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ARTICLE INFO ABSTRACT

Objective: To investigate the safety and unexpected finding of the intraoperative neuromonitoring (IONM) in-
cluding somatosensory evoked potentials (SSEPs) and motor evoked potentials (MEPs) during microsurgical
clipping of an unruptured anterior choroidal artery (AChA) aneurysm.

Patients and methods: From January 2011 to March 2018, the neurophysiological, clinical, and radiological data
of 115 patients who underwent microsurgical clipping for an unruptured AChA aneurysm under IONM were
retrospectively analyzed. The incidence of ischemic complications after microsurgical clipping of unruptured
AChA aneurysms as well as the false-negative rate, sensitivity, specificity, positive predictive value (PPV), and
negative predictive value (NPV) of IONM during surgery were calculated.

Results: Ischemic complications after the microsurgical clipping of an AChA aneurysm under IONM occurred in 7
of 115 patients (6.08%). Among them, 3 were symptomatic (2.6%). The false-negative rate of IONM for ischemic
complications was 6.08% (7 patients). High specificity; 100% (95% confidence interval [95%
CI] = 0.972-1.000), PPVs; 100% (95% CI = 0.055-1.000), and NPVs; 93% (95% CI = 0.945-0.973) with low
sensitivity; 11.1% (95% CI = 0.006-0.111) were calculated.

Conclusions: IONM including transcranial MEP during microsurgical clipping of unruptured AChA aneurysm
might have limited usefulness. Therefore, other MEP monitoring using direct cortical stimulation or modified
transcranial methodology should be considered to compensate for it.
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1. Introduction aneurysms reported in meta-analyses ranged from 8% to 10.9% and

from 1% to 2.6%, respectively [5,6].

Regardless of the current advances in endovascular techniques and
devices, conventional surgical clipping for an intracranial aneurysm is
indispensable. Complications after microsurgical clipping for un-
ruptured intracranial aneurysms lead to morbidity and mortality; pos-
sible complications include cerebral infarction, intracerebral hemor-
rhage, seizure, hydrocephalus, wound infection, pulmonary and cardiac
problems, systemic infection, and acute renal failure [1-4]. Morbidity
and mortality rates after surgical clipping of unruptured intracranial

Ischemic complications account for the largest portion of post-
operative complications. Possible causes of cerebral ischemia during
microsurgical clipping for unruptured aneurysms are parent artery
stenosis or occlusion, temporary clipping, retraction injury, in-
traoperative aneurysm rupture, mechanical injury of the perforating
artery, intraoperative vasospasm, embolic events, and a decrease in
systemic blood pressure [7]. Tools to prevent ischemic complications by
confirming the patency of parent vessels during microsurgical clipping

Abbreviations: AChA, anterior choroidal artery; CT, computed tomography; DM, diabetes mellitus; DSA, digital subtraction angiography; HTN, hypertension; IONM,
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consist of mirrors, microvascular Doppler sonography, intraoperative
digital subtraction angiography, intraoperative indocyanine green vi-
deoangiography, and intraoperative neurophysiology have developed
[7-14].

The efficacy and safety of intraoperative neuromonitoring (IONM),
including somatosensory evoked potentials (SSEPs) and motor evoked
potentials (MEPs) have been reported and their importance has been
emphasized [13,15-17]. Since regions supplied by the anterior chor-
oidal artery (AChA) are associated with motor and sensory function,
IONM is especially valuable during microsurgical clipping of aneurysms
in this area. However, there are no tools without faults to prevent is-
chemic complication during aneurysm surgery.

In this study, we analyzed neurophysiological, clinical, and radi-
ological data reguarding microsurgical clipping of the AChA aneurysms
to investigate the safety of the IONM and to better prevent any de-
vastating ischemic complications.

2. Materials and methods
2.1. Patient collection and baseline characteristics

The present study was approved by the institutional review board,
which waived the need for informed consent. We retrospectively re-
viewed the medical records of 115 patients who underwent micro-
surgical clipping for an unruptured AChA aneurysm under IONM from
January 2011 to March 2018 in our institution. We excluded the pa-
tients who were not followed up after surgery, had a ruptured an-
eurysm, or had intracranial pathologies such as an infection, tumor,
vascular malformation, and a previous stroke at the surgical site that
could produce confounding effects with IONM.

