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ANESTHESIA CONSIDERATIONS

Distablsshing intraoperative neurophystologic protocols must
involve close cooperation with the anesthesiologist. Anesthesia
optimized to facilitate neurophysiologic monijtoring will, never-
theless, produce drug eifects that alter sensory asnd motor
evoked responses that must be appreciated and appropriately in-
terpreted by the monitoring neurophysiologist. Although some
gencralizations cxist about anesthesia drug effects, the relative
potency and specific location of drug actions differ between
agents, so that some discussion of each agent 18 necessary to
better understand the alternatives and their implications.

Some of the differences between anesthetic agents relate to
the anatomic site of the anesthetic effect.’ Other differences
relate ta the neurophysiologic site of drug action. The major
target for anesthetic action appears to be at the gamma
aminobotyric acid (GABA) and N-methyl-D-aspartate (NMDA)
receptors mediating clectrolyte channels (Nat, C1-, CA™) at
central nervous system synapses.

In the sensory system, the response generated by synapses in
cortical structores will be the most affected, with less effect oc-
curring at more peripheral structores, where fewer synapses are
wnvolved,® Because the most prominent unesthetic effects for
the sensory system is on the synaptic-rich cortically generated
responses, it is not surprising that anesthetic elfects on cortical
evoked potentials paraiiel the drug effects described for the
EEG, which is also a cortical synaptically mediated response
{Fig. 12-2}.%2 A schema is proposed for ancsthesia effects on
cortical sensory evoked potentials (Fig. 12-3).2% Unlortunately,
most commanly vsed anesthetic drugs today produice a dose-re-
lated depression of the recordable EUG, us well as decreased
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Figure 12-1, Cortical EEG stages typical of anesthesia. {(From
Winters WD: Effects of drugs on the elactrical activity of the brain:
Anesthetics.Ann Rev Pharm Toxicol 16:413—426, 1976, with permission.}
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Figure 12-3. Cortical evoked potentials stages typical of
anesthesia, (From Winters WO, Mori K, Spooner CE, Bauer RO
The neurophysiology of anesthesia, Anesthesiology [967:28:65, with
permission.)

amplitude and increased latency of eortical SEP and myogenic
motor evoked potential {MEP), making the anesthetic choice for
moniloring with these electrophysiclogic modalities patticu-
larly challenging.*7

Based on the major effect of anesthatic drugs occurring at the
synapses, three locations in the motor pathways will be the most
susceptible Lo anesthesia. The first location is within the motor
corlex where internuncial neurons and synapscs pacticipate in
activation of the motor cortex by transcranial stimuli. When
electrical or magnetic pulses activate pyramidal cells, they pro-
duce g direct activation of the cells producing a “D" wave and
aclivation via the intcrnuncial pathways {(dependent upon
synapses} producing a scries of 1 waves (Fig, 12-4), Weaker
magnetic impulses appear to depend on synaptic activation for
production of a response. The implication of anesthetic effects
on these internuncial synapses is that the production of 1Y waves
will be relatively immune to anesthetic effects whereas the pro-
duction of T waves will be reduced with anesthetic agents that
depress synaptic function. Of further consideration is that
synaptic function may be a delicate balance of inhibitory and
excitatory influences. The second major sites of anesthetic
action in the motor sysiem are the synapses at the anterior hormn
celt. At this location, the summated D and [ waves bring the an-
terior horn cell to threshold with a resulting peripheral nerve
action potential leading to a muscle response. Angsthetics at this
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Figure 12-4. D wave and | waves with MEP stimulation.
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Figure 12-5. Cortical S5EP and EEG recorded at various
dosas of isoflurane. (Fram Porkkala T, Jantti ¥, Kaukinen 5, Hakkinen
V: Somatosensory evoked potentials during isoflurane anaesthesia.
Acta Anaesthesiol Scand 1994;38:206-2 10, with permission.)

site may have one of two effects. First, partial synapiic blockade
may compound a loss of I waves, making it more difficult 1o
bring the antenor bom cell 1o threshold. At higher doses, synap-
tic blockade may inhibit synaptic transmission at this site re-
gardless of the composition of the descending spinad cord voiley
of activity. The third major synaplic location for anesthetic ef-
fecls in the motor pathway is at the neuromuscular junetion.
Foriunately, with the excepiion of neuromuscular blocking
agents angd drugs, which alier acetylcholine transmission, anes-
thetic drugs have little effect at the nevromuscular junction.
Simifarly. neuromuscular blocking agents have little effeet on
central nervous system synaptic transmission and axonal con-
duction in motor pathways other thar at the newromuscular
junction.

