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Summary

Blood pressure can vary considerably during anesthesia. If blood pressure falls outside the limits

of cerebrovascular autoregulation, children can become at risk of cerebral ischemic or hyperemic

injury. However, the blood pressure limits of autoregulation are unclear in infants and children,

and these limits can shift after brain injury. This article will review autoregulation, considerations

for the hemodynamic management of children with brain injuries, and research on autoregulation

monitoring techniques.
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Introduction

When providing general anesthesia to children, anesthesiologists have limited ability to

monitor one of the most important organs—the brain. Ensuring adequate cerebral perfusion

pressure (CPP) is paramount to preventing cerebral ischemia or hyperemia. CPP is the

difference between mean arterial blood pressure (MAP) and intracranial pressure (ICP), or

between MAP and central venous pressure (CVP) if CVP exceeds the ICP. Cerebrovascular

autoregulation maintains relatively constant cerebral blood flow (CBF) across changes in

perfusion pressure. It functions within a specific range of blood pressures, but the limits of

autoregulation are poorly defined in infants and children. Adult CPP guidelines are not

useful in pediatric anesthesia because blood pressure norms vary by age (1), and anesthesia

may interact with these norms. Moreover, neurologic injuries can raise ICP from mass effect

or evolving secondary injury with edema. Intracranial hypertension can independently shift

the limits of autoregulation (2) and increase the risk of stroke. It is therefore critical for the

anesthesiologist to maintain the patient's blood pressure within a range that supports

autoregulatory function.
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Cerebrovascular Blood Pressure Autoregulation

Multiple mechanisms modify CBF in response to changes in cerebral metabolism, blood

pressure, glucose (3), and partial pressure of carbon dioxide (4) and oxygen (3). This review

will focus on the regulation of CBF with changes in blood pressure. Under normal

physiologic conditions, blood vessels dilate and constrict in response to changes in perfusion

pressure to maintain CBF across fluctuations in CPP. This process, known as

cerebrovascular blood pressure autoregulation, is mediated by vascular reactivity to changes

in perfusion pressure. When blood pressure is on the plateau between the lower and upper

limits of autoregulation, CBF is held relatively constant. Along this plateau, the vascular

regulation of CBF is considered “pressure-reactive” because the vasculature appropriately

dilates to maintain CBF as blood pressure decreases, or constricts to constrain CBF as blood

pressure increases. Under such conditions, the risks of cerebral ischemia or hyperemia are

minimized.

When blood pressure decreases to below the lower limit of autoregulation, the cerebral

vasculature reaches its maximal vasodilatory capacity. CBF decreases with progressive

hypotension, and the brain becomes vulnerable to ischemic injury. When blood pressure

exceeds the upper limit of autoregulation, the cerebral vasculature cannot constrict further to

constrain CBF, and the brain becomes subject to hyperemic injury. When blood pressure is

either below the lower limit or above the upper limit of autoregulation, the vascular

regulation of CBF is said to be “pressure-passive” (Figure 1A).

Traditionally, the autoregulation curve is illustrated with 1) a horizontal CBF plateau at

levels of blood pressure within the range that produces pressure-reactive CBF, 2) a discrete

cutoff at the lower limit of autoregulation with a decline in CBF at pressures below the

lower limit of autoregulation, and 3) a cutoff at the upper limit of autoregulation with

increasing CBF above that point. This representation is based on pooling CBF responses to

fluctuations in CPP from multiple studies. In reality, the slope of the autoregulatory plateau

for an individual is not precisely zero (5-7), and the limits of autoregulation are smooth

inflections on a curve (Figures 2 and 3). When blood pressure crosses below the lower limit

of autoregulation, cerebral arteries and arterioles may continue to dilate, but to a degree that

is insufficient to maintain steady CBF. Likewise, when blood pressure exceeds the upper

limit of autoregulation, additional cerebrovascular constriction may occur but be inadequate

to maintain constant CBF. With extreme increases in arterial pressure, passive dilation of

arteries can transmit pulsatile pressure to the cerebral microcirculation.

