these studies is further unclear. Moreover, hypotension can 
be a proximate cause of organ injury or it can exacerbate 
injury from other sources such as embolism (i.e., thrombo- 
or atheromatous embolism). Finally, the potential benefits 
of prospectively maintaining blood pressure above these 
cutoffs for the prevention of perioperative complications 
particularly brain injury is not clear.

Although the focus of the systematic review by Wesselink 
et al.5 was noncardiac surgery, there are data showing a rela-
tionship between low MAP during cardiac surgery using 
cardiopulmonary bypass (CPB) and adverse patient out-
comes including stroke and acute kidney injury.6–9 Blood 
pressure during CPB is typically maintained at a level 
determined in part by institutional practices that limit the 
extreme fluctuations necessary to determine the minimal 
tolerable MAP. Randomized studies testing the benefits of 
“low” versus “high” MAP targets during CPB on patient 
outcomes have produced conflicting findings and do not 
provide guidance on the lowest tolerable blood pressure 
for a given patient during surgery.9–13 Defining various 
MAP cutoffs for causing organ injury must acknowledge 
that complications from surgery result from a combina-
tion of patient- and procedure-related factors that may or 
may not necessarily include compromised organ perfusion. 
Moreover, the assumption that a single threshold for hypo-
tension applies to all patients is unsubstantiated. Finally, 
the safety of simply maintaining a MAP of more than 80 
mmHg in all patients in all clinical situations is not specifi-
cally addressed in these studies.

Hypotension Defined Based on Cerebral Blood 
Flow Autoregulation
Several homeostatic processes contribute to the adequate 
delivery of oxygen- and nutrient-rich arterial blood to the 
brain to match metabolic demand as reviewed elsewhere.14 
These processes operate at distinct frequencies to pre-
cisely regulate cerebral blood flow. At the same time, cere-
bral microcirculatory flow is influenced by metabolically 
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driven neurovascular coupling, oxygen and carbon dioxide 
levels, and glucose concentrations. Pressure autoregulation 
of cerebral blood flow is an additional homeostatic process 
that maintains a steady blood supply to the metabolically 
demanding brain. When blood pressure is below or above 
the limits of autoregulation, cerebral blood flow becomes 
pressure-passive or directly dependent on blood pressure. 
There is a long-standing belief that the lower limit of cere-
bral blood flow autoregulation is 50 mmHg and the upper 
limit of autoregulation 150 mmHg based on the seminal 
report by Lassen in 1959.15 The acceptance of these lim-
its of autoregulation as a guiding principle for periopera-
tive hemodynamic management was challenged over two 
decades ago by Drummond,16 who highlighted both the 
paucity of data to support this assumption and the simplic-
ity of the statistical analysis used for its derivation.

Contemporary digital processing methods now make 
it possible to monitor cerebral blood flow autoregulation 
at the bedside. Work by our group in patients undergoing 
cardiac and noncardiac surgery using these methods have 
found in fact that the lower limit of autoregulation in 
anesthetized patients varies markedly between 40 and  
90 mmHg for adults and 30 to 55 mmHg for pediatric 
patients, confirming earlier observations.17–19 We reported 
that there is no relationship between the lower limit of 
autoregulation during anesthesia and awake MAP, systolic 
blood pressure, age, or medical history.18,19 Together, the data 
support the notion that the definition of hypotension is an 
individual definition and cannot be accurately determined 
based on population data.

Different vascular beds respond differently to hemo-
dynamic challenges. For instance, in a piglet hemorrhagic 
shock model, renal autoregulation and cerebral autoreg-
ulation can be demonstrated at baseline, but early in the 
process of hemorrhage, renal blood flow is reduced, and 
the kidney becomes pressure-passive even at arterial blood 
pressures previously linked to normal renal blood flow 
and autoregulation.20 That is, kidney perfusion is not only 

dependent on blood pressure but also cardiac output. In that 
study, renal blood flow was 75%, 50%, and 25% of baseline 
when MAP was 60, 45, and 40 mmHg, respectively. The 
brain did not reach these decrements in flow until MAPs 
of 30, 25, and 15 mmHg. The brain continues to receive 
normal blood flow, demonstrating intact cerebral blood 
flow autoregulation until the point where shock results in a 
further fall in blood pressure below the lower limit of auto-
regulation whereby cerebral blood flow decreases. Thus, 
ensuring a blood pressure suitable for brain perfusion may 
not necessarily ensure renal or other splanchnic organs that 
are further dependent on cardiac output. However, there 
are currently no widely accepted patient bedside moni-
toring for these organs. Further, identifying patients with a 
higher MAP threshold of autoregulation who may require 
higher than normally accepted blood pressure may more 
likely result in more optimized renal perfusion than a lower 
blood pressure.

