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Since the mid-1980s in the United States, patient
safety in anesthesiology has improved and malprac-
tice premiums have been reduced by mandating contin-
uous monitoring of basic physiology in all patients who
receive anesthesia care."? These American Society of
Anesthesiologists standards require monitoring of heart
rate, oxygen delivery, end-tidal carbon dioxide, and body
temperature. Such monitoring standards are in keeping
with the American Society of Anesthesiologists motto of
“vigilance.” For the most part, vigilance has focused on
paying careful attention to the physiology as displayed
on standard monitors in the operating room. However,
vigilance has been enhanced by use of the train-of-four
monitor to track the level of muscle relaxation, pres-
sure-volume displays to monitor the respiratory system,
ultrasonography to assess and monitor cardiac function,
and electroencephalogram-based indices to track level of
unconsciousness.”

Interpretation of certain neurologic signs and symptoms
antedates the use of electroencephalogram-derived indi-
ces in anesthesiology to assess a patient’s anesthetic state.
The most commonly used signs and symptoms are move-
ments—in the absence of muscle relaxation—including
the eyelash reflex, gaze, pupil size, and pupillary response
to light. Guedel formalized the use of these eye signs and
respiratory patterns to characterize the anesthetic state for
ether, and ether used in combination with opioids.* Today,
there is still sole use of ether-derived anesthetics, with

ABSTRACT

Anesthetics have profound effects on the brain and central nervous system.
Vital signs, along with the electroencephalogram and electroencephalo-
gram-based indices, are commonly used to assess the brain states of patients
receiving general anesthesia and sedation. Important information about the
patient’s arousal state during general anesthesia can also be obtained through
use of the neurologic examination. This article reviews the main components
of the neurologic examination focusing primarily on the brainstem examina-
tion. It details the components of the brainstem examination that are most
relevant for patient management during induction, maintenance, and emer-

gence from general anesthesia. The examination is easy to apply and provides ;O’
important complementary information about the patient’s arousal level that §

cannot be discerned from vital signs and electroencephalogram measures.
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or without opioids, in spontanecously breathing patients.
However, balanced anesthetic techniques that use combi-
nations of anesthetic drugs are far more common. Although
Guedel’s system no longer applies to anesthetic states cre-
ated by modern techniques, anesthesiologists continue refer
to the excitatory states seen at times on emergence or on
induction as Guedel’s stage two.’

Patients receiving general anesthesia are placed into and
brought out of a pharmacologically induced coma.®” This
suggests that the parts of the neurologic examination that
are commonly used by neurologists to assess level of arousal
and integrity of brainstem and corticothalamic function
in patients in coma, vegetative states, and minimally con-
scious states should be used to evaluate arousal levels in
patients who receive general anesthesia or sedation. Use of
the neurologic examination in anesthesia care would place
assessments of level of unconsciousness within the same
framework used by neurologists to track coma recovery.
This article reviews the neuroanatomy and neurophysiol-
ogy of selected components of the neurologic examination,
and the principal findings from the examination in patients
receiving general anesthesia or sedation. Because distinct
parts of the brain and central nervous system are affected
for different amounts of time during the administration of
general anesthesia, the findings from the neurologic exam-
ination change with changes in the patient’s anesthetic state.
The components of the examination that are most relevant
for given periods of general anesthesia are discussed, where
the periods are divided into induction, maintenance, and
emergence.
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Induction

Physiologic Signs of Loss of Consciousness

Induction of general anesthesia is accomplished typically
through administration of a hypnotic drug such as propofol,
a barbiturate, or etomidate, given as an intravenous bolus
over 5 to 10s. During this time, several physiologic changes
are commonly observed as the patient becomes uncon-
scious within 10 to 30s. When asked to count backwards
from 100, the patient typically loses consciousness between
80 to 90, i.e. stops counting. The anesthesiologist can also
monitor the transition to unconsciousness by using a task
called smooth pursuit, whereby the patient is instructed
to track with his or her eyes the course of the anesthesi-
ologist’s finger through space along a horizontal line.® As
the patient’s level of consciousness declines during smooth
pursuit, the lateral excursions of the eyes decrease, blinking
increases, and nystagmus may appear. The eyes eventually
fix in the midline as the lids close. Almost simultaneously,
the patient becomes unresponsive, atonic, apneic, and the
oculocephalic (or more precisely vestibular-oculocephalic)
(fig. 1A) and corneal (fig. 1B) reflexes are lost. The pupillary
response (fig. 1C) to light may be absent or present. At this
point, unresponsiveness is interpreted as unconsciousness. It
must be acknowledged that a patient could be in a state of
cognitive motor dissociation.® That is, conscious but unable
to respond. Detecting this state would require imaging
techniques and behavioral assessments not commonly used
in clinical practice.’