Consequently, there is an optimal CPP in the middle of the autoregulatory curve at which

the percent change in arterial diameter in response to perturbations in CPP is maximal. At

this optimal CPP, autoregulatory function is most robust. With deviation of CPP from this

optimal point of pressure reactivity, CBF becomes increasingly pressure-passive in a graded

fashion. At the extremes, vasoreactivity fails (8) and CBF becomes completely pressure-

passive. To maximize the vasoreactive reserve of this homeostatic defense mechanism

against decreases or increases in CPP, anesthesiologists could consider maintaining a

patient's CPP near the optimal point for maximal vascular reactivity and most robust

autoregulation (Figure 1B). In this article, maintenance of blood pressure within the range
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that provides the most robust autoregulation (maximal vasoreactivity) will be referred to as

“optimizing autoregulation.”

The concept of “impaired autoregulation” commonly refers to shifts in the blood pressure

limits of autoregulation or complete pressure-passivity in CBF at all blood pressures. For

instance, intracranial hypertension can shift the lower limit of autoregulation to a higher

blood pressure (2). Alternatively, the limits of autoregulation may remain stable but the

child's blood pressure may fall to below the lower limit of autoregulation; stability in CBF

could be restored by raising the blood pressure to exceed the lower limit. Identifying an

individual child's lower limit of autoregulation and the blood pressure range at which

autoregulation is optimized would clarify neuroprotective hemodynamic goals, even if the

autoregulation curve shifts after brain injury.

Children at Risk of Permanent Neurologic Injuries

Because the blood pressure limits of autoregulation are unknown in infants and children, all

pediatric patients could arguably be considered at risk of CBF dysregulation during

anesthesia. Numerous conditions can disrupt autoregulation, including prematurity, brain

trauma, hypoxic brain injuries, intracranial hemorrhages, vascular anomalies, congenital

cardiac lesions, and cerebral inflammation. Preterm neonates regulate CBF across specific

ranges of MAP (9,10). The risk of dysfunctional autoregulation in preterm neonates

increases with illness severity (11), and the risk of intraventricular hemorrhage may be

higher in those with longer periods of pressure-passive CBF (12).

Traumatic brain injury (TBI) is another situation in which the anesthesiologist should be

cognizant of possible CBF dysregulation. Children with TBI may present emergently to the

operating room for evacuation of an intracranial hematoma, decompressive craniectomy, or

placement of an ICP monitor. These children are at high risk of pressure-passive CBF and

stroke. The anesthesiologist must be attuned to the potential for intracranial hypertension

because MAP below or within the expected limits of an uninjured child could result in a

CPP that is too low if the ICP is elevated. Furthermore, elevations in ICP can independently

shift the lower limit of autoregulation to a higher blood pressure (2), causing a rightward

shift in the autoregulation curve for an equivalent CPP (Figure 1C). The combination of low

CPP and an elevated lower limit of autoregulation exposes these children to significant risk

of cerebral ischemia and stroke. When ICP monitoring is not feasible, the anesthesiologist

should consider empirically raising the goal MAP to maintain CPP.

Whether it is optimal to raise the CPP by increasing MAP, decreasing ICP, or both, depends

on the clinical scenario. Hypotension from hemorrhage warrants volume expansion.

Vasodilation from anesthesia might be best treated with vasopressors. Acute intracranial

hypertensive crises may respond to hyperventilation, hyperosmolar therapy, and sedatives.

In swine models, raising blood pressure with norepinephrine or phenylephrine during

intravenous anesthesia with fentanyl and midazolam produced stable CBF. But the same

vasopressor doses during isoflurane anesthesia produced pressure-passive CBF as

autoregulation failed during progressive hypertension (13). Furthermore, the effects of

vasopressors on autoregulation may vary by gender after brain trauma (14,15). Additional
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research is needed to define optimal methods of modulating CPP to support autoregulation

after TBI.

