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INTRODUCTION

The annual rate of cerebral aneurysm
rupture is <1%, although this varies
with aneurysm size and location (24, 34).
The treatment of unruptured cerebral
aneurysms is preventive, and should be
performed as safely as possible. In par-
ticular, the important parenchymal terri-
tory supplied by the anterior choroidal
artery (AChA), which accounts for 2%—5%
of all intracranial aneurysms (7, 8, 14),
may make surgical clipping of AChA
aneurysms more likely to produce debili-
tating postoperative ischemic complica-
tions. The reported surgical morbidity
rate for AChA aneurysm clipping is 10%—
12% (8, 14, 16). When clipping AChA
aneurysms, the neurosurgeon must be
careful not to obliterate or diminish
AChA blood flow. Various monitoring
modalities have been wused during

BACKGROUND: Various modalities have been used to confirm the blood flow
through parent arteries or surrounding perforating arteries during surgical
aneurysm clipping, including motor-evoked potentials (MEPs), Doppler ultra-
sound, and indocyanine green videoangiography. Nonetheless, contralateral
hemiparesis due to arterial blood flow insufficiency may arise because of false-
positive or false-negative errors. By performing controlled intraoperative
awakening during aneurysm clipping, we compared patients’ voluntary move-
ments with simultaneous MEP.

METHODS: Four patients with anterior choroidal artery aneurysms and one
patient with a dorsal internal carotid artery aneurysm were included in this
study. MEP and intraoperative voluntary movements under awake craniotomy
were assessed simultaneously during and after the clipping procedure.

RESULTS: Aneurysms were safely and successfully clipped in all patients,
with no evidence of postoperative neurological deficits. Voluntary movements
and MEP findings did not differ from the control state in three patients. In the
other two patients, we observed a discrepancy between MEP amplitudes and
voluntary movements. In one patient, deterioration and subsequent improvement
in voluntary movements were preceded by MEP amplitude reduction during
clipping. In the other patient, MEP amplitude did not change although voluntary
movement deteriorated during temporary occlusion of the internal carotid artery.

CONCLUSIONS: Intraoperative neurological assessment during aneurysmal
clipping under awake craniotomy is feasible and safe, and should be valuable
for the assessment of ischemia, especially in the anterior choroidal artery. From
a neurophysiologic viewpoint, MEP may be insufficiently sensitive for evalu-
ating voluntary movement under ischemia.

METHODS

All procedures were approved by the ethics
committee (nos. 23—161), and written
informed consent was obtained from all
patients.

aneurysm clipping, including motor-
evoked potentials (MEPs), Doppler
ultrasound, and indocyanine green (ICG)
videoangiography, but contralateral hemi-
paresis due to arterial blood flow insuffi-
ciency might arise as a result of either
false-positive or false-negative errors. We

present illustrative cases of controlled
intraoperative awakening during AChA
aneurysm clipping, during which we
examined patients’ voluntary movements
with simultaneous MEP, and thus verified
whether MEP predicts postoperative pres-
ervation of motor function. The discrep-
ancy between MEP and voluntary
movement are discussed from a neuro-
physiologic viewpoint.

Patient History

We examined MEP changes and intra-
operative voluntary movements under
awake craniotomy in five patients with
internal carotid artery (ICA) aneurysms.
Patient characteristics are summarized in
Table 1. There were four patients who had
AChA aneurysms and one patient with
a dorsal ICA aneurysm. The dorsal ICA
case also had diffuse astrocytoma (World

WORLD NEUROSURGERY H [H]: H-H, MonTH 2014

WWW.WORLDNEUROSURGERY.ORG 1


mailto:mikunin@sapmed.ac.jp
http://dx.doi.org/10.1016/j.wneu.2013.08.034
http://www.WORLDNEUROSURGERY.org
http://www.sciencedirect.com
http://www.WORLDNEUROSURGERY.org

KENGO SUZUKI ET AL.