To evaluate the oculocephalic reflex, the patient’s head
is turned from right to left. The reflex is present if the eyes
move opposite the direction of the head motion. In an alert,
unanesthetized patient with no neurologic deficits, this
reflex is not present because voluntary eye movements can
hide the reflex. After administration of the induction agent,
the eyes fix in the midline and the reflex is lost.'’ Therefore,
it is important to note that the absence of the oculoce-
phalic reflex in the anesthetized patient suggests brainstem
dysfunction whereas the absence of this reflex in a neuro-
logically intact awake patient is normal. Horizontal rotation
of the head activates the vestibular system, which projects
through the eighth cranial nerve to the vestibular nucleus
in the pons (fig. 1A). Projections from the vestibular nucleus
synapse directly on the lateral rectus muscles of the eyes,
the abducens (sixth cranial nerve) nucleus, the oculomotor
(third cranial nerve) nucleus, and the trochlear (fourth cra-
nial nerve) nucleus. The motor nucleus of the sixth cranial
nerve is located in the upper pons whereas the motor nuclei
of the third and fourth cranial nerves are located in the
midbrain. Thus, failure to elicit an oculocephalic response
reflects dysfunction at least along this expanse of brainstem.

Anesthesiologists” use of the eyelash reflex is an approx-
imation to the more precise corneal reflex (fig. 1B). The
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corneal reflex is evaluated by using either a wisp of cotton
or a drop of sterile water to touch the cornea. Using ster-
ile water is the preferred method because it is less likely
to result in a corneal abrasion. If the eyes blink consen-
sually, the reflex is intact. If only one eye blinks, the reflex
is impaired, and if neither eye blinks, the reflex is absent.
The ophthalmic branch of the fifth cranial nerve carries the
afferent signal of the corneal reflex to the sensory nucleus
of the fifth cranial nerve. The efferent component of the
reflex emanates from the motor nucleus of the seventh cra-
nial nerve. Both of these nuclei are located in the pons.

Absence of the oculocephalic reflex soon after anesthetic
administration indicates that the anesthetic has affected
the motor nuclei that control eye movements. Likewise,
absence of the corneal reflex after anesthetic administration
indicates that the anesthetic has affected the sensory and/or
the motor nuclei of the eyes and face. The patient loses
consciousness, and the oculocephalic and corneal reflexes
at approximately the same time. The nuclei for the third,
fourth, and sixth cranial nerves, which control the oculoce-
phalic reflex, and the nuclei of the fifth and seventh cranial
nerves, which control the corneal reflex, are adjacent to the
brain’s arousal centers in the midbrain, pons, and hypothal-
amus (fig. 2)." Because the cranial nerve nuclei that govern
these reflexes are located close to the arousal centers, it can
be inferred that loss of consciousness is partially due to the
anesthetic effects on the arousal centers.®'" This statement
is consistent with the neurophysiology of the brainstem
and hypothalamic circuits and the pharmacology of the
hypnotic agents.

Most commonly used hypnotic agents—propofol, eto-
midate, and the barbiturates—enhance Yy-aminobutyric
acid—mediated (GABAergic) inhibition.*” The preoptic
area of the hypothalamus sends GABAergic projections to
nearly all of the arousal centers.” These anesthetics also act
at GABAergic synapses in the ventral and dorsal respiratory
groups of the pons and medulla, causing the apnea that
commonly accompanies induction.'” The circuits of the
oculocephalic and corneal reflexes are also under inhibi-
tory control by GABAergic interneurons.” Simultaneous
action of the hypnotic agents at these GABAergic synapses
explains why the changes in arousal level and apnea occur
concomitantly with the loss of these brainstem reflexes.