Children with mild or moderate TBI present unique challenges. ICP is generally not

monitored in this population, so CPP cannot be calculated. A study of children without ICP

monitors who had moderate to severe TBI and required extracranial surgery within 72 hours

of injury showed no association between systemic hypotension and postoperative neurologic

complications. Systemic hypotension was defined as systolic blood pressure <70+2×age or

90 mmHg, and surgeries included orthopedic, abdominal, and thoracic procedures.

However, the authors did not measure CBF or oxygenation and therefore may not have

detected transient perturbations in these parameters. As expected, CPP < 40 mmHg was

associated with postoperative intracranial hypertension in children with ICP monitors (16).

It is reasonable to infer that intraoperative hypotension may be more detrimental to children

with suspected intracranial hypertension than to neurologically normal children. However,

additional studies are needed to verify this supposition. We recommend a conservative

approach to these patients. If the patient may have mild or moderate TBI based on the

mechanism of injury or loss of consciousness, but a computed tomography scan of the head

and preoperative neurologic exam are normal, we recommend maintaining MAP near or ~10

mmHg above that measured at baseline with the patient awake. If a reliable preoperative

blood pressure cannot be obtained, we suggest using the patient's age-based blood pressure

norms (1) for baseline. The primary goal is to maintain adequate CPP and avoid decreases in

blood pressure in case the child has undetected intracranial hypertension. Total intravenous

anesthesia may be considered, as some evidence indicates that intravenous anesthetics

maintain CBF autoregulation better than do volatile agents (13,17,18). The patient should be

extubated as soon as possible postoperatively for serial neurologic exams. If the child

exhibits preoperative neurologic changes, waxing and waning neurologic status, or

hemodynamic signs of intracranial hypertension, and if time permits, we recommend

obtaining a preoperative neurosurgical consult to document whether ICP monitoring is

indicated.

Infants and children with hypoxic brain injuries constitute another population at high risk of

disturbed autoregulation. Approximately 16,000 American children suffer a cardiac arrest

each year (19), and neonatal hypoxic-ischemic encephalopathy from asphyxic birth injury

affects approximately 3 in 1000 neonates (20). Cerebral edema and intracranial hypertension

may evolve for days after the initial hypoxic insult. Invasive ICP monitors are typically not

used in these children, leaving the anesthesiologist blind to the degree of ICP elevation.

Although most research on intracranial hypertension has focused on TBI, it is known that

infants with open fontanelles or sutures can experience elevated ICP (21-23). Therapeutic

hypothermia may acutely decrease the lower limit of autoregulation and temporarily

preserve CBF pressure-reactivity by expanding the autoregulatory plateau after hypoxia

(24), although it is unclear if this effect is sustained beyond the immediate period after

injury. Rewarming, which can increase ICP in severely injured patients (25), could shift the

blood pressure limits of optimal autoregulatory function to higher pressures (26).
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Neuroprotective hemodynamic goals during general anesthesia for children without brain

injuries are poorly defined. Research on the short- and long-term neurocognitive effects of

anesthesia must take into account intraoperative blood pressure management. Neonates,

particularly preterm neonates, are at considerable risk of neurologic injury during anesthesia.

This risk is due in part to rapid increases in normal blood pressure levels during the first

week of life and a propensity toward pressure-passive cerebral blood flow with moderate

decreases in blood pressure. The risk is compounded when physicians are challenged to

select the correct blood pressure cuff size and modulate blood pressure with little evidence

on whether fluid-based or pharmacologic interventions should be used (27). One study in

healthy infants <6 months old who received sevoflurane with a caudal block suggested that

the lower limit of autoregulation occurred at a MAP of 38 mmHg or when blood pressure

was >20% from the preoperative baseline (28). Since little evidence is available to support

or refute specific blood pressure guidelines during pediatric anesthesia, we recommend

targeting the child's preoperative baseline blood pressure if it was obtained without distress

and with an appropriately sized cuff. If a reliable baseline cannot be obtained, we suggest

following age-based guidelines in healthy children (1). For instance, the 50th percentile for

MAP in children at the 50th percentile for height is approximately 55 mmHg at 1 year of age

and 67 mmHg at 5 years (1). The degree and duration of relative hypotension that can safely

be tolerated remains unclear.