Peer-REVIEW REPORTS

EVALUATION OF MOTOR FUNCTION

Table 1. Patient Characteristics

Patient Age (years)/  Size of Aneurysm Location of Temporary Arterial Occlusion
Number Sex (mm) Aneurysm Associated Conditions (minutes)

1 51/F 3 AChA IC terminal An (2 mm) 0

2 69/F 4 AChA IC-SHA An (2 mm), IC cavernous An (3 mm) 0

3 53/F 4 AChA 0

4 60/F 4 AChA IC-PComA An (3 mm), IC-oph An (2 mm) 4

5 42/F 3 IC dorsal Diffuse astrocytoma (grade 2) 1

AChA, anterior choroidal artery; IC, internal carotid artery; SHA, superior hypophyseal artery; An, aneurysm; PComA, posterior communicating artery; oph, ophthalmic.

Health Organization grade II), and the
tumor was removed during the same
surgery. In three patients, multiple aneu-
rysms were found on the ipsilateral side of
the ICA (details are shown in Table 1). All
the patients were women, and ranged in
age from 42 to 69 years (mean age, 55.0 £
10.1 years). No patient had preoperative
neurological deficits.

Intraoperative Electrical Stimulation

Methods of intraoperative electrical stim-
ulation have been previously described in
detail (22). The bilateral abductor pollicis
brevis, biceps, brachialis, deltoid, gas-
trocnemius, quadriceps femoris, and
tibialis anterior muscles were selected for
electromyographic recording using neu-
rological monitoring (MEE-1232; Nihon
Koden, Tokyo, Japan). General anesthesia
was induced and maintained with intra-
venous infusion of propofol during the
craniotomy. Muscle relaxants were
administered only for intubation proce-
dures and not during surgery. A peripheral
nerve stimulator was used to confirm
train-of-four muscle contractions. After
dural incision, a 4 x 5 grid of electrodes
(Unique Medical, Tokyo, Japan) was slid
into the subdural space of the precentral
and postcentral gyri using a navigation
system (Figure 1A). To identify the central
sulcus, the biggest N20—P20 phase
reversal of somatosensory-evoked poten-
tials was recorded. To monitor the motor
function of the corticospinal tracts elec-
trophysiologically, the precentral gyrus
was stimulated directly to identify a posi-
tive control MEP, and to determine the
intensity that would be subsequently used
to stimulate the subcortical fibers. The
intensity for direct cortical stimulation was

increased by 1-mA increments, from 5 mA
to a maximum of 15 mA. Although after-
discharges were not observed in these
patients, if they were induced, the test was
repeated with the same current level or
with a current level 1 mA lesser. The
current level was readjusted under the
awake condition. During the subsequent
surgical procedure, MEP was monitored
every I minute.

Surgical Procedure

The surgical procedure is shown in
Figure 1. After the laryngeal mask was
intubated with general anesthesia, as
mentioned previously, the lungs were
ventilated mechanically to maintain
a partial pressure of arterial carbon
dioxide between 35 and 40 mm Hg. A
standard frontotemporal craniotomy was
performed. After the proximal ICA was

Figure 1. (A) After dural incision, a 4 x 5 grid of electrodes was slid into the subdural space, and
somatosensory-evoked potentials and motor-evoked potentials were assessed. (B) The internal
carotid artery (IC)-anterior choroidal artery (AChA) aneurysm and proximal internal carotid artery (ICA)
were exposed, and the aneurysm was ready to be permanently clipped. Black arrow shows the
AChA, and white arrow shows the aneurysm. A1, A1 portion of the anterior cerebral artery; M1, M1
portion of the middle cerebral artery. (C) Assessment of voluntary movement under the awake
condition. (D) Aneurysm clipping was performed, and the clipping was confirmed with indocyanine
green videoangiography. Black arrow shows the AChA.
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Figure 2. Time progress and intraoperative motor-evoked potential (MEP)
findings from Patient 2. Clipping of the internal carotid artery-anterior
choroidal artery aneurysm was performed under the awake condition. No
changes in voluntary movement or MEP amplitude were observed during the

Time BIS Surgical procedure & events
12:224 74 Extubation
12:38 86 Start the neurological evaluation
12:45 88 Clipping
12:46 86
12:56 92 ICG
13:08 98 End of the neurological evaluation
13:11 Intubation
procedure. BIS, bispectral index monitor; ICG, indocyanine green.