The atonia observed on induction can be attributed to
actions of the anesthetic at multiple GABAergic sites in the
motor pathways running from primary motor cortex to
through the brainstem to the spinal cord. However, sites of
likely brainstem action are the reticular nuclei of the pons
and midbrain; lesions in these nuclei, as occur with pon-
tine strokes, are associated with cataplexy'*"® and flaccid
paralysis. '

The brainstem’s neuronal and vascular anatomy suggest
a simple explanation as to how on induction of general
anesthesia, the component of loss of consciousness due to
brainstem inactivation occurs concomitantly with loss of’
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Fig. 1. Neural circuit mechanisms for brainstem reflexes. (4) Oculocephalic reflex. Manual head turn elicits eye movements that counter the
head movement. For example, during a right head turn, activity in the right semicircular canal excites the right vestibulocochlear nerve (cra-
nial nerve VIII) that innervates the ipsilateral vestibular nucleus. Excitatory projections decussate and synapse on the contralateral abducens
nucleus, which has two outputs. The abducens nerve (cranial nerve Vl) propagates the excitatory signal causing the left (contralateral) lateral
rectus muscle to contract. In addition, an excitatory projection crosses the midline and ascends through the medial longitudinal fasciculus
(MLF) to the oculomotor nucleus within the reticular formation (RF). From there, excitatory projections of the oculomotor nerve (cranial nerve
lll) cause the medial rectus of the right (ipsilateral) eye to contract. Inhibitory projections beginning from the left semicircular canal follow the
same pathway, causing the right (contralateral) medial rectus muscle and the left (ipsilateral) lateral rectus muscle to relax. (B) Corneal reflex.
The physical stimulus applied to the cornea is sensed by the sensory trigeminal nerve (cranial nerve V) that projects to the spinal root and
nucleus of cranial nerve V. From there, the efferent signal is carried to the motor nuclei of the facial nerves (cranial nerve VII) that synapse
onto the orbicularis oculi of the left and right eyes, causing bilateral blink. () Pupillary light reflex. Light enters the eye and travels through
the optic nerve (cranial nerve Il) to the pontine olivary and sublentiform nuclei. Interneurons project to the Edinger—Westphal nucleus, and
from there, the oculomotor nerve (cranial nerve Ill) propagates the signal to the ciliary ganglion. Ciliary nerves synapse on the choroid, iris
and ciliary body, causing the iris to constrict.

20z IMdy 60 U0 3s8nb Aq Jpd'5Z000-0 00£06 L 0Z/E66S8E/ZIY/E/0E L/4Ppd-8l0E/ABO|OISBYISBUER/WOD IBYDIBA|IS ZESE//:dJY WOI) papeojumo]

the oculocephalic and corneal reflexes, atonia and apnea.
After the hypnotic agent is administered intravenously, it
rapidly reaches all parts of the brain. In particular, the agent
travels through the two vertebral arteries, which fuse to
form the basilar artery, the principal blood supply to the
brainstem.!" Many penetrating arteries arise from the basi-
lar artery, travel to the brainstem nuclei carrying the induc-
tion agent where it induces the observed physiologic and
behavioral changes.

464 Anesthesiology 2019; 130:462-71

Electroencephalogram Markers of Loss of
Consciousness

Electroencephalogram-derived indices are often used to
monitor changes in level of consciousness during induc-
tion of general anesthesia. As an induction agent takes
effect, the electroencephalogram indices typically change
from the high values that are associated with wakefulness,
to lower values indicative of sedation or unconsciousness.

Reshef et al.
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Fig. 2. Anatomy of the brainstem arousal and cranial nerve nuclei. (4) Sagittal and (B) coronal sections of brainstem showing the rela-
tionship between the arousal centers and the cranial nerve nuclei. The close proximity between the arousal centers and cranial nerve
nuclei is why loss of and recovery of function in the brainstem examination (cranial nerve examination) may be used to infer changes in
arousal state. Color legend: brown indicates hypothalamus; dark blue, monoaminergic arousal centers; green, cholinergic arousal centers;
light blue, respiratory centers; purple, reticular formation; red, motor relay nuclei; yellow, cranial nerve nuclei. Il optic nerve nucleus; Il
oculomotor nucleus and Edinger-Westphal nucleus; IV, trochlear nucleus; V, principal sensory trigeminal nucleus; VI, abducens nucleus; VI
m, facial motor nucleus; VII s, superior salivatory nucleus; VIl ¢, cochlear nucleus; VIl v, vestibular nucleus; IX s, inferior salivatory nucleus;
X, dorsal motor nucleus of vagus; DR, dorsal raphe nucleus; DRG, dorsal respiratory group; LC, locus ceruleus; LDT, laterodorsal tegmental
group; MRN, medullary reticular nucleus; NA, nucleus ambiguus; POA, preoptic area of the hypothalamus; PPT, pedunculopontine tegmen-
tum; PRN, pontine reticular nucleus; RF, reticular formation; TMN, tuberomanmilary nucleus; VPAG, ventral periaqueductal gray; vTA, ventral