Optimizing Autoregulation

Given the effects of interactions between age (28), ICP (2), anesthesia (18,29), vasopressors

(13), carbon dioxide (30,31), gender (14,15), temperature (24), inflammation (32,33), and

brain injury on cerebral autoregulation, it is impossible to select uniform and safe blood

pressure goals for all children undergoing anesthesia. Some of these factors change minute

by minute, whereas others probably alter the autoregulation curve over hours to days.

Techniques that can identify the lower limit of autoregulation and the MAP range with most

robust autoregulation could enable anesthesiologists to individualize and target

neuroprotective hemodynamic goals.

CBF can be monitored with advanced imaging techniques such as MRI (34-36) or single

photon emission computed tomography (SPECT (37). However, these imaging modalities

cannot be used at the patient's bedside. Traditional autoregulation metrics for continuous

monitoring use invasive intracranial monitors, including partial pressure oxygen

measurements from the brain parenchyma (PbO2) (38) and ICP (39,40). Trends in the PbO2

are assumed to be proportional to changes in CBF during situations of constant oxygen

supply and demand. One can determine autoregulatory function by using ICP as a surrogate

measure of cerebral blood volume to assess vasoreactive responses to changes in CPP (41).

Laser Doppler flowmetry (42) and jugular venous bulb saturation measurements (43) have

also been used in experimental settings to measure intraoperative CBF during neurosurgical

procedures. In routine clinical situations, intracranial monitoring is primarily reserved for

severe TBI. This practice leaves a large population of high-risk children unmonitored,

including those with mild or moderate TBI, hypoxic brain injuries, congenital cardiac

lesions, meningitis, or intracranial vascular malformations.
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Noninvasive, direct, or surrogate measures of CBF that are most commonly used during

anesthesia include transcranial Doppler (TCD) (18,28,29,44) and cerebral near-infrared

spectroscopy (NIRS) (45,46). Neither modality measures deep regions of the brain. TCD

measures CBF velocity within a specific vessel. One can ascertain autoregulatory function

by determining whether CBF velocity remains relatively constant or fluctuates passively

with changes in blood pressure (28,47). NIRS-based monitors measure oxygenated and

deoxygenated tissue hemoglobin density in the frontal cortex and calculate the tissue

oxyhemoglobin saturation. Dynamic changes in tissue oxyhemoglobin saturation

approximate dynamic changes in cerebral venous and arterial oxyhemoglobin, thereby

estimating changes in the ratio of oxygen consumption to oxygen delivery. Because oxygen

delivery to the brain is the product of CBF and arterial oxygen content, changes in the

NIRS-derived tissue oxyhemoglobin saturation reflect changes in CBF when hemoglobin

concentration, arterial oxygen tension, and cerebral oxygen consumption are constant. Under

conditions of constant oxygen supply and demand, changes in the oxygenated hemoglobin

density reflect changes in CBF when blood pressure decreases to below the lower limit of

autoregulation (5).

Autoregulation and vasoreactivity can be monitored at the bedside by correlating measures

of CBF or cerebral blood volume to spontaneous changes in blood pressure. This technique

requires continuous arterial blood pressure monitoring, such as with an arterial catheter, but

can be applied in real time during anesthesia and perioperatively. The overall goal is to

identify an individual child's lower limit of autoregulation and the blood pressure range with

optimal autoregulatory function. An individual child's blood pressure autoregulation curve

can essentially be reconstructed at the bedside.