Baseline characteristics of the included patients were gathered using
the clinical data warehouse system of our institution. Patient char-
acteristics were age; sex; preoperative modified Rankin Scale (mRS)
values; and history of hypertension (HTN), diabetes mellitus (DM),
hyperlipidemia, heart disease, drug, and previous stroke. Aneurysm
characteristics were the location of the aneurysm, maximal size, neck
size, dome to neck ratio, daughter sac, and multiplicity. Operation
characteristics were temporary clipping, duration of operation, re-op-
eration, and simultaneous multiple treatments. The clinical outcome
was evaluated using mRS values at discharge and at 6months after the
operation. Postoperative complications were divided into 2 categories
(radiological and clinical). Radiological complications could be is-
chemic, hemorrhagic, or functional while clinical complications were
either symptomatic or asymptomatic.

2.2. Operative procedures and postoperative protocol

A standard pterional craniotomy and trans-sylvian approach was
used to perform microsurgical clipping for the AChA aneurysms.
Temporal lobe retraction before temporary or permanent clip applica-
tion was avoided to prevent an intraoperative rupture of the aneurysm.
Removal of the temporary clip, removal or repositioning of the per-
manent clip, relief of the brain retractor, and discontinuation of dis-
section were performed whenever a significant IONM change was de-
tected. Also, the interval of temporary clipping was more than 5-
minutes to allow the changed evoked potential to recover. Immediate
postoperative brain computed tomography (CT) was performed to
identify postoperative complications. Then, the patient was moved to
the intensive care unit without being awakened from general an-
esthesia. If the patient showed no abnormalities in the immediate
postoperative neurologic examination, extubation was performed.
However, if neurologic deterioration was suspected, additional eva-
luations using magnetic resonance imaging (MRI) including diffusion-
weighted image and/or digital subtraction angiography (DSA) were
performed to detect and address any perioperative complications. If no
neurologic deterioration was observed, routine follow-up brain CT and
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DSA or CT angiography was performed within 7 days postoperatively.
Clinical outcomes of the patient were evaluated using the mRS scores
[18] at 1 months and 6 months postoperatively.

2.3. Anesthesia

Total intravenous anesthesia with propofol (3-4 mg/mL) and re-
mifentanil (1.5-4 mg/mL) was performed. Neuromuscular blockade
was applied just before intubation (0.5-0.9 mg/kg rocuronium) to
avoid potential confounding effects on MEP monitoring.

2.4. Transcranial motor evoked potentials and somatosensory evoked
potentials

Transcranial electrical stimulation was delivered using needle
electrodes. Multipulse transcranial electrical stimulation was applied
using a commercially available electrical stimulator (Xltek protektor 32
IOM system; Natus Medical Inc, Ontario, Canada). In accordance with
the international 10-20 electroencephalogram (EEG) system, the C1
anode and C2 cathode pairs or the C3 anode and C4 cathode pairs were
used for stimulation of the left hemisphere, and the reverse arrange-
ment was used for stimulation of the right hemisphere. Montage which
elicited more prominent motor evoked potentials was chosen in each
patient. A train of 5 square-wave stimuli was delivered with an in-
dividual pulse duration of 0.05 ms, an inter-stimulus interval of 2-4 ms,
a time base of 100 ms, and a 10-1000 Hz filter. Stimulation intensities
were set to levels to obtain motor evoked potentials of all recording
muscles of the contralateral side. In case of significant amplitude de-
crease, stimulation intensities were increased within the limit of 30% of
the baseline level. The overall intensities ranged from 250 to500V.
Motor evoked potentials were recorded by using subdermal insertion of
needle electrodes placed in the abductor pollicis brevis (APB) and ab-
ductor digiti minimi (ADM) muscles for the upper extremities, whereas
they were placed in the tibialis anterior (TA) and abductor halluces
(AH) muscles for the lower extremities.