tegmental area; VRG, ventral respiratory group.

As the patient becomes sedated, the unprocessed electro-
encephalogram shows beta oscillations (13 to 25 Hz). The
beta oscillations are believed to represent primarily the
effects of the induction agent on GABAergic circuits in
the cortex.'® With unconsciousness, the unprocessed elec-
troencephalogram shows profound slow (0.1 to 1 Hz) and
delta (1 to 4 Hz) oscillations. The neurophysiology of these
slow-delta oscillations is consistent with the anesthetics
acting in the brainstem, thalamus, and cortex to decrease
excitatory activity in the cortex, and hyperpolarizing tha-
lamic and cortical circuits.''® The slow-delta oscillations
may precede or appear at the same time as alpha (8 to 12
Hz) oscillations. Because the alpha oscillations most likely
represent hypersynchronous activity between the thala-

mus and frontal cortex,!®"

the simultaneous appearance of
the slow-delta and alpha oscillations indicates that propo-
fol is acting simultaneously in the brainstem, thalamus, and

cortex to induce loss of consciousness. The slow-delta and

alpha oscillations may also evolve into burst suppression,
which is a more profound state of brain inactivity charac-
terized by periods of slow-delta and alpha oscillations or
bursts, interspersed with isoelectric, flat electroencepha-
Rapid appearance
of burst suppression on induction, is common in elderly
patients.'®

Table 1 summarizes the principal neurologic examina-

logram periods termed suppressions.'®

tion and electroencephalogram findings observed at loss of
consciousness during a propofol induction.

Maintenance

During maintenance of general anesthesia, a combination
of physiologic signs, established anesthetic pharmacol-
ogy and practice habits are used to track the anesthetic
state. This section reviews the neurophysiology and
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Table 1. Summary of Findings at Loss of Consciousness

during Propofol Induction

Neurologic Examination
Findings

Electroencephalogram
Findings

« Patient stops backward count and
becomes unresponsive to voice
commands

« Loss of oculocephalic reflex

« Loss of the corneal reflexes

« Apnea

« Decrease/loss of muscled tone

« With sedation, appearance of beta
oscillations (13-25 Hz)

« With loss of conscious, appearance
of slow-delta oscillations (0.1-4 Hz);
slow-delta oscillations with alpha
oscillations (8—12 Hz); burst
suppression

neuroanatomy of these paradigms and suggests some fur-
ther clinical correlations.

Physiologic Responses and the Nociceptive Medullary
Autonomic Pathway

Tracking increases in blood pressure, increases in heart
rate, and movement remain the most frequently used
methods to monitor changes in anesthetic state during

320 If there 1s an inade-

maintenance of general anesthesia.
quate level of general anesthesia (level of antinociception
and unconsciousness) for a given level of surgical stim-
ulation, the patient’s heart rate and blood pressure can
rise rapidly. The nociceptive medullary autonomic cir-
cuit—consisting of the spinoreticular tract, the nucleus of
the tractus solitarius in the medulla, and the sympathetic
and parasympathetic efferents from the medulla—can
explain these physiologic changes that arise in response

to a nociceptive stimulus such as surgery (fig. 3).%*
Similarly, neurologists often assess level of arousal in brain
injury patients by applying nociceptive stimuli—nail
bed pinches, body pinches, or sternal rubs—to activate
the nociceptive medullary autonomic circuit.'®*** It is
imperative that anesthesiologists understand the nocicep-
tive medullary autonomic circuit because tracking activ-
ity in this pathway is the most common method used in
clinical practice to track patients’ levels of antinocicep-
tion and unconsciousness.