The effect of cardiac output on cerebral blood flow 
has been recently reviewed.21 A compilation of data from 
nonanesthetized individuals demonstrates that cerebral 
blood flow is correlated with cardiac output via differ-
ent mechanisms. Pressure autoregulation, however, likely 
remains functional despite shifting up or down of the 
cerebral blood flow–blood pressure relationship. In con-
trast, data derived from animals and humans during CPB 
have shown that blood pressure above a critical threshold 
(presumably the lower limit of autoregulation) is the main 
determinant of adequate cerebral blood flow, not systemic 
flow rate (equivalent of cardiac output).22,23 Notably, during 
CPB, flow can be manipulated without the administration 
of vasoactive drugs that may indirectly influence cerebral 
blood flow.

Pressure autoregulation is often maintained despite 
perturbations in other parameters that can influence cere-
bral blood flow. In an animal experiment, for example, we 
have shown that hypercarbia (without acidosis or increased 
intracranial pressure [ICP]) can impair autoregulation, but if 
there is a sufficient increase in blood pressure, autoregulation 
is restored.24 In that experiment, the lower limit of autoreg-
ulation in piglets with a Paco

2
 of more than 80 mmHg was 

75 mmHg (95% CI, 73 to 77 mmHg) compared with nor-
mocarbic controls where the lower limit of autoregulation 
was 45 mmHg (95% CI, 43 to 47 mmHg). The lower limit 
of autoregulation was correlated with Paco

2
 levels (spear-

man correlation = 0.8243, P < 0.0001).
Current arbitrary definitions of hypotension originate in 

part from data obtained 40 to 65 yr ago that opined that the 
lower limit of autoregulation for a nonanesthetized patient 
was equal to a 25% decrease in MAP from baseline.16,25 
Interestingly, in the paper describing cerebral blood flow 
autoregulation, Lassen included the term “hypotension” 
on the x axis of the graph starting at 70 mmHg.15 Organ 
blood flow can be compromised, however, by arterial vas-
cular disease, especially atherosclerosis. Regional myocardial 

Table 1.  Relationship between Blood Pressure Cutoffs and 
Adverse Patient Outcomes

Mildly elevated risk (odds ratio, 1.0 to 1.4)
  MAP < 80 mmHg for ≥ 10 min
  MAP < 70 mmHg < 10 min
Moderate risk (odds ratio, 1.4 to 2.0)
  MAP < 60 to 65 mmHg for > 5 min
  MAP < 50 mmHg for any duration
High risk (odds ratio > 2.0)
  MAP < 65 mmHg for ≥ 20 min
  MAP < 50 mmHg for ≥ 5 min
 A ny exposure to MAP < 40 mmHg

Summary of meta-analysis results from 42 studies evaluating the relationship 
between blood pressure cutoffs and adverse patient outcomes including mortality 
after noncardiac surgery.5 Categories of elevated risk are based on the strength 
of a given mean arterial pressure (MAP) threshold and organ injury and/or death.
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blood flow, for example, can be reduced below an ischemic 
threshold in the presence of a restrictive coronary artery 
stenosis at a blood pressure (diastolic blood pressure) that is 
adequate for other organs. Thus, we cannot expect a neuro-
monitor to elucidate arterial blood pressure thresholds that 
satisfy all organ beds. However, clinicians can only choose 
one blood pressure goal in the operating room and the 
intensive care unit (ICU), and protecting the brain is of 
paramount importance.