Finally, it should be noted that anesthetic drugs may have an
effect on evoked responscs indireetly by altering other physio-
lagic factors that influence the provision of nutrient supply to
the neural tracis. This is discussed in the sections that {ollow,

INHALATIONAL AGENTS

Halogenated Inhalational Agents

Perhaps the most common anesthetics in use today arc the
halogenated inhalational agents {(desfiurane, enflurane,
halothane, isoflurane, sevoflurane). Paralleling their effects on
the EEG, all halopenated inhalational agents produce a dose-re-
luted increase in latency and reduction in the amplitude of the
cortically recorded evoked potential responses (SEP, VEP,
BAEP}. Although the effects of halogenated inhalational agents
appear (o be dose related, the changes observed in some studies
appear to plateau at low concentrations ((.5-1% inspired con-
centration).®? Figure 12-5 shows the elfectls of isoffurane on
KEG and ou the cortical SEP, demonstrating a parallel elfect *1*

Studies support differences in the potency of the halogenared
inhalational agents on the cortical SEF. The relative order seen
is isoflurane {most potent). enflurane, and halothane {least
polent}).*! Studies with sevofiurane and desflurane suggest that
they are simifar to isoflurane at steady state, but owing to their
maore rapid onser and offsel of effect (because of their relative
insolubility), they may appear to be more potent during periods
when concentrations are increasing.
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EFFECT OF ISOFLURANE ON B8AEP

] I X X-¥Y
bJ\\/W AWAKE
M"é \: :/%f\ﬁ 0%
M/\f 15 %
Jk-}\/ 20%

msec

Figure 12-6. Influence of isoflurane alone on BAEP. Latency of
peaks 1l and [V=V increased at 1.0% but plateaued with increasing
anesthetic depth. {(From Manninen PH, Lam AM, Nicholas JF: The ef-
fects of isoflurane and isofturane-nitrous oxide anesthesia on brain-
stem auditory evoked potentials in humans. Anesth Analg 1985; 64:43,
with permission.)

The most prominent cffect of halogenated inhalational agents
is on cortical responses, with markedly less effect on subcortical
structures. Studics of recordings at Crb’s point {over the brachial
plexus) and over the cervical spine show minimal changes
{0-99%), which are not dose rclated. As a subcortical response,
the BAEP is minimally affected by halogenated inhalational
agents. The more prominent Jatency changes occur inwave V,
with TIT being less affccted and wave I being little affected,
having amplimde changes that are minimal (Fig. 12-6)2%

MEPs recorded in muscle (myogenic) are the most easily
abolished by halogenated inhalational agents. Single pulse stim-
ulation transcranial motor evoked myogenic potentials
(tcMEP) appear ta be so easily abolished by inhalational agents
that they are often unrecordable in the presence of thesc agents.
When recorduble, the major effect may occur al Jow concentra-
tions (e.g., less than 0.2-0.5% isoflurane) (Fig. 12-73. 129001442
This effect is likely a result of the combination of the anterior
Lom cell synapse depression as well as lass of T waves due to
anesthetic effects on the internuncial synapses.'? Changes in
the H-reflex confirm an effect ol halogenated inhalationat
agents at the spinal level. 2

In contrast to myogenic responses, the D responsce scen in the
epidural space is highly resistant to the effects of 1hese agents
and is easily recordable at high volatile anesthetic concentra-
tiong'? and can be used for monitoring (Fig. 12-8). It has been
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Figure 12-7. Motor evoked responses to tran scranial electri-
cal stimulation during nitrous axide/sufentanil anesthesia before,
during. and after administration of isoflurane (0.3% end-tidal}. {From
Kalkman CJ, Drummend |C, Ribberink AA: Low concentrations of
isoflurane abolish motor evoked responses to transcranial electrical
stimulation during nitrous oxidefopioid anesthesia in humans. Anesth
Analg 199 1:73:410, with permission.)

suggested that the most prominent anesthetic cifect on the MLIP
is al the anterior horn cell level. However, the loss of I waves
from a cortical effect may be sufficient 1o block myogenic re-
sponscs, even withoul significant anesthetic effects at the ante-
vior horn cell. This is because a series of I waves appear to be

[saflurane {expired )

Figure 12-8. Effect of isoflurane on epidural recordings fol-
lowing transcranial electrical stimulation of the motor pathways. The
first wave (D wave) ramains intact as the concentration of isoflurane is
increased, but there is a progressive loss of | waves.
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nccessary for producing myogenic responses in the unancs-
thetized state.

Studies comparing transcranial magnelic motor evoked
potentials (tcMMEP), using an externally applicd magnetic
ficld, and transcraoial clectrical motor evoked potentials
(tcEMET"), using an elcetrical voltage applied across the cra-
nium, suggest that the magnetic technigue can be more sensjtive
to the inhalational agents,*s” probahiy hecause magnetic siimuo-
lation relics more on transsynaptic acrivation. High magnetic
strength teMMLEP (which can produce D waves) appears Lo min-
imi7e this cortical difference.

Becuause the D wave 13 resisiant o anesthelic deprossion, the
anesthetic effect at the anterior horn cell can be partially aver-
come at low concentrations by high-frequency (multiple-pulse)
transcranial stimulation.*™ In this circemstance, the maltiple D
waves farmed (and T waves, if produced) swmmate at the ane-
rior horn cell resulting in a peripheral nerve activation and sub-
sequent motor response (Fig. 12-9). Low concentrations of
inhalational agenls appear acceptable when high-frequency
transeranial stimulation is used (trains of stumuli with interstinn-
ulus interval [1ST7 of 2 5 milliscconds). 77292370 Ag predicted,
higher concentrations of thesc agents climinate myogenic re-
sponses from this stimaulation. Clinical experience suggests that
anesthetic plans avoiding the inbalational agents may still be
desirable for optimal MEP monitoring, even with the high-fre-
quency stimulation echnigque 3