Our SSEP monitoring protocol has been described in a previously
reported study of ours [19]. In order to obtain SSEPs, we administered
square-wave 0.3-ms electrical pulses with an intensity of 15 mA for the
upper extremities and 20 mA for the lower extremities at a frequency of
2.31 Hz. Needle-stimulating electrodes were placed at the wrist and
ankle to stimulate the median and posterior tibial nerves, respectively.
Recording needle electrodes were placed at C3’ (2 cm posterior to C3),
C4’ (2 cm posterior to C4), Cz’, the fifth cervical spine, Erb’s point, and
the popliteal fossa. In addition, a reference electrode was placed at Fpz.
The frequency of the high-pass filter was 30 Hz and that of the low-pass
filter was 1000 Hz.

2.5. Alarm criteria

We defined the alarm criteria for MEPs as a complete loss of or a
reduction of more than 50% compared to the baseline MEP amplitudes.
This alarm criteria applied to all muscles recorded. We defined the
alarm criteria for SSEPs as a decrease in amplitude of more than 50%
compared to the baseline SSEP amplitudes, and/or a 10% delay com-
pared to the baseline SSEP latency. Two experienced electro-
physiologists blinded to the patients’ clinical information reviewed the
IONM data.

2.6. Definition of a false-negative finding

False-negative cases were defined as the patients who had no sig-
nificant evoked potential changes, or transient significant change for
less than 13 min. Meaningful duration for significant EP changes were
reported previous reports [20,21].

Also, such cases showed postoperative neurologic deterioration or
had a newly developed brain lesion confirmed by postoperative brain
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Table 1
Baseline characteristics for 115 patients performed microsurgical clipping of
the anterior choroidal artery aneurysm.

Variable Value
Age (year) 54.66 + 9.12
Sex (n, %)

Female 79 (68.7)
Side (left) 57 (49.6)
HTN 48 (41.7)
DM 7 (6.1)
Hyperlipidemia 32 (27.8)
Heart disease 6 (5.2)
Previous stroke history 8(6.9)

Drug (Anti-platelet or anticoagulation) 1(0.9)
Aneurysm characteristics

Mean max size 3.47 = 1.92

Mean neck size 2,69 = 1.14

Mean dome to neck ratio 0.97 = 0.36

Daughter sac 26 (22.6)

Multiplicity 49 (42.6)
Operation duration (min) 240.79 *= 90.60
Simultaneous multiple treatment 46 (40.0)
Temporary clipping 38 (33.0)
Preoperative mRS (0 - 1) 114 (99.9)

n, number; HTN, hypertension; DM, diabetes mellitus; min, minute; mRS,
modified Rankin Scale.

CT or MRI. Then, sensitivity, specificity, the positive predictive value
(PPV), and the negative predictive value (NPV) for each evoked po-
tential and the overall SSEP and MEP changes were calculated.

2.7. Statistical analysis

Continuous variables are reported as the mean * standard devia-
tion using commercial software (IBM SPSS Statistics, version 22; IBM
Corp, Armonk, NY). A Blaker exact 95% confidence interval using the
PropCIs” package in R software version 3.1.0 for Windows (R
Foundation for Statistical Computing, Vienna, Austria) was used to
calculate sensitivity, specificity, PPVs, and NPVs [22].

3. Results

One-hundred-fifteen patients underwent microsurgical clipping of
an unruptured AChA aneurysm with IONM from January 2011 to
March 2018. Demographic data and aneurysm characteristics of all 115
patients are shown in Table 1. The mean age of the patients was
54.66 years. Forty-nine patients had multiple aneurysms and simulta-
neous clipping for multiple aneurysms was performed in 46 patients.
Due to a previous hemorrhagic stroke, 1 patient had a neurologic deficit
(mRS score: 4).

Clinical and radiological outcomes are presented in Table 2. Mor-
tality and morbidity at 6 months were 0% and 2.61%, respectively. The
overall complication rate after microsurgical clipping was 12.17% (14
patients). Ischemic complications occurred in 7 patients (6.08%).
Among them, symptomatic ischemic complications (Fig. 1) and silent
ischemic complications (Fig. 2) occurred in 3 patients (2.6%) and 4
patients (3.5%), respectively. Two patients (1.74%) suffered permanent
neurologic deficits. Three patients had hemorrhagic complications.
However, these patients did not show any neurologic symptoms. Two
patients suffered transient third nerve palsy that was improved within 6
months. One patient suffered permanent anosmia. Three patients un-
derwent a re-operation. One patient suffered an infection at the surgical
site. Clip repositioning was performed in the remaining 2 patients;
among them, lunderwent clip repositioning within 6h after initial
clipping surgery because of postoperative neurologic deterioration in-
cluding hemiparesis, facial palsy, and aphasia. That patient showed no
significant changes on IONM throughout the surgery. Fortunately, the
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Table 2
Clinical and radiological outcomes.