Monitoring Cerebral Blood Flow Autoregulation
Autoregulation can be monitored continuously using a 
variety of methods that have been inconsistently validated 
using animal models and clinical outcome studies. However, 
many methods that have been asserted to measure autoreg-
ulation have not been demonstrated to do so.26 Most meth-
ods require a continuous measure of arterial blood pressure 
with a continuous measure of brain-blood flow, blood vol-
ume, or oxygenation. These methods pair the blood pres-
sure waveform as input with the synchronous brain measure 
waveform as output in a mathematical model, placing auto-
regulation as a filter between the two signals.

A classic example of this type of autoregulation mon-
itoring is the mean velocity index, which pairs arterial 
blood pressure as an input and transcranial Doppler mea-
sured cerebral blood flow velocity as the output signal.27 
The autoregulation filtering function of the cerebral vas-
culature is then modeled as a Pearson's correlation coeffi-
cient between the two signals focusing on low frequency 
changes (i.e., 0.004 to 0.04 Hz) associated with auto-
regulatory vasomotor adaptations. When blood pressure 
is below the lower limit of autoregulation or above the 
upper limit of autoregulation, autoregulation is dysfunc-
tional or there is no filter between the input and output 
signals. The result is that the cerebral blood flow velocity 
is correlated with blood pressure. When autoregulation 
is intact, there is an active filter demonstrated between 
the input and output signals, which results in no correla-
tion between measures of cerebral blood flow and blood 
pressure.

Another commonly used example of an autoregula-
tion monitor pairs arterial blood pressure with ICP.28 In 
this example, termed the pressure reactivity index, the ICP 
serves as a surrogate measure of cerebral blood volume. That 
is, vasodilation or vasoconstriction in response to changes 
in blood pressure collectively increases or decreases cerebral 
blood volume, respectively. The pressure reactivity index is 
simply the Pearson's correlation coefficient between low 
frequency changes in ICP and cerebral perfusion pressure 
to model the filtering function of vascular reactivity. During 
a state of impaired vascular reactivity, the ICP is unfiltered 
as an output signal from the arterial blood pressure, resulting 
in positive correlation between the two. When autoregula-
tion is intact, the ICP is altered relative to the arterial blood 
pressure, and no correlation is seen.

Variations of autoregulation monitoring have used a vari-
ety of intracranial hemodynamic measurements, including 
near-infrared spectroscopy-based measures, brain tissue oxy-
gen, ultrasonic time-of flight measures, and other surrogate 
measures of cerebral blood flow, blood volume, or oxygen-
ation. Animal models have been used to create static auto-
regulation curves delineating a gold standard lower limit 
of autoregulation and then testing various autoregulation 
monitors above and below this standard with receiver oper-
ator characteristics.29,30 Using this method we have validated 
near-infrared spectroscopy-based cerebral oximetry index in 
animals against laser Doppler flux measurement of cerebral 
blood flow (fig. 1) and in humans under anesthesia against 
transcranial Doppler cerebral blood flow velocity.29 Few 
published methods have been validated in this way.30–32 This 
technique involves processing digital regional cerebral oxygen 
saturation signals from a commercially available near-infrared 
spectroscopy monitor along with arterial blood pressure signals 
from a standard hemodynamic monitor. The signals are then 
time-integrated and filtered to focus on low frequencies (less 
than 0.05 Hz) associated with autoregulation mediating vaso-
reactivity. This filtering eliminates high-frequency noise from 
respiratory or pulse frequencies and hemodilution as occurs 
with CPB. Next, a continuous, moving Pearson's correlation 
coefficient was calculated between MAP and laser Doppler 
flux or regional cerebral oxygen saturation signals, generating 
the variable laser Doppler index and cerebral oximetry index 
using 10-s average values from a 300-s duration window. 
Average values of laser Doppler index and cerebral oximetry 
index are placed in 5 mmHg bins. When MAP was within 
the autoregulation range, cerebral oximetry index and laser 
Doppler index approach 0, but when MAP is below the lower 
limit of autoregulation (arrow), these indices approach 1, indi-
cating that cerebral blood flow is pressure-passive. In other 
words, laser Doppler flux and regional cerebral oxygen satu-
ration as a surrogate of cerebral blood flow are directly related 
to MAP. A distinct advantage of the signal-filtered near infra-
red spectroscopy method is the continuous and noninvasive 
nature of its output, allowing ease of clinical implementation 
with minimal care-taker intervention.