Studies with dircet spinal ar epidural stimulation show minimal
effects of anesthesia on neurogenic or myogenic responses, 3%
However, the above deseribed effecty at the anterior horn cell sug-
gest that depression may change the mixture ol orthodromic motor
and anlidromic scnsory contributions to the recorded responses. A
study of the responses in the peripheral nerve and muscle follow-
ing epidural stimulation in the cat revealed thart single-pulse stimu-
lation produced a responsc that was eliminated by pentoharhital,
low-dose isuflurane, or by posterior column transection (but not
lateral column transection).”™* This suggests the response recorded
from the peripheral nerve was largely mediated by sensory path-
ways, especially those of the posterior columm. When a pair of
stimuli were used (interstimulus interval 1-3 milliseconds), a new
complex in the peripheral nerve response was seen. This complex
and the compound muscle action potential (CMAP) were elimi-
aated only by high-dose wollurane or Jateral spinal cord transce-
tion (Jysing the descending motor pathways). Therefore, the (yne
of spinal cord stimulation und the anesthetic agents used may aller
the balance of sensory and motor contributions to the peripheral
nerve and muscle response from direct spinal stimulation. Recent
studics suggest that with isoflurane auesthesia, the motor compo-
nent is prelerentially blocked, perhaps by interaction at the
synapses n the anferior hom cefl or by ditterential effects on con-
duction in the spinal tracts in humans.” These studies do not, how-
cver, clearly allow a recommendation of anesthesia that will
preferentially promote monitoring of motor pathways with direct
spinal, epidural, or paraspinal stimulation.

Nitrous Oxide

Nitrous oxide produces SEP cortical amplitade reductions
and Jatency increases when uscd alene or when combined with
halogenated inhalational agents or optoid azents (Fig. 12-10).
Studies of nitrous oxide in a hyperbaric chamber confirm the
depressant nature of its effect at higher doses as well 3 When
compared at equipotent ancsthetic concentrations. nitrous oxide
produces more profound changes in cortical SEP apd muscle
recordings from transeranial motor stimulation than any other
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Figure 12-9. Effect of multiple pulse transcranial stimulation
on compound muscle action potentials (CMAPs) during .9%
isoflurane. The amplitude of the CMAP increases as a second stimula-
tion pulse is added, with 2 maximum cffect in this study when the in-
terstimulus interval (1S1) is 3 mitliscconds,

inhalational anesthelic agent. 1335237 ike halogenated agents,
effects on subcartical and peripheral sensory responses and on
epidurally recorded MEP are minimal.
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Figure [2-10. Effect of nitrous oxide on cortical recordings
of posterior tibial nerve somatosensory evoked potentials, The ampli-
tude of the response is markedly reduced over the |0~15 minutes fal-
lowing the introduction of nitrous oxide, and a response returns after
agent is removed. (From Sloan TB, Keht A: Depression of cortical so-
matesensory evoked potentials by nitrous oxide. Br | Anaesth | 285;
57:850, with permission.)
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Despite the depressant effect of nitrous oxide, it has been
used with recording of responses, particolarty when combined
with opioids (“nitrons-narcolic” anesthetic technique). When
combined with other agents, nitrous oxide may be “context-sen-
sitive™ in ils effects, similar to its effects on the EEG (i.e., the
actual effect may vary depending on the other anesthelics al-
ready present}. 26

As with scvoflurane and desfturanc, nitrous oxide is rela-
tively insoluble. Therefore, anesthetic effects can change
rapidly when concentrations are varicd intraoperatively. Since a
decrease in concentration will be associated with a rapid in-
crease in amplitude and decrease in latency, it may “mask” am-
plitude and latency changes that may be occurring from
concurrent neural compremise. Therefore, such changes should
be avoided during critical portions of the surgery when the mon-
itored siructures may be at higher risk.

Also, nitrous oxide can increase middle ear pressure and
hearing threshold, thereby presenting the possibility for dispro-
portionate effects on BAED and cortical auditory eveked poten-
tial (AEP) responses when eustachian tube dysfunetion occurs.
This could result in false-positive monitoring deficits occurting
in the BAEP. Therefore, avoidance of an increase in nifrous
oxide during critical portions ol surgery requiring BAKP moni-
toribg is also important. Changes in such anesthetic agent con-
centrations should be relayed from the anesthcsiologist to the
clinical neurophysiclogist because they are required to help
with correlating electrophysiologic monitoring changes 1o the
operaiive environment.
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Figure 12-11. Changes in median nerve cervical and cortical
SEP recording with time in one patient after sufentanil 5 gikg.
Two baseline recordings at time zera are shown. (From Kimovec MA,
Koht A, Sloan TB: Effects of sufentanil on median nerve somatosensory
evoked potentials. Br | Anaesth 1990;65:169, with permission.)

INTRAVENOUS ANALGESIC AGENTS

Most anesthesia technigues ulilize a mixture of difterent
anesthetic agents such as supplementation with inhalational
agents (halogenated agent or nitrous oxide) with opivids or in-
travenous sedatives (¢.g., benzodiazepines, etomidate, droperi-
dol, or propofol). Tf the inhalalional agents need to he
completely avoided, intravenous agents can be combined to pro-
duce a total intravenous anesthetic (FIVA).