Variable Value

Complications, n (%)

Ischemic 7 (6.08)
Asymptomatic 4 (3.48)
Symptomatic 3 (2.61)
Permanent 2 (1.74)
Transient 1 (0.87)

Hemorrhagic 3 (2.61)
Asymptomatic 3 (2.61)
Symptomatic 0 (0)
Permanent 0 (0)
Transient 0 (0)

Functional and Miscellaneous 4 (3.48)
Third nerve palsy 2(1.749
Anosmia 1 (0.87)
Infection 1 (0.87)
Re-operation, n (%) 3 (2.61)

Clip reposition 2(1.749)

Surgical site infection 1 (0.87)
mRS at discharge, n (%)

0 87 (75.65)

1 21 (18.26)

2 4 (3.48)

>2 3(2.61)
mRS at 6months, n (%)

0 104 (90.43)

1 7 (6.08)

2 1(0.87)

> 2 3(2.61)

n, numbere; mRS, modified Rankin Scale.

patient showed full recovery after the re-operation without any radi-
ological abnormalities. However, the other patient who underwent a re-
operation suffered permanent neurologic deficit including grade 3 hand
motor weakness and ptosis. Post-operative brain CT results of this pa-
tient showed significant low density on left posterior limb of the in-
ternal capsule and corona radiata.

Significant changes in IONM were revealed in 5 patients. (Table 3).
SSEP changes or MEP changes alone were shown in 1 patient (Case 3)
and 2 patients (Cases 2 and 5), respectively. Both SSEP and MEP
changes were evident in 2 patients (Cases 1 and 4) during surgery. The
significant changes detected via IONM had recovered fully by the end of
the surgery. Two patients (Case 2 and 5) suffered acute infarction in the
AChA territory with significant neurologic deficits. (Fig. 3) Detailed
information for the patients who suffered ischemic and hemorrhagic
complications is shown in Table 4. IONM data for the patients who
suffered ischemic and hemorrhagic complications revealed that there
were no SSEP changes during surgery. The 2 patients who suffered is-
chemic complications showed transient MEP change during surgery. At
the end of surgery, there were no abnormal intraoperative evoked po-
tential changes in any patients who suffered ischemic or hemorrhagic
complications.

The most severe radiological complications associated with micro-
surgical clipping of the AChA aneurysms occurred in 6 patients. In these
patients, data from brain CT or diffusion-weighted MRI performed
within 7 days of the operation showed postoperative infarction in the
territories of the AChA with different lesion sizes.

The false-negative rate of IONM for ischemic complications was
6.08% (7 patients: 6 patients who suffered ischemic complications, 1
patient who underwent clip repositioning and recovered fully without
any radiological abnormalities). Furthermore, associated symptomatic
complications occurred in 2.60% of the cases (3 patients). Sensitivity,
specificity, PPVs, and NPVs of the SSEP and MEP changes are sum-
marized in Table 5. Our data showed high specificity; 100% (95%
confidence interval [95% CI] = 0.972-1.000), PPVs; 100% (95%
CI = 0.055-1.000), and NPVs; 93% (95% CI = 0.945-0.973) with low
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Fig. 1. (A) A 50-year-old woman had a 15.2 mm unruptured left anterior choroidal artery (AChA) aneurysm. The AChA arose from dome of the aneurysm (white
arrow). After temporary clipping was performed at internal carotid artery, M1, and Al segments, permanent clips were applied. Afterwards, the aneurysm was
completely obliterated. (B) Motor evoked potentials (MEPs) were completely lost within 5 min after the temporary clipping. However, it recovered completely after
the temporary clip was removed. Indocyanine green (ICG) videoangiography and Doppler sonography confirmed the complete obliteration of the aneurysm. We
monitored any changes in somatosensory evoked potentials (SSEPs) and MEPs for 1h after the permanent clipping without any surgical procedures. No evoked
potential changes were noticed during the hour. Furthermore, there were no evoked potential changes through the end of the surgery. (C) An immediate post-
operative neurologic examination showed right side hemiparesis (grade 2), central type facial palsy, left ptosis, and a left medial gaze limitation. Emergent brain
magnetic resonance imageing with diffusion-weighted images revealed an acute infarction at the posterior limb of the left internal capsule. (D) Re-exploration and
remodeling of the aneurysm by multiple clips was performed to maintain the flow of the AChA. ICG videoangiography and Doppler sonography confirmed the blood
flow of the AChA. (E) The MEP amplitude before re-exploration had dropped more than 50%, so the clips were repositioned. The MEP amplitude was normalized
after clip repositioning. After the re-operation, the neurologic deterioration of the patient improved and patent blood flow of the AChA was identified in post-
operative digital subtraction angiography. However, the patient suffered neurologic deficits including right hand weakness, left ptosis, and mild dysarthria. Her
modified Rankin Scale score at discharge and 6 months after discharge was a 3. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