500uv

20msec

secured and the perianeurysmal structures
were exposed, the aneurysm was ready to
be permanently clipped (Figure 1B). A
simulated temporary occlusion of the
proximal and distal arteries was also per-
formed, at which time anesthesia was
reversed and the laryngeal mask airway
was removed, and the procedure was
paused until verbal instructions were
understood and figure tap movement
become possible. Voluntary movement
was then assessed in the awake state using
the same process as that used in the pre-
procedural state (Figure 1C). The aneu-
rysm neck was clipped, and the
assessment of voluntary movement was
continued for 20 minutes. Multiple
modalities were used to confirm that the
perforating arteries were patent and that
the aneurysm was completely occluded
after clipping. These modalities included
ICG angiography, Doppler ultrasound,
and endoscopy (Figure 1D). Voluntary
movements were confirmed and MEP was
assessed until neurological symptoms had

fully returned to the preclipping state. The
patient was then reanesthetized with
a combination of sevoflurane, remifenta-
nil, and vecuronium. A bispectral index
monitor (Vista A-3000; Covidien, Dublin,
Ireland) was used to assess the depth of
anesthesia.

RESULTS

In all patients, voluntary movements could
be monitored in the awake condition from
anesthesia within 10 minutes. No adverse
events, including seizures, were observed
during monitoring or anesthesia. Patients’
pain and body movements were minimal
and did not affect the clipping procedure.
The awake state made it possible to eval-
uate fine voluntary movements. The
duration of temporary arterial occlusion
was o—II minutes (mean, 3.0 minutes).
Aneurysm clipping was completed in all
patients, and associated aneurysms or
tumors were treated simultaneously,
except in one patient who had a cavernous

ICA aneurysm. No postoperative neuro-
logical deficits were found, and in all
patients complete clipping was confirmed
by three-dimensional computed tomog-
raphy angiography (3D-CTA) or digital
subtraction angiography. Although it is
sometimes difficult to evaluate clipping
completeness using 3D-CTA, in the
present study this modality was only used
for patients in which clipping was per-
formed using titanium products.

In three of the five patients, neither
voluntary movement nor MEP changed
relative to the control state. The timeline
of the procedure in one of these three
patients (no. 2) is shown in Figure 2. In
the other two patients, we observed
a discrepancy between changes in MEP
amplitude and voluntary movement, with
details discussed later.

Illustrative Cases

Patient 4. A 6o0-year-old right-handed
woman was admitted to our hospital
because of an unruptured, incidentally
found, aneurysm. Her aunt and cousin
had medical histories of subarachnoid
hemorrhage (details unknown). Magnetic
resonance angiography and 3D-CTA
demonstrated a 3-mm left ophthalmic
artery aneurysm, a 4-mm left AChA
aneurysm, and a 3-mm left posterior
communicating artery (PComA) aneurysm.
After informed consent, the patient elec-
ted to proceed with surgical treatment
using the intraoperative awakening tech-
nique to evaluate voluntary movements
during aneurysm clipping. The timeline of
the procedure is shown in Figure 3.

