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Abstract Aiming to define the optimal treatment of large and
giant aneurysms (LGAs) in the anterior circulation, we present
our surgical protocol and patient outcome. A series of 42
patients with intracavernous LGAs (n=16), paraclinoid (C2)
LGAs (n=17), and peripheral (middle cerebral artery—MCA
or anterior cerebral artery—ACA) LGAs (n=9) were treated
after bypass under motor evoked potential (MEP) monitoring.
Preoperatively, three categories of ischemic tolerance during
internal carotid artery (ICA) occlusion were defined on con-
ventional angiography: optimal, suboptimal, and insufficient
collaterals. Accordingly, three types of bypass: low flow
(LFB), middle flow (MFB) and high flow (HFB) were applied
for the cases with optimal, suboptimal, and insufficient collat-
erals, respectively. Outcome was evaluated by the Glasgow
Outcome Scale (GOS). All patients had excellent GOS score
except one, who suffered a major ischemic stroke immediately
after surgery for a paraclinoid lesion. Forty-one patients were
followed up for 87.1+40.1 months (range 13—144 months).
Intracavernous LGAs were all treated by proximal occlusion
with bypass surgery. Of paraclinoid LGA patients, 15 patients
had direct clipping under suction decompression and other 2
patients with recurrent aneurysms had ICA (C2) proximal
clipping with HFB. MEP monitoring guided for temporary
clipping time and clip repositioning, observing significant
MEP changes for up to 6 min duration. Of 9 peripheral
LGAs patients 7 MCA LGAs had reconstructive clipping
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(n=4) or trapping (n=3) with bypass including LFB in 3
cases, MFB in 1 and HFB in 1. Two ACA LGAs had clipping
(n=1) or trapping (n=1) with A3-A3 bypass. The applied
protocol provided excellent results in intracavernous,
paraclinoid, and peripheral thrombosed LGAs of the anterior
circulation.
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Introduction

Despite the advancement and refinement of microsurgical and
endovascular techniques, the treatment of giant intracranial
aneurysms is still a challenging task [2, 6, 10, 15, 22, 24, 26,
32], even for experienced neurovascular surgeons. The prom-
ising outcomes achieved by endovascular therapy for small
aneurysms nevertheless remain unconfirmed for giant aneu-
rysms; larger case series report significant rates of recanaliza-
tion and low percentages of complete closure [3, 7-9, 11, 17],
and the most recent developments of endovascular techniques
did not provide definite efficient alternatives for treatment to
open surgery.

Generally, open surgical treatment of these aneurysms ex-
cludes the possibility to apply traditional surgical clipping
techniques because they are often large and have complex
shape, sclerosis of the neck accompanied with thrombosis
and direct involvement of parent, collateral and perforating
vessels. Since the surgical technique of clipping often includes
volume reduction of the aneurysm by aspiration and/or
thrombectomy to collapse it, at least temporary trapping is
required.
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The unclippable intracavernous aneurysms may require
proximal carotid ligation [5]. However, ischemic damage dur-
ing and after the procedure is the most significant risk during
this treatment. To protect from eventual ischemic damage dur-
ing the procedure, bypass surgery of different types was de-
veloped to compensate for hypoperfusion of the related brain
area and adequate assessment for its indications is needed
preoperatively. Careful selection of the donor-recipient site,
grafting vessel type and size, and bypass technique has to be
adjusted to an eventual flow deficit that might be induced with
the treatment and after it [25]. Therefore, preoperative evalu-
ation of ischemic tolerance to occlusion, in spite of all contro-
versies on the existing methods, remains essential for manage-
ment success in these lesions.

Within the same context, another remaining obstacle is the
preservation of the terminal perforating arteries arising from
the aneurysm and parent vessel portions that have to be oc-
cluded at surgery, with no established management strategy
yet for this problem [21]. Therefore, we applied intraoperative
motor evoked potential (MEP) monitoring to all patients in
this study to see whether the function of the corticospinal tract
is maintained during and after parent artery occlusion. The
MEP monitoring is the most sensitive and reliable method to
evaluate neurological function and alert surgeons of inade-
quate regional cerebral blood flow (CBF) during the surgical
procedure [28].

Combining preoperative ischemia tolerance evaluation
with intraoperative monitoring, since 2001 we decided to an-
alyze the effectiveness of a strategy aiming to avoid the pos-
sibility of ischemic complications by overprotective bypass
choice and MEP guided intraoperative flow control. The pres-
ent study summarizes the results of this strategy with its relat-
ed outcome in our institution in a consecutive case series of
complex large and giant aneurysms (LGAS).