Fig. 2. (A) A 54-year-old woman had multiple unruptured intracranial aneurysms including in the left anterior choroidal artery (AChA) (2.4 mm) and both middle
cerebral artery bifurcations (MCABs) (5.1 mm, left and 2 mm, right). The left AChA and MCAB aneurysms were clipped simultaneously. Then, the right MCAB
aneurysm was clipped via a contralateral approach. No intraoperative evoked potential changes were noticed during the surgery. (B) Imediate postoperative
neurologic examination revealed right side motor weakness (grade 4) and blurred vision without ptosis and external ocular movement limitation. Emergent brain
magnetic resonance imageing (MRI) with diffusion weight images performed immediately showed a 2 cm sized acute infarction at the territory of the anterior
choroidal artery including the left corona radiata, adjacent basal ganglia, and posterior limb of the internal capsule. (C) Subsequently, emergent digital subtraction
angiography was performed. The left AChA was not compromised (white arrow). Postoperatively, an intravenous steroid injection and proper hydration was
maintained for 3days and 7days respectively. (D) A follow-up brain computed tomography was performed 7 days after surgery, which showed an old infarction on
the regions confirmed via the previous brain MRI. The patient was discharged 10 days postoperatively with blurred vision and a modified Rankin Scale score (mRS) of
2. The blurred vision improved 1 months after surgery and the mRS score changed to 1.
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Fig. 3. (A) A 48-year-old woman had multiple unruptured intracranial aneurysms including in the right anterior choroidal artery (AChA) (2.8 mm), the right superior
cerebellar artery (SCA) (2.3 mm), the left internal carotid artery bifurcation (ICAB) (1.2mm), the M1 segment (3 mm), and basilar artery bifurcation (BABIF)
(2.8 mm) aneurysms without any symptoms. The left ICAB and M1 aneurysms had been clipped 4 months before. The right AChA, SCA, and BABIF aneurysms were
clipped simultaneously. There were no abnormal findings regarding the intraoperative evoked potential monitoring during microsurgical clipping. Immediate post-
operative mobile brain computed tomography (CT) results showed no unusual findings. The patient recovered from general anesthesia without any neurologic
deterioration. (B) The post-operative digital subtraction angiography performed 5 days after surgery showed no abnormal findings, including an intact flow of the
right AChA (white arrow). (C) However, a follow-up brain CT performed 7 days after surgery revealed an old infarction at the territory of the AChA including the
right posterior limb of the internal capsule and hippocampal head. The patient was discharged 8 days postoperatively without any neurologic deficits and a modified

Rankin Scale score of 1.

sensitivity; 11.1% (95% CI = 0.006-0.111). However, due to the small
sample size, there were no statistically significant findings.

4. Discussion

The incidence of ischemic complications after microsurgical clip-
ping of unruptured intracranial aneurysms ranged from 1.0% to 13.2%
in previous studies [3,6]. Reported incidence rates of ischemic com-
plications after microsurgical clipping of AChA aneurysms ranged from
11.4% to 16% [23,24]. These incidence rates are higher than that in our
study: 6.08% overall with 2.6% being symptomatic. Though ruptured
AChA aneurysms were included in previous studies, the incidence of
ischemic complications of this study was lower than previous studies.