Autoregulation indices can be generated by correlating CBF to blood pressure. When CPP

(or MAP if ICP monitoring is not available) is on the autoregulatory plateau, CBF remains

relatively constant across changes in blood pressure because autoregulation is functional. In

this scenario, surrogate or direct measures of CBF—PbO2 (38), CBF velocity from TCD

(48), or oxygenated hemoglobin density from NIRS (45,49,50)—do not correlate or

negatively correlate with blood pressure. The result is a near-zero or negative autoregulation

index, which indicates intact autoregulation. In some individuals, a transient phenomenon of

“supra-autoregulation” can be observed when the cerebral resistance vessels have robust

vasoreactive responses to changes in perfusion pressure (7). In these situations, CBF

exhibits a slight inverse relationship with MAP and generates a negative index. When blood

pressure is below the lower limit of autoregulation and autoregulation becomes impaired,

CBF correlates positively with blood pressure, yielding a positive autoregulation index

(Figure 4).

Vasoreactivity, the mechanism that mediates CBF autoregulation, can be measured by

changes in cerebral blood volume. As the cerebral vasculature responds to fluctuations in

blood pressure through vasodilation and vasoconstriction, the cerebral blood volume and

ICP change. Slow wave changes in ICP are related to changes in cerebral blood volume

from autoregulatory vasodilation and vasoconstriction (41). Changes in cerebral blood

volume from vasoreactivity are proportional to changes in total tissue hemoglobin density

measured by NIRS.
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Autoregulatory vasoreactivity can be measured with ICP (51) or NIRS (41). When

vasoreactivity is functional (and autoregulation is intact), changes in blood volume do not

correlate or negatively correlate with changes in blood pressure. Consequently, the

autoregulation vasoreactivity index will be near-zero or negative. Impaired vasoreactivity

(with impaired autoregulation) is indicated by a direct correlation between blood volume

and blood pressure, which produces a positive index (Figure 5A-D).

These techniques pinpoint the blood pressure at which the autoregulation index is most

negative (26,45), enabling clinicians to identify the blood pressure range over which an

individual child's autoregulatory function is optimized (52) (Figure 5E). A child's lower

limit of autoregulation can also be identified as the blood pressure at which a positive index

exceeds a defined threshold (50) (Figure 6). The limits of autoregulation measured by

indices derived from NIRS, TCD, and ICP have good correlation (49,53,54).

Nevertheless, these techniques have been criticized for their reliance on spontaneous

fluctuations in blood pressure to stimulate vasoreactivity. Sporadic fluctuations in blood

pressure or changes in blood pressure that are incongruent with changes in CBF and blood

volume introduce imprecision into the measurements. Therefore, some investigators prefer

to intentionally alter blood pressure in a step-wise fashion to obtain CBF measurements

during transient changes in CPP (55-57). The disadvantage of this method is that the blood

pressure range with optimal autoregulation cannot be identified through continuous

monitoring over a prolonged period.

Functional Autoregulation and Improved Outcomes

Observational studies suggest that better autoregulation is associated with improved

neurologic outcomes. The risk of death after pediatric TBI increases as autoregulatory

vasoreactivity worsens (51). Additionally, Vavilala et al. (58) reported that children with

TBI and functional autoregulation had better 6-month outcomes than did children with TBI

and disturbed autoregulation. In a pilot study of neonates with hypoxic-ischemic

encephalopathy who received therapeutic hypothermia, neonates who spent more time at

blood pressures with poorer autoregulatory function during rewarming were more likely to

have moderate to severe brain injuries on MRI than were neonates whose blood pressure

remained within the range of optimized autoregulation (26).

An association between functional blood pressure autoregulation and improved neurologic

outcomes has also been observed in adults with subarachnoid hemorrhage (59). In a study of