After securing the proximal ICA, the
aneurysm was exposed. The AChA was
clearly recognized behind the ICA. Anes-
thesia was then reversed, at which the
patient began breathing spontaneously
and moving all extremities. After con-
firming voluntary movement and MEP
amplitude, the ICA was temporarily
occluded at the proximal portion of the
PComA. The patient’s voluntary move-
ment and MEP amplitude did not change.
Two minutes later, a 7.0-mm straight
titanium clip (YASARGIL Aneurysm Clip
System FT740T; Aesculap, Tuttlingen,
Germany) was placed across the neck of
the aneurysm. Thirty seconds later, the
patient experienced motor weakness of
the right upper and lower limbs (manual
muscle testing, 2/5). The clip used for
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Figure 3. Time progress and intraoperative motor-evoked potential (MEP)
findings from Patient 4. Thirty seconds after the first clip was placed, the
patient experienced motor weakness of the right upper and lower limbs.
Eight minutes later, MEP amplitude decreased significantly. At that time, 7
minutes had elapsed between the onset of neurological deterioration and the
decline in MEP amplitude (*). The first clip was removed, and full recovery of
voluntary movement was confirmed 6 minutes later. A second, smaller clip
was then placed, and no deterioration in voluntary movement or decline in

improvement in neurological function and full recovery of MEP amplitude

Time BIS Surgical procedure & events
14:59 74 Extubation
15:00 84
15:08
15:11 89 Temporary clipping
15:13 1% Clipping
15:14 84 Motor weakness
15:15 88 Release of temporary clip
15:17
15:19
15:21
15:24 83 Release of clip
15:30 87 Fullrecovery of motor weakness
15:33 2™ Clipping
15:38 90
15:42
MEP amplitude was observed. Twelve minutes elapsed between
(**). BIS, bispectral index monitor.
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temporary arterial occlusion was removed,
and blood flow within the AChA was
confirmed by Doppler and ICG angiog-
raphy. Eight minutes after the neck of the
aneurysm was clipped (and 7 minutes after
the onset of neurological symptoms), the
MEP amplitude decreased significantly.
The first permanent clip was removed, and
full recovery of voluntary movements was
confirmed 6 minutes later. A second,
smaller 7.0-mm straight titanium mini-
clip (YASARGIL Aneurysm Clip System
FT720T; Aesculap) was placed. Replace-
ment of the permanent clip did not lead to
either deterioration of voluntary move-
ment or decrease in MEP amplitude, and
the patient was reanesthetized. Twelve
minutes elapsed between improvement in
neurological function and full recovery of
MEP amplitude. The duration of intra-
operative awakening was 6o minutes, and

the procedure was completed without
further complications. The patient was
discharged without neurological deficits.

Patient 5. A 42-year-old right-handed
woman was admitted to our hospital
because of a brain tumor. The tumor was
removed under awake craniotomy, with
pathology examination demonstrating
a grade 2 astrocytoma. A small aneurysm
located in the dorsal ICA on the ipsilateral
side was clipped during the same opera-
tion, and clipping with wrapping was
performed. After securing the proximal
ICA, the aneurysm was exposed. The
timeline of the procedure is shown in
Figure 4. After confirming voluntary
movement and MEP amplitude, the ICA
was temporarily occluded at the proximal
portion of the PComA. The patient’s
voluntary movements and MEP amplitude

did not change. Two minutes later the
patient developed right-handed clumsi-
ness, and 6 minutes after that, she expe-
rienced motor weakness of the right upper
and lower limbs (manual muscle testing,
3/5). A small piece of the temporal fascia
was wrapped over the entire circumference
of the ICA, including the aneurysm, and
clipping was completed. The clip used for
temporary arterial occlusion was removed
1 minute later, and full recovery of volun-
tary movement was confirmed 5 minutes
afterward. MEP showed no changes
during the entire course of the procedure.

DISCUSSION

In this report, we compared patients’
voluntary movements with simultaneous
MEP. Aneurysms were safely and
successfully clipped in all patients, with
no evidence of postoperative neurological
deficits. Voluntary movements and MEP
findings did not differ from the control
state in three patients. In the other two
patients, we observed a discrepancy
between MEP amplitude and voluntary
movements. Disturbances in voluntary
movement were followed only several
minutes later by changes in MEP ampli-
tude in one of these patients, whereas in
the other patient MEP amplitude did not
change despite hemiparesis.