For example, consider the case in which a patient is
under general anesthesia and shows an abrupt increase in
heart rate and blood pressure in response to the surgical
incision. It is reasonable to assume that these changes can
be attributed to inadequate antinociception provided that
there are no respiratory, hemodynamic, or arousal issues.
The anesthesiologist can determine whether this is this case
by quickly checking the patient’s ventilation, oxygen sat-
uration, oxygen delivery, and signs of bleeding to rule out
any cardiopulmonary and/or hematologic derangements,
and electroencephalogram indicators to assess changes in
level of unconsciousness. If there is no change in the elec-
troencephalogram indicator to suggest a decrease in the
level of arousal, then an inadequate level of antinociception
is likely the case, and the anesthesiologist can administer
more analgesic. If there is a decrease in the level of arousal
then, an additional dose of a hypnotic or an increase in the
dose of the inhaled ether may also be required. Similarly,
if movement is associated with the changes in vital signs,
recovering control of nociception may be sufficient pre-
vent further movement; however, muscle relaxation may
also be needed.

AFFERENT PATHWAY EFFERENT PATHWAY
medulla heart
SR 209090909000 | e e R R T
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Fig. 3. Nociceptive medullary autonomic circuit. A-delta and C peripheral afferents carrying somatic nociceptive information from the body
synapse on the dorsal root horn. Free nerve endings from the face synapse at the spinal root and nucleus of the trigeminal nerve (cranial
nerve V). Projection neurons from both the dorsal root horn and the nucleus of cranial nerve V synapse at the nucleus tractus solitarius (NTS)
of the medulla. The sympathetic response is propagated from the nucleus tractus solitarius to the caudal ventral lateral medulla (CVLM) and
the rostral ventral lateral medulla (RVLM). Pre-ganglionic fibers project to post-ganglionic fibers in the sympathetic ganglia that innervate the
heart and peripheral blood vessels. The parasympathetic response to the nociceptive information from the face and body is mediated by the
nucleus ambiguous (NA). The vagus nerve (cranial nerve X) projects from the NA to a post-ganglionic fiber that synapses onto the sinoatrial

node of the heart.
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The afferent branch of the nociceptive medullary auto-
nomic circuit begins with peripheral A-delta and C fibers
that carry nociceptive information to the dorsal horn of the
spinal cord where they synapse on to projection neurons
(fig. 3).* The projection neurons travel in the anterolateral
fasciculus and synapse in several brainstem sites, including
the nucleus of the tractus solitarius in the medulla.**! From
the face, nociceptive information is transmitted through the
trigeminal ganglia and the nucleus of the fifth cranial nerve,
and then, onto the nucleus of the tractus solitarius and
other brainstem sites. The nucleus of the tractus solitarius
mediates the body’s sympathetic output to the blood ves-
sels and the heart via the rostral and caudal portions of the
ventral lateral medulla, which project to the thoracolumbar
sympathetic ganglia. This pathway initiates the sympathetic
response seen after a nociceptive stimulus.® Furthermore,
the parasympathetic outputs from the nucleus of the trac-
tus solitarius project to the nucleus ambiguus and the dor-
sal motor nucleus of the vagus which, in turn, projects
via the vagus nerve to the heart’s sinoatrial node.® Finally,
the nucleus tractus solitarius sends projections to both the
periventricular and the supraoptic nuclei of the hypothal-
amus which release vasopressin.” Hence, the nociceptive
stimulus of making the incision in a patients with an inad-
equate level of antinociception activates the nociceptive
medullary autonomic circuit, causing an increase in the
sympathetic activity and a simultaneous decrease in para-
sympathetic activity that manifest as rapid increases in blood
pressure and in heart rate.

It is logical that anesthesiologists use changes in nocicep-
tive medullary autonomic activity to detect rapidly inade-
quate antinociception because this circuit is a critical part of
the “fight or flight” response.”® The nociceptive medullary
autonomic circuit allows anesthesiologists to detect, almost
immediately, nociceptive stimuli that may trigger stress and/
or arousal responses.