Opiocid Agents

The effects of opioid analgesics (fentanyl, sufentanil, alfen-
tanil, remifentanil) on sensory and motor evoked responses are
less adverse than inhalational agents, making them important
components of anesthetic planning for monitoring evoked re-
sponses.3® Effects are similar for most evoked sensory modali-
ties. Minimal changes in spinal or subcortical recordings are
noted with some amplitude depression and latency increascs in
cortical responses, especially loss of late cortical peaks (over
100 ms) at doses sufficient to produce sedation (Fig. 12-11).'%
As with systemic opioids, the spinal application of morphine or
fentany! for postoperalive pain management produces minimal
changes in the SLP and fails to alter the H-reflex.*=

Opicid-based anesthesia is frequently used when cortical
SEP responses and transcranial motor evoked polentials are
monitored. ™ Studies with myogenic responses from tcMEP
with efectrical and magnetic methods show only mild amplitude
decreases and latency increases that permit good recording '™
With respect to the latter, fentanyl has been suggested to be
useful in reducing background spontaneous muscle contractions
and associated motor unit potentials, which may further im-
prove muscle recordings. Since the opioids do not guarantee sc-
dation or amnesia, opioid-based anesthesia must include an
additional sedative agent Lo produce TTVA.

Ketamine

“The effccls of ketamine on the eveked responses also differ
from those of inhalational agents, Xetamine can produce central
nervous system excilement with associated enhancement of cor-
tical sensory and myogenic responses.®® Thus, an increasc in
cortical SEP amplitude®s and an increase in amplitude of mus-
cle and spinal recorded responses following spinal stimutation
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Figure 12-12. Example of SCEP waveforms before and after
induction with ketamine at times 2, 5, 10, 15,20, and 30 minutes.
(From Schubert A, Licina MG, Lineberry P|: The effect of ketamine on
human somatosensory evoked potentials and its modification by ni-
trous oxide. Anesthesiology 1990;72:33, with permission.)
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Figure 12-13. SEP responses recorded from the cervi-
cal and cortical electrodes before (0} and at several times
up to 12 minutes following the injection of thiopentone (4
mg/fleg). (From Sloan T8, Kimevec MA, Serpico LC: Effects of
thiopentone on inedian nerve somatosensory evoked poten-
tials. Br § Anaesth 198%9:63:51, with permission.)

Time afterinjection {min}

has been seen.’™ This latier effect on muscle responses may be
mediated by the same mechanisms that polentiate the H-
reflex 3 However. effects on subcostical and peripherul sensory
responses are minimal (Fig. 12-12). Minimal effects are also ob-
served o myogenic tcMEP with ketamine. "2

Because of these effects, ketamine 1s a desirable agent for
monitoring responses that are usually difficult o record under
anesthesia (g.g., dermatomal evoked responses and transcra-
nially elicited snusclie motor evoked responses). However, its
hallucinatory potential and known increase in inlracranial pres-
sure with intracranial pathology have led to 4 reluctance to uti-
lize this agent roufinely.

Sedative-Hypnotic Drugs

Intravenous sedative agents are frequently used to induce or
supplement gencral anesthesia. If ichatational agents must be
avoided. sedative-hypnotic agents are routincly combined with
apioids or ketamine to ensure adequate sedation, anxiolysis, and
amnesia. Although ketamine doses produce some dissociative
effects 1n addition to analgesia, supplementation can reduce the
risk of excitatory events including hallucinations.

Droperidal

When combined with fentany! (“neurolept anesthesia™),
droperidol appears to have minimal effects on SEP, VEP, and
MLP."™ However, since its effect is quite long-lasting, many
anesthesiologists would prefer to wlilize 2 more rapidly metabo-
lized sedative hypnotic for TIVA,

Barbiturates

Thiopental remains a popular drug for anesthesia induction,
though transient decrcases in amplitude and increases in latency
of cortical sensory responses occur. Longer Iatency cortical
waves are most affected, while minimal effects are seen on the
subcortical and peripheral responses. Studies with another bar-
biturate, phenobarbital, demonstrate that the BAEP is virwally
unaffected at doses that produce comua; changes are not seen
uniil doses sufficient to produce cardiovascular collapse are
reached *? Similarly, the SEP is unaffected at doses that produce
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a silent EHG. For this reason, sensory cvoked responses have
heen nsed successfuliy (0 montior neurologic fanction during
barbiturate-induced coma (Fig. 12-13).2
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Figure 12-14. SEP responses recorded from the cervical and
cortical efectrodes are shown before and at |-minute intervals after
the injection of midazalam {2 mg/kg), (From Sloan T8, Fugina ML,
Toleikis |R: Effects of midazelam on median nerve somatosensory
evoked potendais. Br | Anaesth |990;64:590, with permission.)
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Barbiturates are not commonly used during recerding of
ICMEP because the CMAP responses are parlicularly sensitive
to barbiturates, Further, the effect appears quite prolonged; in
one study, the induction bolus eliminated the CMAP from
tEMET for a period ol 45-60 minutes, '’ suggesting that barbi-
lurates are a poor induction choice when monitoring with this
modality is needed, For (his reason, most anesthetic protocols
do not use induction with thiopental. One exception, methohex-
ital, has been used in one TEVA protocol with opioids and keta-
mine.*" PFortunately, this drug is more rapidly metabolized and
appears to have excitatory properties (fow doses can be uscd to
identify seizurc foci during cortical mapping of epilepsy).