Many clinical methods of autoregulation monitoring 
are performed by continuously evaluating the correlation 
between spontaneously occurring slow-wave changes in 
blood pressure and cerebral blood flow or cerebral vascular 
reactivity, thus avoiding the need to lower or raise blood 
pressure especially in patients who have compromised organ 
perfusion.27 These latter methods require time to generate 
the autoregulation metrics that may inadvertently expose 
some patients to a MAP lower than the lower limit of auto-
regulation or greater than the upper limit of autoregulation. 
A variety of waveform analytics in addition to correlation 
have been used to model the filtering function of autoreg-
ulation, including the cross-correlation functions of coher-
ence, phase, and gain of transfer. The combinations of output 
surrogates and mathematical functions that can be made are 
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varied, and they render results that are variable.32 Generating 
low-frequency (i.e., 1/min) oscillations in blood pressure and 
evaluating the phase angle of the cerebral vascular response is 
one such approach. Blood pressure oscillations can be gen-
erated by simply increasing positive end-expiratory pressure 
by 5 cm H

2
O above background airway pressure once per 

minute.33 Intact autoregulation results in cerebral vascular 
responses with a phase angle greater than 120° in relation 
to blood pressure oscillation. Blood pressure outside of the 
autoregulation range is manifest as a phase angle that is 
shorter. This method provides near instantaneous assessment 
of whether a given MAP is within the autoregulation range.

Clinical Significance of Blood Pressure outside 
the Limits of Autoregulation

Traumatic Brain Injury

The bulk of early clinical work in cerebral blood flow 
autoregulation monitoring occurred in neurocritically ill 
patients with traumatic brain injury.27 The presence of ICP 
monitoring allows for the continuous bedside evaluation 

of the pressure reactivity index (see above description of 
pressure reactivity index in the Monitoring Cerebral Blood 
Flow Autoregulation section) as a means for evaluating 
cerebral vasoreactivity, the mediator of cerebral blood flow 
autoregulation. Tracking the relationship between ICP 
and cerebral perfusion pressure allows for an assessment of 
whether the latter occurs independently or dependently 
with changes in ICP (intact autoregulation and impaired 
autoregulation, respectively). The term “optimal cerebral 
perfusion pressure” was introduced to denote that cerebral 
perfusion pressure with the most robust autoregulation.34 In 
a retrospective study of 327 patients with traumatic brain 
injury, cerebral perfusion pressure below the optimal pres-
sure was associated with mortality, whereas cerebral perfu-
sion pressure above optimal pressure was associated with 
risk of functional disability.34 In a systematic review and 
meta-analysis, our group compared different autoregula-
tion indices for predicting patient outcomes from traumatic 
brain injury.35 Based on data from 924 patients in 20 pub-
lications, the pressure reactivity index, mean velocity index, 
and autoregulation reactivity index were the strongest 

Fig. 1.  Validation of time-domain analysis method of cerebral autoregulation. In this piglet model, cerebral perfusion pressure was manip-
ulated by inflation of a catheter-tipped balloon placed in the inferior vena cava. (A) Laser Doppler (lDoppler) flux–determined cerebral blood 
flow is plotted against cerebral perfusion pressure (CPP). The point of intersection of two linear regression lines marks the lower limit of auto-
regulation (lower limit of autoregulation) which is 34 mmHg in this piglet. (B) Near-infrared spectroscopy regional cerebral oxygen saturation 
is plotted against cerebral perfusion pressure. (C, D) Correlation coefficient between laser Doppler flux and cerebral perfusion pressure and 
near-infrared spectroscopy derived cerebral oximetry index with cerebral perfusion pressure. When mean arterial pressure is above the lower 
limit of autoregulation, there is low correlation between cerebral perfusion pressure and laser Doppler index (lDx) and cerebral oximetry index 
(COx), indicating that cerebral blood flow is independent of blood pressure or autoregulated. In contrast, when mean arterial pressure is lower 
than the lower limit of autoregulation (34 mmHg), laser Doppler index and cerebral oximetry index approach 1.0 as cerebral blood flow is 
blood pressure passive. Reprinted with permission from Brady et al.29
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predictors of mortality or Glasgow Outcome Scale at 3 to 
6 months (z scores of 8.97, 6.01, and 3.94, respectively). In 
that review, there were fewer studies of patients with acute 
ischemic stroke, intracranial hemorrhage, or subarachnoid 
hemorrhage. There was a correlation between the duration 
of monitoring and the predictive value for mortality.