299 adults with TBI, Aries et al. (40) found that blood pressures below the range with

optimized autoregulation were associated with increased mortality and that blood pressures

above the range with optimized autoregulation were associated increased risk of severe

disability. Others have reported that during cardiopulmonary bypass in adults, greater blood

pressure deviation below the lower limit of autoregulation is associated with stroke and renal

injury (60,61). Whether maintaining blood pressure within the range that optimizes

autoregulatory function improves neurologic outcomes cannot be determined in these

observational studies. Nonetheless, there is a clear association between blood pressure

autoregulation and neurologic outcomes in brain-injured patients.
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Autoregulation monitoring could eventually enable anesthesiologists to tailor hemodynamic

management to individual patients as clinical situations evolve. However, it remains to be

determined whether manipulating a child's blood pressure to keep it above the identified

lower limit of autoregulation and/or within the range of optimized autoregulation improves

neurologic outcomes. While it is tempting to consider monitoring autoregulation on an

individual basis for children with mild or moderate brain injuries, these techniques remain

investigative and not within standard clinical care. Multicenter and interventional studies are

needed to explore the relationship between the lower limit of autoregulation, the blood

pressure range with optimal autoregulation, and neurologic outcomes in children.

Conclusions

The blood pressure limits of autoregulation are poorly defined in infants and children, and as

clinical conditions change with evolving brain injuries, the limits of the autoregulation curve

may shift. Monitoring techniques that identify the hemodynamic range that optimizes

autoregulatory function would enable anesthesiologists to individualize blood pressure

management in children at risk of permanent neurologic injuries.
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Figure 1.
The cerebrovascular autoregulation curve. (A) When cerebral perfusion pressure is on the

autoregulatory plateau, which is between the lower limit of autoregulation (LLA) and upper

limit of autoregulation (ULA), cerebral blood flow (CBF) is held relatively constant across

changes in blood pressure through vasoreactivity. Autoregulation is functional and CBF is

“pressure-reactive.” When blood pressure decreases to below the LLA or increases to above

the ULA, pressure-vasoreactivity fails and CBF becomes “pressure-passive.” (B) The lower

limit of autoregulation is circled. The square highlights the optimal cerebral perfusion

pressure at which vasoactive responses to changes in cerebral perfusion pressure are

maximal and autoregulation is most robust. Conceptually, when blood pressure is within this

square, autoregulatory function is optimized. (C) After brain injury, the LLA may shift to a

higher blood pressure (rightward shift), the ULA may shift to a lower blood pressure, and

the autoregulatory plateau may become narrowed (62).
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Figure 2.
Examples of individual cerebral blood flow (CBF) autoregulation curves. CBF was

measured with laser Doppler flowmetry (LDF) in 8 piglets as hypotension was slowly

induced. LDF measurements were averaged in 5 mmHg bins of cerebral perfusion pressure

(CPP), and the calculated lower limit of autoregulation (LLA) is demarcated with a dotted

line. Variation among individual animals is observed in the LDF responses to hypotension.

The left column illustrates piglets with relatively horizontal autoregulatory plateaus. The

right column illustrates piglets that did not have horizontal LDF curves when CPP exceeded
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the LLA. Piglets in panels C, F, G, and H display smooth inflections in CBF that are often

observed when blood pressure crosses below the lower limit of autoregulation. Reproduced

with permission from: Larson AC, Jamrogowicz JL, Kulilkowicz E, Wang B, Yang ZJ,

Shaffner DH, Koehler RC, Lee JK. Cerebrovascular autoregulation after rewarming from

hypothermia in a neonatal swine model of asphyxic brain injury. J Appl Phyiol 2013;

115(10):1433-42.

Williams and Lee Page 15

Paediatr Anaesth. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
Data from the 8 piglets in figure 2 were combined to generate a single cerebral blood flow

(CBF) autoregulation curve. Each piglet's lower limit of autoregulation (LLA; dotted line) is

centered to zero on the x-axis to permit comparison of each LLA relative to the cerebral

perfusion pressure (CPP). When CBF data from multiple individuals are pooled together, the

autoregulatory plateau appears horizontal, and a cut-point in CBF is obseved at the LLA.

Data are displayed as means with standard deviations. LDF, laser Doppler flowmetry.
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Figure 4.
Monitoring autoregulation with near-infrared spectroscopy (NIRS) in a preterm neonate.