Benzodiazepines

Midazolam has desirable properties of amnesia and has heen
nsed for monitoring cortical SEPs. However, because of its sig-
nificant effects on myogenic MEP and its slow metabolism, it
has been replaced by other agents. Midazolam, in doses consis-
tent with induction of anesthesia (0.2 mg/kg) and in the ab-
sence of other agents, produces a mild depression of cortical
SEI* and minimal etfects on subcortical and peripherat sen-
sory evoked responses (Fig. 12-14). As wilh thiopental, mida-
zolam produces prolonged marked depression of teMMEP,
suggesting that it also may he a poor inductien agent for MEP
recording.!” This effect has been interpreted as due to inhibi-
tion of cortical pyramidal ¢ell neurons. In addition to possihle
cortical locations for the bc,nmdia'chine effect, an effect at the
spma] cord dorsal root has been suggested by a study of poste-
rior tibial stimulation,!” which revealed a marked decrease in
the amplitude of the H-reflex with no cfect on the stimulated
CMAP (M-wave).
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Figure 12-15. Cortical SEP from median nerve stimulation
before and following 10 mg etomidate. {(From Russ W, Thiel A, Schwandt
H|. Hempelmann G: Somatosensorisch evozierte Potentiale unter
thiopental und etomidat. Anaesthesist 1986; 35:679, with permission.)

Etomidate

Like kelamine, etomidate has the unusual effect of responsc
cnhancement. Hence it has become a desirable agent for some
monitaring vses. Etomidate increases the amplimde of cortical
SEP camponents following injection™ with no changes in sub-
cortical and peripheral sensory responses (Fig. 12-15). This am-
plitude increase appears coincident with (he myoclonus seen
with the drug, suggesting a heighicned cortical excitability (no
evidence of seizure aclivily, however, was seen). A sustained
amplitude increase with constant drug infusion has been used
enhance SEP cortical recordings that were otherwise not momi-
torable.*! This effect has also been used to enhance amplitude
in motor evoked responscs. 439 Fortunately, the enbancing ac-
tivity occurs at doses that are consistent with the desired degree
of sedation and amnesia nceded for TIVA.

Studies with IkMEP have suggested that etomidate is an ex-
cellent agent for induclion and monitering of these modali-
ties.*6* Of the several intravenous agents studied, etomidats had
the least degree of amplitude depression after induction doses or
continual intravenous infusion.'2 Thus, etomidate has been
uscd for induction of ancsthesia and as a component ol TIVA,
combined with opioids. 14203204434

Propofol

Propofol has a very rupid metabolism, making it an excelient
component of TIVA_ Although propofol is a depressant agent,
adjustment of infusions often will allow adequate monitoring.
Propefol induction produces amplitude depression in cortical
AEP (Fig. 12-16) and corticat SEP with rapid recovery after ter-
minztion of infusion.s' When the SEP is recorded in the epidural
space, propotol has no significant effect. This is consistent with
the postulated site of anesthetic action of propofol on the cere-
bral cortex,'? Siudics with transcranial electrically or magneti-
cally clictled motor evoked potentials have demonstrated a
depressant effect on response amplitude, also consistent with a
cortical effect. 1807218 Propofol docs not appear to enhance cor-
tical responses, bul ils rapid metaholism allows the depth of anes-
thesia and eflcets on evoked responses to be adjusted rapidly.
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Figure 12-16. Cortical AEP before anesthesia and at differ-
ent concentrations of propofol Arrows indicate the position of
waves V, Pa, and Nb. (From Chassard D, Joubaud A, Colson A, et al:
Auditory evoked potentials during propofel anaesthesia in man. Br )
Anaesth 198%,62:522, with permission.}
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However, as # component of TIVA. infusions of propofol have
heen combined with opieids to produce acceptable conditions
for myogenic MIEP monitoring 4716608308

Regicnal Anesthesia

Major conduction anesthesia (¢.g., epidural or spinal) does
not appear to be an acceptable ajtemative to genaral anesthesiy
for moniloring evoked respanscs that depend on the (racts anes-
thetized 31 This effect has also been seen with intravenous re-
gional black and specific nerve blocks. However, local
ancsthesia placed away from the neural pathway medialing tha
monitored evoked response (such as scalp anesthesia for awake
craniotomy) is satisfactory for monitoring unless systemic ab-
surption is substantial.

Muscle Relaxants

Since muscle relaxants have their major site of action at the
neuromuscular jupction, they have littde effeet on electrophysio-
logic recordings such as the SEP thal do not derive from rmuscle
activity, In fact, they may improve, or be essential for, some
types of recordings where the muscle activity near (he reconding
elcctrode may create unwanted noise. This is true for cpidural
or petipheral nerve recordings where the setivity of overlying
muscle obscures the response from transcranial stimulation. For
recording of these responses, complete or near-complete neliro-
muscular blockade is highly desirable.