Complications after Cardiac Surgery

Ensuring brain perfusion during cardiac surgery as assessed 
with near-infrared spectroscopy monitoring regional cerebral 
oxygen saturation has been argued to be a practical approach 
to ensure organ perfusion in addition to the brain.36 We have 
performed a series of studies using our prospectively collected 
database evaluating whether excursion of MAP outside the 
limits of autoregulation assessed with regional cerebral oxygen 
saturation derived cerebral oximetry index monitoring during 
cardiac surgery impacts risk for postoperative complications. In 
a study of 410 patients undergoing cardiac surgery, we deter-
mined the relationship between the area under the curve in 
which MAP was lower than the lower limit of autoregula-
tion during CPB and postoperative acute kidney injury.37,38 
We found that the area under the curve in which MAP was 
lower than the lower limit of autoregulation was higher for 
the 34.8% of patients with acute kidney injury compared with 
those without acute kidney injury. In risk adjusted analysis, the 
area under the curve in which MAP was lower than the lower 
limit of autoregulation predicted acute kidney injury (relative 
risk, 1.02; 95% CI, 1.01 to 1.04; P = 0.001). The risk for acute 
kidney injury was 10% (95% CI, 7.2% to 18.8%) for each 5 
mmHg × h of MAP below the lower limit of autoregulation.

Because mortality is relatively low after cardiac surgery, 
major organ complications are often reported as a means 
of assessing surgical quality.39 We performed an analysis 
to evaluate whether there is a relationship between MAP 
lower than the lower limit of autoregulation during CPB 
and major morbidity or mortality after cardiac surgery.40 
The latter composite outcome was defined as death within 
30 days of surgery, stroke, renal failure (new requirement 
for dialysis postoperatively or an increase in creatinine 
to more than 2 mg/dl and two times greater than base-
line), mechanical lung ventilation for more than 48 h after 

surgery, or low cardiac output syndrome. The primary com-
posite endpoint of the study was observed in 83 (18.4%) 
of 450 patients. The area under the curve in which MAP 
was lower than the lower limit of autoregulation during 
CPB was independently associated with major morbid-
ity or operative mortality (odds ratio, 1.36; 95% CI, 1.08 
to 1.71; P = 0.008). Evaluation of the component vari-
ables of the composite outcome demonstrated that the area 
under the curve in which MAP was lower than the lower 
limit of autoregulation was larger in patients with stroke  
(P = 0.056), renal failure (P = 0.03), and prolonged mechan-
ical lung ventilation (P < 0.001) compared with patients 
without this complication. The MAP lower than the lower 
limit of autoregulation for patients with and without organ 
injury is shown in table 2.

Postoperative Brain Dysfunction

Simply raising contemporary MAP targets during surgery 
may result in a MAP that is higher than the upper limit of 
autoregulation in some patients. In this situation, cerebral 
blood flow will increase proportionally with MAP, poten-
tially leading to cerebral hyperperfusion, a situation that is 
associated with cerebral edema and brain dysfunction in 
nonsurgical patients.41 In a study of 303 patients undergo-
ing cardiac surgery with CPB, an upper limit of cerebral 
autoregulation was observed in 62% patients.42 In the other 
38%, we surmise that MAP never achieved this threshold. 
The MAP at the upper threshold of cerebral blood flow 
autoregulation was (mean ± SD) 90 ± 12 mmHg (95% CI, 
88 to 91 mmHg). The area under the curve in which MAP 
was lower than the lower limit of autoregulation was larger 
in patients with clinically detected delirium compared with 
those not having delirium. However, the area under the 
curve in which MAP is lower than the lower limit of auto-
regulation was no longer predictive of delirium when the 
logistic model included the area under the curve that MAP 
was higher than the upper limit of autoregulation. In the 
latter model, the area under the curve in which MAP was 
greater than the upper limit of autoregulation was inde-
pendently associated with clinical delirium (odds ratio, 1.09; 
95% CI, 1.03 to 1.15).