The false-negative rate of IONM for ischemic complications after
microsurgical clipping of an unruptured AChA aneurysm in present

study was 6.08%. This result was higher than the previously reported
false-negative rate of IONM for ischemic complications after micro-
surgical clipping of unruptured aneurysms (0-0.53%) [17,25]. Irie et al.
reported false-negative rate of INOM for ischemic complications after
microsurgical clipping of unruptured AChA aneurysm (2.85%).They
used transcranial MEP monitoring like our study [16]. However, no
false-negative finding and one case of false-positive finding were re-
ported in another study that used MEP monitoring with direct cortical
stimulation during microsurgical clipping of unruptured AChA an-
eurysm [26]. Our false-negative finding of IONM using our transcranial
electrical stimulation protocol might be influenced by deep penetration
of electrical stimulus applied transcranially. Nevertheless, high speci-
ficity and NPVs with low sensitivity of the SSEP and MEP changes were
similar to previously reported results [13,15,17,25,27].
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Table 5

Clinical Neurology and Neurosurgery 186 (2019) 105503

Sensitivity, specificity, PPV, and NPV for intraoperative SSEP and MEP monitoring.

Characteristic MEP change with

significant duration

SEP change with
significant duration

Overall EP change with
Significant duration (95% CI)

Sensitivity 0.125 (0.007-0.125)
Specificity 1.000 (0.991-1.000)
PPV 1.000 (0.055-1.000)
NPV 0.939 (0.930-0.939)

0.125 (0.007-0.125)
1.000 (0.991-1.000)
1.000 (0.055-1.000)
0.939 (0.930-0.939)

0.111 (0.006-0.111)
1.000 (0.991-1.000)
1.000 (0.055-1.000)
0.930 (0.922-0.930)

PPV, positive predictive value; NPV, negative predictive value; MEP, motor evoked potential; SEP, somatosensory evoked potential; CI, confidence interval; NA,

not available.
4.1. Limitation of IONM and anatomical consideration

Thorough preparations such as a robust understanding of the course
of the vessels near the aneurysm, careful manipulation of vessels during
aneurysm surgery, and useful monitoring tools for blood flow in-
sufficiency including IONM make it possible for surgeons to prevent
devastating postoperative and perioperative ischemic complications.
Especially, IONM detects insufficient blood flow quantitatively during
an aneurysm surgery. The efficacy of IONM has been reported in several
studies; IONM using SSEPs and MEPs had higher diagnostic accuracy in
predicting blood flow insufficiency [13,17,28]. Therefore, it is con-
sidered a useful and reliable tool to prevent postoperative ischemic
complications.

Although IONM is effective and reliable, surgeons should pay close
attention to its applications and the interpretation of the data due to its
limitations and faults. Unexpected postoperative motor deficits can
occur eventuated from false-negative results that IONM failed to detect
during aneurysm surgery. Possible causes of the false-negative results
during aneurysm surgery include stimulus intensity, direct stimulation
of deeper structures within the subcortical motor pathway, impairment
in the supplemental motor area that was not located in the corticospinal
pathway, sinking of the brain during surgery caused by excess cere-
brospinal fluid drainage, delayed perfusion caused by hypotension,
cerebral edema, and lacunar infarction after terminating the evoked
potential monitoring were reported in previous studies [15,25]. Also,
the alarm criteria of evoked potential changes and the influence of the
duration of a significant decrease in evoked potentials were reported
and interpreted differently in previous studies; thus, the safety margin
of alarm criteria and duration of an evoked potentials change mon-
itored to prevent postoperative neurologic deficits have been obscure
[13,15,17,25,26,29,30].

IONM detected the injuries of regions located on the ascending
sensory and descending motor tracts. Ischemic injuries not associated
with those regions could not be found during surgery, which is a weak
point of the IONM. Postoptic perforators of the AChA supply the pos-
terior limb of the internal capsule containing ascending somatosensory
fiber from the ventral posterior thalamic nucleus (the middle thalamic
radiation) and descending motor fiber through the middle third of the
cerebral peduncle, the origin of the optic radiations through the pos-
terior optic tract, and the periphery of the lateral geniculate body.
Damage to these perforators would result in definite contralateral
hemiplegia, hemianesthesia, and homonymous hemianopsia. Contrary
to postoptic perforators, preoptic perforators directed to the mesial
temporal region have abundant anastomosis with the medial posterior
choroidal artery, posterior communicating artery, and leptomeningeal
arteries. Therefore, visual disturbances according to the damage of
these perforators were often transient [31,32].