Certainly, complete nevromuscular blockade will prevent
recording of CMAP responses during MEF, However, partial
neuromuscular blockade has the benefit of reducing a substan-
tial portion of the movement that accompanies the testing. Some
degree of ncuromuscular blockade may facilitale some surgical
pracedures where muscle rclaxation is needed for adequate
tissue retraction.

Two methods arc customarily utilized t agsess the degree of
neuromuscular blockade. The method that best quantitates the
hlockade involves measuring the amplitude of the CMAP (TT)
or M-wave produced by supramaximal periphcral motor nerve
stimulation. When neuromuscular monitoring is conducted this
way, most menitoring protacols use neuromuscular hlockade of
T1 that is 10 20% of bascline, Clinically, anesthesiologists
often asscss neuromuscular blockade by counting the number of
twitches remaining when four motor nerve stimuli arc delivered
at a rate of 2 Hz. Measured this way, acceptable CMAT moni-
toring has been conducted with anly 2 ol 4 responses remain-
ing¥’ (this corresponds to a Tl response in the range of
10-20%). When intense ncuromuscular blockade is required
(e.g., recording of epidural or neurogenic responses), T1 re-
sponse of Jess than 10%, or no more than 1 of 4 twitches, is gen-
crally recommended.

When using neuromuscular blockade, tight control of the
blockade is necessary so that excessive blockade does not elim-
inate (he ability to record or mitnic the loss of the response with
neural injury (Fig. 12-17), creating a false-positive resull,#se
Because of varying muscle sensitivity Lo muscle relaxants, the
neuromuscular biockade may need Lo be evaluated continuously
in the specific muscle groups used for monitoring. It is impor-
tant to note that the use of neuromuscular blockade is controver-
sial during monitoring of muscle responses from mechanical
stimulation of nerves, as partial paralysis may reduce the ability
to detect these responses (e.g., facial nerve monitoring or moni-
toring tor pedicle screw placement). Often muscle relaxants are
avoided when monitoring these latter mechanically evoked
muscle EMG neurotonic responses.
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Figure 12-17. Plot of tcMMEP amplitude as recorded from
thenar muscles as plotrad versus the fraction of a single twitch re-
maining follewing median nerve stimulation. (From Sloan TB, Erian R:
Effect of atracurium induced neuromuscular block on cortical motor
evoked potentials. Anesth Analg 1993i76:979, with permission.}

OTHER INTRAOPERATIVE
PHYSIOLOGIC FACTORS

BLOOD FLOW

As measures of neural function, the evoked responses are re-
sponsive to a varicty of physiclogiv factors that alter ncuronal
function and visbility. Numerous studies!®283392.5 have
demonstrated a threshold relationship between regional cerebral
biood Mow and cortical evoked responses. The corticul SEP re-
mains normal until blood flow is reduced to about 20
ml/min/100 gm.®" At more restricted blood flows of berween 15
and 18 m/min/100 gm ol tissue, the SEP is altered and lost
(Fig. 12-18).313264 119034183212 Supcortical responses appear less
sensitive, though global hypotension, affecting bath subcortical
and cortical biood flow, is associated with cortical SEP loss at
higher rates of cerebral bloed flow than with middle cercbral
artery occlusion, which more selectively impairs cortical than
subcortical blood flow.!1921 The difference in sensitivity (o is-
chemia belween cortical and subcortical structures may explain
why the central conduction time (CCT) of the SED bears a
parametric relationship to cerebral blood flow (Fig. 12-18).10%1

Regional factors may produce focal ischemia not predicted
by svstermic blood pressurc. For example, during spinal surgery,
the effects of hypotension may be aggravated by spinal distrac-
tion, such that an acceptable limit of systemic hypotension
cannot bc determined without monitoring #82:20.2% Other
examples include peripheral nerve ischemia from pusitioning,
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Figure 12-18, Relationship between the SEP and EEG elec-
trical respanse and regional cerebral blaod flow, (From Sloan T:
American Society of Anesthestologists: Refresher Courses, October
1985, Lecture 211, with permission.}
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tourniguets, or vascular interruption,® #0442 spinal cord is-
chemiia [rom sorlic blood flow comprumise, carotid arery inter-
ruplion,”* vertebrobasilar insufliciency aggravated by head
extension, cercbral artery constriction by vasospasm, and cere-
bral ischemia due to retractor pressure.

MEPs and SEPs are sensitive to spinal cord cvents produced
by vascular ischemia (aortic cross-clamping) or mechanical
compression (epidural balioon). However, hecause these tracts
are topographically removed from one another, the MEP and
SEP muy show dilfereatial sensitivity o an ischemic event.'?