Table 2.  MAP at the LLA during Cardiopulmonary Bypass

Complication Present Complication Not Present P Value

Acute kidney injury
  MAP at the LLA (mmHg) 69 ±16 (66–72) 63 ± 15 (61–65) 0.001
 AU C

MAP<LLA (mmHg × min/h) 11.2 (7.8–13.0) 6.6 (5.7–7.9) 0.014
Major morbidity or operative mortality
  MAP at the LLA (mmHg) 71 ± 12 (67–72) 69 ± 14 (67–70) 0.136
 AU C

MAP<LLA (mmHg × min/h) 6.5 (2.1–15.4) 2.4 (1.1–5.7) 0.017

Mean arterial pressure (MAP) at the lower limit of cerebral blood flow autoregulation (LLA) during cardiopulmonary bypass for those patients suffering acute kidney injury or major 
morbidity or operative mortality after surgery.37,40 The area under the curve (AUC) in which MAP was below the LLA is listed.
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Postoperative ICU Blood Pressure Linked to Brain Injury 
Biomarker Release

Patients recovering from cardiac surgery in the ICU remain 
at risk for hypotension. We performed a retrospective study 
in 121 patients recovering after cardiac surgery in the ICU 
evaluating the relationship between a MAP lower than the 
lower limit of autoregulation and brain cellular injury.43 
Brain injury was assessed by the measurement of plasma 
concentrations of the brain-specific injury biomarker glial 
fibrillary acidic protein. In 65 (53.7%) patients, the aver-
age MAP in the ICU was lower than the optimal auto-
regulation range (i.e., that MAP where autoregulation was 
the most robust or had the lowest cerebral oximetry index 
value). After adjusting for plasma glial fibrillary acid protein 
levels at the end of surgery, the product of the magnitude 
and duration that MAP was lower than optimal in the ICU 
was correlated with plasma glial fibrillary acid protein levels 
measured on postoperative day 1 (coefficient, 1.77; 95% CI, 
1.27 to 2.48; P = 0.001). Empiric blood pressure cutoffs 
for defining hypotension (i.e., systolic blood pressure of less 
than 20%, less than 30% of awake baseline, and/or systolic 
blood pressure less than 100 mmHg) were not related to 
postoperative plasma glial fibrillary acid protein.

Reducing Postoperative Delirium with Personalized MAP 
Targets

Our previous retrospective analyses have identified an 
association between the area under the curve that MAP 
was outside the limits of autoregulation and postopera-
tive complications but not causality. To better evaluate the 
importance of hypotension in patient outcomes from car-
diac surgery, we have recently completed a prospectively, 
randomized, single-blinded study where MAP during CPB 
was targeted to be greater than the lower limit of autoreg-
ulation versus the usual institutional care where MAP tar-
gets were empirically chosen (clinicaltrials.gov registration, 
NCT00981474). A subset of 199 patients enrolled in that 
trial underwent detailed assessments for postoperative delir-
ium.44 We found that the odds of delirium was reduced by 
45% in the group whose MAP target were determined by 
autoregulation monitoring compared with the usual care 
(odds ratio, 0.55; 95% CI, 0.31 to 0.97; P = 0.04). Although 
preliminary, these data suggest that optimizing MAP to be 
higher than an individual's lower limit of autoregulation, 
but lower than the upper limit, during CPB may be a strat-
egy to reduce the frequency of postoperative delirium.

Monitoring Autoregulation in Noncardiac Surgery
Our work has primarily focused on cardiac surgery patients 
where an arterial catheter is available for direct blood pres-
sure monitoring. Our methods involve correlating low 
frequency changes in cerebral blood flow with MAP not 
systolic or diastolic blood pressure. Thus, because our data 
are based on MAP, the low pulsatile state of CPB should 

not largely limit extrapolation of our findings to other sit-
uations. We have, in fact, shown that cerebral blood flow 
autoregulation is preserved after implantation of a nonpul-
satile left ventricular device.45 We have also reported cere-
bral blood flow autoregulation monitoring in noncardiac 
surgery using continuous arterial pressure readings derived 
from noninvasive finger plethysmography (Finometer 
Pro, Finapres Medical Systems, The Netherlands).19,46 In 
patients having shoulder surgery, the MAP at the lower 
limit of autoregulation was 65 mmHg (25th to 75th per-
centile, 55 to 75) in patients who remained supine and  
70 mmHg (25th to 75th percentile, 55 to 80) for patients in 
the beach chair position. Patients in the beach chair position 
were more likely to have autoregulation suggestive of MAP 
below the lower limit of autoregulation during surgery than 
those undergoing surgery in the lateral decubitus position.