The level of nociceptive medullary autonomic activ-
ity can be used along with electroencephalogram activity
to determine whether a patient receiving an apparently
adequate dose of a hypnotic or an inhaled ether to pro-
duce unconsciousness may still have an inadequate level
of antinociception. This situation would be indicated by
increases in heart rate and blood pressure in the absence of
any changes in electroencephalogram activity or in elec-
troencephalogram-based indices suggestive of increased
arousal. The nociceptive stimulus is therefore sufficient to
activate the nociceptive medullary autonomic pathway,
but not the arousal circuits. This situation, in the setting
of an otherwise stable physiologic condition, would sug-
gest a need to administer analgesics. On the other hand,
if there are increases in blood pressure and heart rate, and
also electroencephalogram activity changes suggestive of
increased arousal, then increasing the dose of the hypnotic
or the inhaled ether along with administering the analgesics
may be required. Given the importance of the nociceptive

Neurologic Examination for Anesthesiologists

medullary autonomic circuit, indices of antinociception
derived from heart rate variability and nerve stimulation are
now appearing in clinical use.”-*

Other markers of inadequate antinociception include
other indicators of increased sympathetic and decreased
parasympathetic activity such as perspiration, pupil dilation,
and tearing, along with return of muscle tone, return of
breathing, and movement.” The latter three markers are
unlikely if a muscle relaxant has also been administered.
Although not widely used in clinical practice, changes in
electrodermal activity has been proposed as another method
of detecting inadequate antinociception.?

Electroencephalogram Markers of Unconsciousness
during Maintenance

During general anesthesia maintained with GABAergic
agents (inhaled ethers, propofol) the electroencephalogram
shows strong alpha and slow-delta oscillations patterns. In
older patients (greater than 55 yr), the frequency range of
the alpha oscillations tends to be lower and more narrow,
and the amplitude tends to be diminished relative to young
adults.”®* In children (6 to 17 yr), the opposite is observed.
The frequency range of the alpha oscillations tends to be
higher and broader, and the amplitude is increased relative
to young adults.'®*! That patients are unconscious when the
alpha and slow-delta oscillations are present in the elec-
troencephalogram has been well documented.'!'*** The
electroencephalogram markers of unconsciousness can be
used to help distinguish between a nociceptive stimulus that
produces just an autonomic response and one that produces
an autonomic and an arousal response.

Emergence

Physiologic Signs of Return of Consciousness

During emergence, the patient’s state of consciousness can
be tracked by using changing physiologic signs. These signs
correlate with the return of specific brainstem functions
(hig. 4).°

By linking these predictable physiologic signs to their
associated brainstem foci, the anesthesiologist can gain an
informed understanding of how the brainstem returns
during emergence from general anesthesia.

Soon after the reversal of muscle relaxation, the patient
regains the ability to breathe unassisted. Most patients typ-
ically begin breathing spontancously once there is a suffi-
cient amount of carbon dioxide in the cerebral circulation,
as indicated by the end-tidal carbon dioxide level. Often the
patient’s respiratory pattern is first irregular and tidal vol-
umes are small. Within a short period of time, the pattern
becomes more regular with larger tidal volumes.® Return
of spontaneous respiration signals return of function of the
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Fig. 4. The clinical observations and neurologic examination findings can be used to assess return of brainstem function on emergence
from general anesthesia. The clinical observations depicted correlate approximately with return of brainstem function and with time of
emergence in a caudal to rostral direction. As patients emerge from general anesthesia, the anesthesiologist should interpret these clinical
observations as indications of return of function in specific brainstem sites. If they are not present, the anesthesiologist can perform the
suggested neurologic examination maneuvers to actively assess brainstem function.

ventral and dorsal respiratory groups situated respectively in
the caudal pons and medulla.'