Clipping of AChA Aneurysms and
Electrophysiologic Monitoring

The AChA is divided into the cisternal
and plexal segments. The cisternal
segment supplies the optic tract, cerebral
peduncle, uncus, lateral geniculate body,
anterior perforated substance (globus
pallidus and posterior limb of the internal
capsule), tip of the temporal lobe, hippo-
campus, dentate gyrus, fornix, and pulvi-
nar (27). The plexal segment in most cases
originates as a single branch and then
passes through the choroidal fissure to
supply the choroid plexus. Along the
choroid plexus there are profuse anasto-
motic communications with the PComA,
and somewhat lesser communications
with pial branches of the PComA in the
region of the lateral geniculate body.
Perforating arteries passing through the
anterior perforating substance to the
globus pallidus and posterior limb of the
interior capsule do not receive any signif-
icant collateral supply (27). Contemporary
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Time Surgical procedure & events

16:27 Temporary clipping

16:28

16:29 Clumsiness

16:31

16:35 Motor weakness

16:37 Clipping with wrapping

16:38 Release of temporary clip

16:40

16:43 Full recovery of motorweakness

16:56

17:05

17:11

17:13

17:37

18:00
Figure 4. Time progress and intraoperative motor-evoked potential (MEP)
findings from Patient 5. Temporary occlusion of the internal carotid artery
was performed. Two minutes later, the patient experienced clumsiness of
the right hand, and 6 minutes after that, motor weakness of the right upper
and lower limbs. The clip used for temporary arterial occlusion was removed
1 minute later, and full recovery of voluntary movement was confirmed 5
minutes afterward. No changes in MEP amplitude were observed during the
procedure.

MEP

__loopv I_

20msec

experience with the surgical treatment of
AChA aneurysms suggests that blood flow
disturbances of the AChA are frequently
accompanied by cerebral infarction and
permanent neurological deficits (6, 8, 30).
To avoid these postoperative complica-
tions, the area behind the ICA must be
carefully inspected using a micromirror,
endoscope, or ICG videoangiography (31).
However, these morphologic assessment
techniques are not completely reliable,
and neurophysiologic assessment with

MEP or other modalities is important for
functional completeness (9, 10, 32, 37).
On the other hand, consciousness
during MEP monitoring is important
because excitability of the cerebral cortex
influences MEP threshold (28). Based on
our findings, it is possible that MEP under
awake surgery is more sensitive to
ischemic dysfunction of the corticospinal
tract than MEP under general anesthesia.
It is difficult to judge the appropriateness
of aneurysm clipping based on MEP

amplitude reduction. Corticomuscular
MEP provides semiquantitative informa-
tion, and a reduction in amplitude of
20%—50% is considered to be a warning
sign in brain tumor surgery under general
anesthesia (15, 25). Little evidence has
been reported regarding criteria for
amplitude reduction during surgical
aneurysm clipping. Subthreshold stimula-
tion is unstable in corticomuscular MEP,
and corticospinal MEP has been recom-
mended by some investigators (12, 35).
D-waves, measured by corticospinal MEP,
are not easily influenced by anesthesia,
and can be assessed quantitatively as an
index of monitoring (2, 18, 19, 23).
Although corticomuscular and cortico-
spinal MEP monitoring approaches are
reliable, given sufficient operator experi-
ence, they can never perfectly ensure the
safety of aneurysmal clipping because
their findings are only indirect assess-
ments of voluntary motor function. In
practice, false-negative errors in MEP
monitoring have been reported despite
preserved intraoperative MEP (11). Positive
predictive values of MEP were reported to
be 0.5—1.0, and negative predictive values
of MEP were reported to be 0.4—0.92 (37).