Clinical Approach to Defining Hypotension
There are several important principles that clinicians must 
acknowledge when defining intraoperative hypotension. First, 
the ultimate impact of any blood pressure cutoff for defin-
ing hypotension on organ function is dependent on its dura-
tion (table 1). Thus, a MAP of less than 65 mmHg for a long 
duration might results in ischemic organ damage similar in 
extent to a MAP of less than 40 mmHg of shorter duration. 
Second, organ blood flow reserve might protect from direct 
organ injury from a MAP below the autoregulation limit. 
With respect to the brain, the concept of central nervous sys-
tem (CNS) blood flow reserve may explain the discrepancy 
between resting cerebral blood flow and the cerebral blood 
flow in which symptoms of cerebral hypoperfusion occur.47 
In healthy, nonanesthetized subjects, the brain can tolerate a 
35% to 40% reduction in cerebral blood flow before cerebral 
symptoms occur.47 Thus, a MAP lower than the lower limit 
of autoregulation may not necessarily lead to CNS injury 
until cerebral blood flow is below the limits of CNS flow 
reserve such as in clinical situations of permissive hypotension. 
Sedated, anesthetized, or critically ill patients, however, cannot 
convey symptoms of cerebral hypoperfusion. Moreover, the 
individual lower limit of autoregulation or cerebral blood flow 
global or regional threshold for CNS ischemia is not known 
and likely influenced by many factors that are not clinically 
manifest. The latter include covert brain infarctions, especially 
lacunar infarctions, or the onset of cerebral edema as has been 
reported with brain magnetic resonance imaging immediately 
after cardiac surgery.48 We have found a relationship between 
the cerebral white matter disease determined with brain mag-
netic resonance imaging, an indicator of cerebral small vessel 
disease, and impaired cerebral blood flow autoregulation.49 
Thus, although patients may variably tolerate blood pressure 
lower than the lower limit of autoregulation or higher than 
the upper limit of autoregulation, particularly if of brief dura-
tion, precisely knowing these cutoff in the operating room or 
ICU would seem more precise for managing blood pressure 
than population-based summary estimates.
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Our autoregulation studies have emphasized MAP and 
not cerebral perfusion pressure (i.e., MAP minus ICP or 
central venous pressure, whichever is higher) because suc-
tion-assisted venous drainage during CPB results in a low 
central venous pressure. Cerebral perfusion pressure and not 
MAP per se should be considered in situations where ICP 
or central venous pressure is elevated. Experimentally, ele-
vated ICP is associated with a nonlinear right-ward shift 
of the lower limit of autoregulation. In a clinical study of 
infants with a cavopulmonary anastomosis, elevated CVP  
(e.g., cavopulmonary pressure) was associated with auto-
regulatory failure.50,51 In our studies the end-tidal con-
centrations of volatile anesthetics have been lower than 1 
minimum alveolar concentration. Higher concentrations of 
volatile anesthetics can shorten the autoregulation plateau, 
whereas intravenous anesthetics do not have this effect.52

Thus far, our group has (1) validated clinically feasible 
methods of cerebral blood flow autoregulation in laboratory 
animals and humans; (2) demonstrated a relationship between 
a MAP outside the autoregulation boundaries and brain dys-
function and other organ injury; and (3) shown that acting 
on MAP that is lower than the lower limit of autoregulation 
during cardiac surgery reduces the frequency of delirium 
after surgery.17,29,37,40,42–44 We acknowledge that the majority 
of our clinical findings linking MAP outside the limits of 
autoregulation and adverse patient outcomes have been in 

the setting of cardiac surgery, and these results may not nec-
essarily be easily extrapolated to other noncardiac surgery 
settings. Certainly, more research is necessary to confirm and 
extend our results. Importantly, a barrier to implementation 
of cerebral blood flow autoregulation monitoring presently is 
the lack of a Food and Drug Administration–approved mon-
itor. We have demonstrated the feasibility of such a “plug-
and-play” near-infrared spectroscopy–based autoregulation 
monitor that could be made commercially available.53