Swallowing, gagging, salivation, tearing, and grimacing
often return either concomitant with spontaneous breathing,
or a few minutes thereafter (fig. 4). Each of these signs indicates
return of function of specific brainstem centers. Swallowing
and gagging occur because the endotracheal tube becomes a
noxious stimulus as the antinociceptive and hypnotic effects
of the anesthetics recede. These two signs indicate returning
medullary function, particularly in the motor nuclei of ninth
and tenth cranial nerves, as well as the associated sensory
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afferents that carry the nociceptive signals from the trachea,
larynx, and pharynx.* Return of salivation and tearing rep-
resents parasympathetic activity coming from the inferior and
superior salivatory nuclei in the medulla and pons respectively,
as well as activity of seventh and ninth cranial nerves, which
carry the efferent signals.* Grimacing indicates function in
the pons, specifically the motor nucleus of the seventh cra-
nial nerve which innervates the muscles of facial expression.*
Finally, return of the patient’s muscle tone indicates return of
function in motor circuits including the primary motor tracts,
the basal ganglia, the reticulospinal tract, and the spinal cord.®
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Return of these physiologic signs suggests that there i1s ade-
quate return of airway control and motor function. Therefore,
as long as other vital signs are stable, the patient may be extu-
bated even without the ability to respond to commands.

The corneal reflex may return soon after or as grimacing
occurs (fig. 4).° Recovery of this reflex indicates recovery
of function in the ophthalmic branch afferents of the fifth
cranial nerve that project to the fifth nerve sensory nucleus,
as well as in the motor efferents originating from the seventh
nerve motor nucleus. Both the fifth and seventh cranial nerve
nuclei lie in the pons. A consensual blink in response to cor-
neal stimulation in one eye suggests bilateral recovery of both
the motor and sensory components in the corneal reflex.

Recovery of the oculocephalic reflex reflects a recovery of
function of the third, fourth, sixth, and eighth (vestibular) cra-
nial nerve nuclei which are responsible for eye movements."
Because an awake patient may not show an oculocephalic
reflex because voluntary control of the eyes has resumed, the
best way to assess the function of these cranial nerve nuclei
is to ask the patient to track the anesthesiologist’s finger in
a smooth pursuit maneuver as described in the Induction
section. The ability to move the eyes by voluntarily tracking
the anesthesiologist’s finger indicates recovery of function in
both the midbrain and pons, as well as certain cortical, cer-
ebellar, and basal ganglia circuits. Moreover, visual tracking
in the form of recovery smooth pursuit is an unambiguous
sign of conscious awareness; for assessment of patients with
disorders of consciousness, it is one of the most reliable signs
distinguishing vegetative state from minimally conscious state
in terms of nonreflexive movements.” Recovery of function
in these brain stem nuclei indirectly offers evidence that the
arousal centers in the midbrain, pons, and hypothalamus have
likely also recovered function (fig. 2).°

The pupillary light reflex may be variable as the patient
recovers from general anesthesia.'’ This reflex can remain
intact even when a patient is deeply unconscious under
general anesthesia. In contrast, the pupillary light reflex can
be diminished in a patient who received a large opioid dose,
yet the patient may be conscious. Therefore, the pupillary
light reflex may not necessarily reflect changes in a patient’s
level of consciousness during emergence. Pupillary activity
measured using infrared pupillometry can track nocicep-
tion. However, these measurements require special equip-
ment, are intermittent and are not recommended for use
by anesthesiologists without up-to-date knowledge of rare
pupillary syndromes.* All in all, return of brainstem func-
tion during emergence from general anesthesia follows
an approximate caudal-rostral progression, i.e. return of
spontaneous ventilatory drive, grimacing/corneal reflexes,
integrative oculomotor function, and finally, volitional
demonstrations of conscious awareness.

When the patient begins responding correctly to verbal
commands, this indicates that the patient has regained inte-
grative function between the brainstem, thalamus, and cor-

tex.®***> Moreover, this transition marks a significant shift

Neurologic Examination for Anesthesiologists

in demonstrated level of consciousness. Collectively, the full
sequence of stimulus and response requires a functional eighth
cranial nerve to carry the auditory stimulus to the eighth
nerve nucleus in the pons, as well as functional auditory path-
ways from the pons to the thalamus and cortex, and relevant
motor tracts to carry out the response as well as frontal corti-
cal regions and their connected basal ganglia nuclei to orga-
nize the behavioral set. The ability to respond appropriately
to commands is a criterion used often by anesthesiologists to
evaluate the patient’s overall recovery from general anesthe-
sia, and therefore, readiness to be extubated. According to the
criteria that neurologists use to assess patients recovering from
coma, a patient that follows motor commands inconsistently
is in a minimally conscious state (fig. 4).2%-¢