MEP studies using transcranially generated MEPs and
recorded epidurally are sensitive to ischemia but not to anterior
hors cell injury. This is postulated to he duv to persistent con-
duction in the corticospinal wracts.?? This is in contrast to the
recording of peripheral nerve or muscle response with MEPs, in
which anterior horn cell injury can destroy the anterior hom cell
function that is required to trunsiate the descending neural
signal into a peripheral nerve or muscle response. ™ As with the
SEP, myogenic MEP is sensitive to spinal cord ischemia associ-
ated with thoracic aortic ciamping, 4*2%3% and a decreasc in re-
sponse has been shown to cormrelate with reduced spinal cord
blood flow. 82149

INTRACRANIAL PRESSLIRE

Another factor leading o regional (cortical) ischemia is cle-
vated intracranial pressure (ICP). Elevated ICP is associated
with reductions in amplitude and increases in lutency of corti-
cally generated visual, somatoscnsory, and brain stem auditory
evoked responses. The BAEP is altered as uncal herniation
occurs.?™ The relationship of the VEP to ICP has suggested the
VEP as a means of noninvasive ICP testing (Fig. 12-19).4%

Increased ICP, prabably by virtue of its effect on cortical
structures, produces a gradual increase in onset of the tcMMEP
until a response can no longer be detected (i.¢., threshold ex-
ceeds the capacity of the stimulater). The increase in latency
suggests that the central component of the motor pathway has
slowed conduction velocity.*s

HYPOXEMIA

Hypoxemia can also cause evoked potential deterieration.
This has been recorded in onc case when the PO, reached 41
mmkHg?' helore other clinicat parameters had changed.

:
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Figure 12-19. Relationship of latency of VEP with intracra-
nial pressure, (From York DH, Puiliam MY, Rosenfeld jG, Yatts C:

Relationship between visua! evoked potentials and intracranial pres-
sure. | Meurosurg 198);55:909, with permission.)

BLOOD RHEOLOGY

Since changes in hematocrit can alter both oxygen carrying
capacity and blood viscosily, the maximum axygen delivery is
often thought to occur in a mid-range hematocrit (30-32%).
Evoked response changes with hematocrit are consistent with
this optimum range. In a study of VEPs and upper limb SEPs in
the buboon, Nagao®® obsarved an increase in amplitude wilh
mild anemtia, an increase in latency at hematocrits of 10-13%,
and further latency changes and amplitude reductions at hemat-
ocrits below 10%, Thesc changes were pantially restored by an
increase in the hematocrit.

VENTILATION

In addition to changes in uxygenation, alterations in ventila-
tion can alter blood carbon dioxide, thus altering spinal cord and
cortical blood flow (hypocapnia preducing vasoconstriction and
hypercapniz producing vasodilation), The most significant
changes in cortical SUP oceur when the carbon dioxide is cx-
tremely low, suggesting excessive vasoconstricion may pro-
duce ischemia (carbon dioxide tensions below 20 mm Hy).
Hypocapnia may aggravate hypotension as a result of arterial
vasoconstriction, This effect hus been suggested to contribute to
alterations in SEP during spinal surgery'® or in BAEF during
posterior fossa surgery in the silting position.'®

TEMPERATLURE

Hypothermia can also alter evoked responses by changing
nerve depolarizalion {increased aciion potentia) duration,'¥ ve-
duced conduetion velocity,”™!"" and decreased synaptic func-
tion*'®), resnlting in latency increases and decreases in evoked
response amplitude.® These changes have been observed in
visual, 2341 brain stem auditory, ¥ 15838 cortical auditory, ' and
somatosensory evoked potentials, 183155318 Contrarily, induced
hypertheria can reduce SEF latencies,® but this is less often an
intraoperative concern. Hypothermia appears to affect cenlral
nervous system synaptic function more than conduction,®' prob-
ably by Interference in the postsynaptic membranc,#® Thus,
changes are more prominem at the cephalic end of long neural
tracts (such as the SEP) or in components of responses associ-
ated with multiple synaptic elements (Fig. 12-20). Hence, re-
sponses recorded [rom peripheral nerves are minimally atfeeted,
whereas those produced by cortical structures are markedly af-
fected far the same degree of cooling.®% Core temperasures
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Figure 12-20. <Changes in the cortical SEP {median nerve)
with whole body hypothermia as escphageal temperature is low-
ered from 37 to 28 degrees Centigrade. (From Sloan T8: Evoked po-
tentials. In Albin M5 {ed): Neurcanesthesia. New York, McGraw-Hill,
1997, pp 221-276, with permission.)
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frequently drop by greater than 1°C, buot peripheral nerves
lifted from the body for focal stimulation may be as cool as
20°-30°C.

Wholc body hypothermia, either inadverient or inlentional, is
the most obvicus femperature change that occurs during
surgery. Changes in regional lemperalure can also oceur, result-
ing in evoked response alterations that would not be otherwise
predicted based on unchanged body (core) temperature. For ex-
ample, cold nrigation solutions applied to the spinal cord,b!
hrain stem, or cortex routinely cause evoked response changes.
Thesiz cold irrigation solutions may also irritate the perve, caus-
ing increased muscular aclivity il the nerve has molor compo-
nents. 2% Similarly, limb cooling (as from cold intravenous
solutions) can alter the SEF originaling lrom stimulation to a
nerve from that limb.

With hypothermia, the e MMET demonstrates a gradual in-
crease in onsel as temperature decreases from 38°C to 32°C
esophageal. An increase in stimnlation threshold has also been
observed al lower temperatures. This is consistent with both
coartical initiation and peripheral conduction heing affected by
the temperature drop.