Awake Craniotomy and Surgical

Treatment of Cerebral Aneurysms

Intraoperative neurological assessment is
common during tumor and epilepsy
surgeries, and its safety has already been
established (1, 3, 13, 21, 33). Our super-
visor (N.M.) has had experience with more
than 270 cases of awake craniotomy, and
the procedure is well established at our
institute. However, awake craniotomy is
uncommon in aneurysm surgery, and
there are few reports on intraoperative
awakening for neurological assessment
during microsurgical aneurysm clipping.
Chen et al. (5) reported intraoperative
awakening for visual evaluation during the
surgical clipping of an ophthalmic artery
aneurysm in which the artery had to be
sacrificed. They concluded that intra-
operative awakening combined with
intraoperative angiography may provide
valuable immediate feedback to facilitate
a successful functional and anatomic
outcome in selected patients. Luders et al.
(17) reported three cases of awake crani-
otomy for microsurgical obliteration of
mycotic aneurysms. Awake craniotomy
and continuous intraoperative assessment
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of voluntary movement were able to detect
ischemic signs directly and with high
sensitivity. Especially in the case of AChA
aneurysms, three or four branches of the
AChA might emerge from the ICA behind
the aneurysm. Ultimately, awake crani-
otomy is considered to be one of the more
desirable techniques for evaluating actual
neurological symptoms intraoperatively.
In addition, it has been shown that for
carotid endarterectomy, the assessment of
voluntary movement under the awake
condition is a cost-effective method for
the evaluation of ischemia compared with
other monitoring techniques under
general anesthesia (4). Although the
additional cost for awake surgery is not
determined in Japan at present, the
medical systems of other countries may
differ in this regard.

Discrepancy Between Voluntary
Movement and MEP Results

In patients nos. 4 and 5, we observed
discrepancies between the deterioration of
symptoms and MEP amplitude reduction.
Impaired voluntary movement under
ischemia preceded MEP amplitude reduc-
tion, suggesting that evaluation of move-
ment has a higher sensitivity than MEP for
some assessments of ischemia. As seen in
patient no. 5, global ischemia due to
temporary ICA occlusion may occur more
readily than when temporal arterial occlu-
sion is not present. In addition, MEP is not
a physiologic technique, and the type and
domain of an excited neuron differ between
MEP and voluntary movement. It is logical
thata time discrepancy might occur between
MEP amplitude reduction and deterioration
of voluntary movement. Basically, cortico-
muscular MEP reflects only corticospinal
tract electrical activity originating in the
primary motor cortex, whereas the AChA
supplies the posterior limb of the internal
capsule, which contains tracts from the
premotor cortex other than primary motor
cortex (20). Therefore, ischemia of the AChA
must be evaluated based on tracts other than
those originating in the primary motor
cortex. On the other hand, permanent
hemiparesis also arises with the impedi-
ment of the premotor cortex (20, 29). It is
difficult to determine whether impaired
voluntary movement is caused by ischemia
of tracts from the premotor cortex or from
the primary motor cortex (30). Thus, intra-
operative functional assessment of voluntary

movement should be encouraged in vascular
neurosurgical procedures complementary to
MEP for evaluating wider areas, including
the premotor cortex, especially those
involving AChA aneurysms. Of course, it is
possible that the patient was not sufficiently
awake. Therefore, voluntary movement
during the preprocedural state should be
assessed and used as a control after the
awake state is confirmed, and clipping
should then be performed. This step is
thought to be particularly important because
MEP may be insufficiently sensitive for
evaluating voluntary movement under
ischemia, although further evidence is
needed to confirm these results.

CONCLUSION

ntraoperative neurological assessment,
already used safely in tumor and epilepsy
surgeries, should be considered for use in
monitoring AChA ischemia during aneu-
rysmal clipping. Deterioration and subse-
quent improvement in voluntary movement
during ischemia were found to precede
MEP amplitude changes, suggesting that
MEP may not precisely measure the
neurophysiologic mechanisms involved in
motor disturbances.
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