Spontaneous eye opening is often one of the last signs
observed as a patient emerges from general anesthesia
(fig. 4). It is possible that a patient has substantially regained
motor function and is reliably responding to verbal com-
mands, but has not yet opened his or her eyes.® Even when
patients have regained consciousness, they frequently keep
their eyes closed. In contrast, a patient recovering from
coma may open his or her eyes spontaneously.®

Electroencephalogram Markers of Return of
Consciousness during Emergence

Sufficient return of activity in intracortical, thalamocorti-
cal, brainstem—thalamic, and brainstem—cortical commu-
nication pathways is required in order for the patient to
regain consciousness.'”?>¥? At present, these changes can
be tracked indirectly with electroencephalogram monitor-
ing.*"® On emergence from general anesthesia maintained
by GABAergic anesthetics, the electroencephalogram
shows transition from alpha to beta to gamma oscillations,
with a concomitant decrease in and eventual loss of slow-
delta oscillations." On the spectrogram, this transition of
power across frequencies appears like a zipper opening.'
Disappearance of the slow-delta oscillations correlates with
return of the brainstem functions mentioned above. The
transition from, alpha to beta to gamma oscillations cor-
relates with dissipation of thalamocortical hypersynchrony
and with the patient transitioning from unconsciousness, to

sedation and on to being arousable.®'¢

1819 The appearance
of muscle artifact as muscle tone returns may make it diffi-

cult to read the electroencephalogram arousal patterns.

Conclusion and Summary

General anesthesia is a reversible coma that is induced phar-
macologically. Neurologists regularly perform neurologic
examinations on patients in pathologic comas to assess the
degree of injury and to track recovery. This discussion has
shown how the elements of the neurologic examination
that focus on the brainstem can be used to assess loss of
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consciousness, level of unconsciousness, and recovery of
consciousness in patients receiving general anesthesia and
sedation. When used with other parts of the physical exam-
ination, vital signs, and electroencephalogram assessments,
the neurologic examination can provide the anesthesiolo-
gist with more informed picture of a patient’s state of arousal
during general anesthesia and sedation. One of the authors
(E.N.B.) uses the neurologic examination described here as
part of regular practice in the operating room.

The neurologic examination is helpful for confirming
when a patient has lost consciousness on induction and is
helpful in assessing level of unconsciousness when a waking
event is suspected during general anesthesia. The examina-
tion 1s especially useful for tracking emergence from general
anesthesia. The vital signs provide information about resid-
ual effects of the anesthetics on the nociceptive and auto-
nomic nervous system, whereas the electroencephalogram
dynamics offer a picture of recovery of cortical function
and the extent to which normal interactions between cor-
tex and subcortical structures have been reestablished. The
neurologic examination provides information about the
degree of brainstem recovery. Therefore, together, the vital
signs, electroencephalogram dynamics, and the neurologic
examination findings provide real-time insight into how the
brainstem and cortex are recovering from general anesthesia.

The neurologic examination is also helpful for assessing the
arousal state of a patient following extubation. For example, an
extubated patient who follows simple verbal commands, and
in particular, performs smooth pursuit, is in a much higher
arousal state than a patient who only follows simple verbal
commands. At extubation, return of the electroencephalo-
gram to an awake pattern, return of muscle tone, partial return
of the corneal reflex and absence of the oculocephalic reflex
is not uncommon even though the patient may follow sim-
ple commands. The corneal and oculocephalic reflexes may
not have returned prior to leaving the operating room. This
observation suggests that a component of the sedative state
observed in patients in the recovery room is a residual effect of
the anesthetic on the brainstem arousal centers. This residual
effect may contribute to postoperative cognitive dysfunction.
The neurologic examination, along with the electroenceph-
alogram, is also useful in helping to understand whether a
prolonged emergence from general anesthesia is due to the
residual anesthetic effects or to a new neurologic event.

Anesthesiologists, like other physicians, learn the neuro-
logic examination during their neurology rotations in med-
ical school. Despite the fact that anesthetics have profound
effects on the brain and central nervous system, anesthesi-
ologists do not use the examination to assess these effects
on patients’ levels of arousal. Unlike learning to use a new
technology such as ultrasonography, the exciting part about
incorporating the neurologic examination into anesthesia
care is that it involves review of already learned materials.
We hope that this review will encourage anesthesiologists
to make daily use of this already acquired knowledge.
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