4.2. Mechanism of ischemia

In the present study, postoperative DSA of 3 patients revealed that
they suffered immediate postoperative motor deficits evident via the
occlusion of the AChA. One patient showed repeatedly significant MEP
decreases during dura closures. The other patients showed no or

transient MEP decreases during surgery.

Compromising of the AChA by permanent clipping and the torsion
after releasing brain retraction, thromboembolism during manipulation
of the AChA including temporary clipping, vasospasm, and glial edema
were the main causes of postoperative ischemic complications [24,33].
Territories supplied by the AChA located along the corticospinal
pathway, especially the posterior limb of the internal capsule, could
receive some collateral flow from the perforating artery of the posterior
communicating artery [34]. Therefore, reduced or occluded blood flow
from the AChA by permanent clip torsion could be alleviated by the
collateral flow to some degree. However, insufficient blood flow that
does not to maintain adequate perfusion induces an ischemic condition;
it also triggers local acidosis, glial edema, and decreased capillary
perfusion that exacerbate compromised perfusion for the brain tissue
[35,36].

Importantly, white matter of the brain has higher ischemic thresh-
olds and greater resistance to ischemia than gray matter [37-40]. The
posterior limb of the internal capsule containing the corticospinal tract
is a white matter structure that contains both ascending and descending
axons, going to and coming from the cerebral cortex. Therefore, it may
temporarily withstand ischemic injury caused by a compromised AChA.
Furthermore, a false-negative result during the microsurgical clipping
of an AChA aneurysm in our study could be interpreted as this phe-
nomenon.

4.3. Silent ischemia

The risk of silent ischemia associated with microsurgical clipping
was 9.8% per treated aneurysm. Significant risk factors were age, the
presence of thrombus, the number of permanent clips applied, number
of temporary clips used, total time of temporary clip occlusion, and
maximum time of temporary occlusion. The formation of new micro-
thrombi or the detachment of existing thrombi due to frequent surgical
manipulation using temporary or permanent clips was considered a
possible cause of silent ischemia [41]. In the present study, post-
operative infarction without any neurologic deterioration occurred in 4
patients (3.5%). Among them, postoperative infarctions correlated with
the territory of the AChA occurred in 3 patients (2.6%). The reason why
silent infarctions in the territory of the AChA occurred in 3 patients in
present study requires further investigation.

Silent brain infarctions are not meaningless. They present as subtle
deficits in physical and cognitive function that commonly go unnoticed.
Especially, the risk of dementia and a steeper decline in cognitive
function is higher in elderly patients with a silent brain infarction
[42,43]. Therefore, prevention of both symptomatic and asymptomatic
ischemic complications is needed and mandatory.

4.4. Limitations of this study

First, our study has a retrospectively design; therefore, it might have
a potential selection bias. Second, the duration of temporary clipping,
the number of permanent and temporary clipping attempts, and the
condition of the internal carotid artery such as atherosclerotic changes,
are not evaluated exactly due to imperfective medical records. Third,
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there were a small number of patients with a lower rate of evoked
potential changes. Therefore, statistical analysis could not be available
to evaluate the factors associated with ischemic complications. Fourth,
transcranial MEP monitoring might induce higher false-negative
finding than direct cortical stimulation MEP monitoring due to deep
penetration of stimulus.

5. Conclusions

Based on our results, IONM including transcranial MEP to prevent
postoperative ischemic complications during microsurgical clipping of
an AChA aneurysm shows higher false-negative rate and lower sensi-
tivity. It means that this MEP methodology might have limited useful-
ness in this situation. Therefore, if neurosurgeons use transcranial MEP
monitoring, it should be interpreted with great caution. Direct cortical
stimulation MEP monitoring or modified transcranial MEP monitoring
may be needed to reduce possible false-negative finding of IONM due to
deep penetration of electrical stimulus. Also, surgeons should consider
the anatomical characteristics of the AChA and pathophysiological
consequences of brain white matter to reduce ischemic complications
and false-negative results during microsurgical clipping of an AChA
aneurysm.
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