Slow, spontaneous waves in the mean arterial blood pressure (ABP) and NIRS-derived

cerebral oximetry (SCTO2) were correlated to generate an index of autoregulation: the

cerebral oximetry index (COx). Examples of functional and impaired autoregulation in the

same neonate are shown. Raw signals of ABP and SCTO2 were collected at the bedside (top

four strips). Low-pass filters removed the fast pulse and respiratory frequency waveforms.

COx was generated by a correlation coefficient between ABP and SCTO2. As shown on the

left (intact autoregulation), a negative COx indicates functional autoregulation. On the right

(impaired autoregulation), a positive COx indicates dysfunctional autoregulation.

Reproduced with permission from Macmillan Publishers Ltd: Gilmore MM, Stone BS,

Shepard JA, Czosnyka M, Easley RB, Brady KM. Relationship between cerebrovascular

dysautoregulation and arterial blood pressure in the premature infant. J Perintol.

2011;31(11):722-729.
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Figure 5.
Monitoring autoregulatory vasoreactivity in an 11-year-old girl with moyamoya

vasculopathy during anesthesia for pial synangiosis and postoperatively with near-infrared

spectroscopy (NIRS). (A, B) When mean arterial blood pressure (MAP) was approximately

60–90 mmHg intraoperatively, MAP and cerebral blood volume (CBV, or the relative total

hemoglobin [rTHb] measured by NIRS) were positively correlated. This positive correlation

yielded a positive autoregulation index (hemoglobin volume index, HVx) value of 0.46,

indicating pressure-passive vascular reactivity with impaired autoregulation. (C, D) In the

same patient, when MAP was ≥90 mmHg in the postoperative period, MAP and CBV were

negatively correlated. This negative correlation resulted in an HVx value of −0.26,

indicating pressure-reactive vascular reactivity with functional autoregulation. (E) HVx

monitoring for 8 h during and after surgery is shown. Mean values of HVx were sorted into

5-mmHg bins of MAP. HVx became higher when MAP was <90 mmHg, indicating that

autoregulation was more impaired at lower blood pressures. When MAP was ≥90 mmHg,

HVx decreased with improving autoregulation. Autoregulatory function was optimal at a

MAP of 95 mmHg, as indicated by the most negative HVx value. Data in panels B and D

are shown with linear regression lines and 95% confidence intervals. Data in panel E are
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shown as means ± SD. Reproduced with permission from: Lee JK, Williams M, Jennings JM,

Jamrogowicz JL, Larson AC, Jordan LC, Heitmiller ES, Hogue CW, Ahn ES.

Cerebrovascular autoregulation in pediatric moyamoya disease. Paediatr Anaesth

2013;23(6):547-556.
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Figure 6.
The lower limit of autoregulation (LLA) can be detected during cardiopulmonary bypass in

some children. The cerebral oximetry index (COx) was calculated with a correlation

coefficient between mean arterial blood pressure (ABP) and regional tissue oxyhemoglobin

density from cerebral near-infrared spectroscopy. For each child, the average COx is plotted

versus ABP. COx ≥0.4 (horizontal dashed line) was defined as the LLA threshold in this

study. Children in examples A-D had an identified LLA. (A) Sixday-old neonate with

interrupted aortic arch (LLA at 20 mmHg). (B) Seven-month-old infant with ventricular

septal defect (LLA at 40 mmHg). (C) Two-year-old child with ventricular septal defect

(LLA at 50 mmHg). (D) Seven-year-old child with anomalous right coronary artery (LLA at

45 mmHg). Children in examples E and F did not demonstrate an LLA. (E) Four-month-old
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infant with truncus arteriosus. The LLA could not be determined because COx was

inconsistently >0.4. (F) Fourteen-year-old adolescent with cardiomyopathy. The LLA could

not be determined because COx was consistently <0.4. Reproduced with permission from:

Brady KM, Mytar JO, Lee JK, Cameron DE, Vricella LA, Thompson WR, Hogue CW,

Easley RB. Monitoring cerebral blood flow pressure autoregulation in pediatric patients

during cardiac surgery. Stroke 2010;41(9):1957-1962.
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