Nonetheless, in the absence of a clinically available autoreg-
ulation monitor, some inferences for hemodynamic manage-
ment can be derived from existing data. We have found that 
the “optimal MAP” (i.e., MAP with the most robust autoregu-
lation or the lowest mean velocity index) during CPB in adults 
is (mean ± SD) 78 ± 11 mmHg (fig. 2).54 The results of our 
studies of 617 patients undergoing cardiac surgery found that 
the average (±SD) lower limit of autoregulation was 65 ± 12 
mmHg, and the average upper limit of autoregulation was 84 
± 11 mmHg. Of interest, variables independently associated 
with optimal MAP based on multivariate regression analysis 
were nonwhite race (increased 2.7 mmHg; P = 0.034); diuretic 
use (decreased 1.9 mmHg, P = 0.049); prior carotid endarter-
ectomy (decreased 5.5 mmHg, P = 0.019); and duration of 
CPB (decreased 1.28 mmHg per 60 min, P = 0.022) but not 
patient age or medical history, including hypertension.

Fig. 2.  Intraoperative recording from a single patient. The top is mean arterial pressure (MAP), the second and third mean velocity index for 
the left (MxL) and right (MxR) middle cerebral arteries, and the bottom the percentage of the time of the recording spent at each 5 mmHg 
MAP bin. Mean velocity index is derived as the Pearson correlation coefficient between low-frequency (less than 0.05 Hz) changes in cerebral 
blood flow velocity measured with transcranial Doppler and MAP. When blood pressure is within the autoregulation range, there is a low 
correlation between cerebral blood flow velocity and MAP resulting in an mean velocity index close to 0 (bar graphs in 5 mmHg bins). That is, 
MAP changes occur without corresponding changes in cerebral blood flow because autoregulation is functional. When MAP is below or above 
the autoregulation limits, the mean velocity index approaches 1, or decreases or increases in MAP, respectively, are correlated with cerebral 
blood flow velocity. In this figure the open arrows represent the arbitrary lower and upper limits of autoregulation using an arbitrary cutoff of 
an increase in mean velocity index of at least 0.4 declining or increases in MAP. The solid arrows indicate MAP where mean velocity index is 
the lowest, representing the optimal MAP, or MAP with the most robust autoregulation. Note the natural fluctuations in MAP that occur during 
the normal conduct of surgery in the time series of arterial pressures in the top.
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For patients undergoing noncardiac shoulder surgery, our 
data suggest that the lower limit of autoregulation in most 
patients is a MAP between 65 and 70 mmHg. These data are 
consistent with the results of the systematic review of obser-
vational, database reviews linking MAP cutoffs and organ 
injury (table  1). Our findings are further consistent with 
the conclusion in a recent review by Drummond,47 who 
emphasized the need to consider the projected blood pres-
sure at the circle of Willis when the head is elevated above 
the horizontal as for surgery in the beach chair position (i.e., 
subtract 1 mmHg per 1.35 cm of head elevation from blood 
pressure measured from arm or leg). Although these sound 
recommendations might apply to the majority of patients, 
there will be patients whose lower limit of autoregulation 
or upper limit of autoregulation are outside of these ranges.

Conclusions
After more than a century of the measurement of blood 
pressure during general anesthesia, clinicians now have a 
potential tool for personalizing the definition of hypotension 
based on cerebral blood flow autoregulation monitoring. 
Current data point to the limitations of using a single blood 
pressure cutoff for a wide population of patients because the 
individual's lower limit of autoregulation may or may not be 
above this arbitrary cutoff. Nonetheless, clinicians are pres-
ently forced to use this approach for determining the lowest 
tolerable blood pressure for a given patient in until a Food 
and Drug Administration–approved monitor is available that 
will provide individual autoregulation data at the bedside.
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