OTHER PHYSIOLOGIC YARIABLES

Changes in a variely of other physiologic variables may
produce alterations in the evoked responses during surgical
monitoring. Significant reduction in blood volume can alter
evoked responses as a result of changes in blood flow distribu-
tion, despite absence of significant blood pressure changes
(e.g., limb ischemia altering the SEP as blood flow to central
organs is sparcd). An increase in superior vena caval pressure
during cardiopulmonary bypass has been associated with SEP
changes 14

Other physiolagic events may occur (oo slowly to be noted as
changes in the evoked response. For example, changes 1 glu-
cose,™ sodium, potassium, and other electrolytes impormant in
the neurochemical environment are likely o also result in
evoked response changes over time.

INTRAOPERATIVE NEUROPHYSIOLOGIC
MONITORING: SPECIFIC APPLICATIONS

As praviously noted, intraoperative monitoring (I0OM) can
be deseribed as the application of neurophysiologic, usually
‘electrophysiologic, technigues ta deleet ehanges in the func-
tional stalc ol (he nervous system consistent with ischemia or
injury. Flectrophysiologic lechniques may also assist in localiz-
ing ncural structures, identifying specific cortical functional
areas, and delineating an epileptogenic cortex. The information
abtained may also help determine the mechanism of injury, cor-
rclated with the surgical proccedings. and scrves to prevent
damage by detecting cellular dysfunciion prior to its reaching
an irreversible cell death stage. Qutcome studics have in general
been promising in that intraoperative eleclrophysiologic stadies
do make a positive difference in patient care 9921525710295, 36414

Intraoperative nevrophysiologic monitoring for surgical pro-
cedures where the central and peripheral nervous systems are al
risk has become increasingly pepular over the past several
years. IOM of facial nerve aclivity, utilizing EMG, was {irst per-
formed in the late 19th century, and EEG was subsequently used
in 196539 Other electrophysiologic techniques such as SEPs,
BAEPs, VEPs, and peripheral nerve compound action potentials
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gradually came into use. The intraoperative application and
clinical utility of EEG, BALPs, SLPs, and EMG in a variety of
diffcrent surgical procedures are discussed below. The clinical
utility of VEPs is very timited, therefore, VEPs will be only
briefly discussed.

The cortical EEG is produced by the spontaneously gener-
ated electroencephatographic brain wave activity and is casily
recorded, requiring no stimulus, However, evoked polential
(EP} recordings can anly be generated by applying an external
stimulus. In general, stimulation is provided peripherally using
peripheral nerve electrical stimulation for SEPs, auditory clicks
for BAEPs, and light flashes for VEPs, In addition to recording,
EPs, spontancous or stimulus triggered EMG can be recorded
from muscle using either intramuscular or surface electrodes.
Flectrical or magnetic stimulation of peripheral nerves, nerve
roots, spinal cord, cranial nerves, or cortical structures can gen-
grate a motor evoked response that also can he reeorded from a
musile or nerve.

ISCHEMIA AND ELECTROPHYSIQLOGIC STUDIES

Different techniques have been used in order to identify and
attempt to prevent damage caused by cerebral ischemia. The
most extensively studied and commonly used techniques are
EEG and SEPs. The rationale for emploving electrophysiologic
lechniques as a marker for ischemia is the goed correlation be-
tween these techniques and regional cerehral blood Now
(rCBF). As previously noted, studies demonstrated that in pa-
tients undergoing carotid endarterectomics (CEA), myjur EEG
changes occurred with rCI3E < 10 ml/100 gm/min, and less
severe EEG changes were seen with rCBF between 10 and 18
ml/100 gm/min, with a critical level defined as 15 mi/100
om/min #2657 [n canlrast, primate studies show that SEPs are
maitttained al levels of rCBF =16 mI/100 gm/min but absent at
levels below 12 mI/100 gm/min, At rC’BF levels between 14 and
16 ml/100 gm/min, there is a sharp decline in the evoked re-
sponse amplitude, with a 50% amplitude reduction correspond-
ing to a rCBF of 16 ml/100 gm/min 2203239 In addition to
altering the SEP amplitude, ischemta also appears o prolong
the CCT, with a threshold fCBFE (<15 ml/100 gm/min) similar o
those previously rcported for EP amplilude reduction #4202
Interestingly, there is experimental evidence suggesting a dif-
ferential susceptibility to local ischcmia as onc descends the
neuraxis, demonstrated by increasing resistanee of electrophysi-
ologic function to systemie hypolension. ™

There clearly seems 10 be a threshald relationship between
cerebral blood [low and alteration of the EEG and SEP. There is
also a good deal of experimental evidence for a rCBF (hreshald
and cellular membrane failure.'>**! An investigation has found
thal al rCBF levels between 12 and 16 mif100 gm/min, the SEP
was aholished and small, scli-limiting increases in extracellular
polassium activity were detected.”? This study further demon-
strated that the rCBF threshold range for a massive irreversible
rise in extracellular potassium, associated with structural
changes of infarction, oceurred between 7.6 and 11.4 mif100
gm/min. In baboon chronic stroke models, following middle
cerebral artery (MCA) occlusion, arcas of infarclion corre-
sponded to blood flow fevels of 10 mif/100 gm/min or legs, ¥
In acute stroke primate models, infarction occurred only in
areas where rCBF measured £ 12 ml/100 gm/min {Table 12-
12).16%186260 Thus, these findings sugpest that significant (50%)
reduction in amplitude of the SEP, which corresponds to a rfCBI
of 14-16 mif100 gm/min, is indicative of ischemia and is a
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