Patients and Methods

A series of 42 patients (male/female, 13/29; age range, 32—
74 years; average +standard deviation [SD], 59.0£9.9 years)
with complex LGAs in the anterior circulation, treated surgi-
cally by the senior author (personal series of N.S.) between
2001 and 2013, were enrolled in this study. LGAs were divid-
ed into three categories according to the involved segment of
the internal carotid artery (ICA) system: (1) intracavernous
LGAs (16 cases) (male/female, 6/10; age range, 46—74 years;
average+SD, 58.8+£9.7 years), (2) paraclinoid LGAs (17
cases) (male/female, 3/14; age range, 45—73 years; average
+SD, 59.6+8.7 years), and (3) peripheral-anterior cerebral
artery (ACA) and middle cerebral artery (MCA)-LGAs (2
ACA and 7 MCA aneurysms) (male/female, 4/5; age range,
32-68 years; average+SD, 52.6+13.4 years).
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Angiographic assessment (balloon occlusion test)

Under systemic heparinization with a target-activated clotting
time of more than 250 s, a 5 F sheath introducer and 4 F sheath
introducer were placed in the right and left femoral artery,
respectively. A 5.2 F double-lumen balloon catheter
(Selecon MP catheter II; Terumo Clinical Supply, Japan)
was positioned in the cervical portion beyond the carotid bi-
furcation into the ipsilateral ICA carrying the LGA.
Immediately after occlusion of the ICA with inflation of the
balloon, a total 7 mL of a contrast medium (Iohexol, 300 mg/
mL) was injected at a rate of 3.5 ml/s through an 4 F angio-
graphic catheter (Medikit angiography catheter; Medikit Co
Ltd, Japan) that was placed in the contralateral internal carotid
artery. Digital subtraction angiography was performed in an
anterior—posterior view from the time of injection with the
frame rate of 2 fps until all contrast media disappeared from
cerebral circulation. Patients who developed any neurological
symptom or sign such as consciousness disturbance,
hemiparesis, aphasia, visual field defect or other under balloon
occlusion test (BOT) were considered intolerant. Patients who
did not develop neurological symptoms or deficit during the
15-min occlusion were considered tolerant. During the BOT, a
mean stump pressure as well as physiological monitoring was
recorded to confirm its safety with careful observation for
clinical manifestations.

Categorization of ischemic tolerance based
on angiographic findings

As a general strategy based on the uncertainties of preopera-
tive ischemia tolerance testing and the risks associated with
intraoperative flow interruption in the ICA and its branches
and perforators, we applied an overprotective bypass collateral
supply principle in all cases. It consisted of establishing a
bigger than the required bypass flow supply to the carotid
territory harboring an intracavernous and paraclinoid aneu-
rysm, based on the angiographic evaluation and preoperative
clinical BOT. The preoperative angiographic assessment (in-
cluding Matas and Alcock tests) was qualitative, dividing ef-
ficiency of collaterals at cross-compression of the carotid sys-
tem of interest during contralateral carotid injection into
insufficient, suboptimal, and optimal by the amount and
timing of flow in the territory of the occluded carotid system.
The insufficient category was obvious in case preoperative
angiographic assessment with Matas test showed no adequate
collateral flow to the contralateral side from arterial until ve-
nous filling phase of ipsilateral hemisphere (Fig. 1). In case
there was sufficient collateral flow during the arterial phase on
angiography under the Matas test, the timing of the venous
phase on the compressed side was evaluated. The suboptimal
category was differentiated from the optimal (Fig. 2) as 2 or
more seconds delay of the venous phase regardless of the
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Fig. 1 A woman with a large
cavernous sinus aneurysm. a
Preoperative right internal carotid
angiogram, anteroposterior view,
showing a large and irregularly
shaped aneurysm in the
cavernous sinus portion. b—d Left
internal carotid angiograms with
Matas test showing the
insufficient collateral flow of
contralateral hemisphere through
the exposure from early arterial to
venous phase

Fig. 2 A woman with a giant
cavernous sinus aneurysm. a
Preoperative right internal carotid
angiogram, anteroposterior view,
showing a giant and round shaped
aneurysm in the cavernous sinus
portion. b—d Left internal carotid
angiograms with Matas test
showing the sufficient collateral
flow of contralateral hemisphere
from early arterial to venous
phase. There is no apparent
laterality of the amount and time
shift of venous phase flow
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adequate contrast distribution to all peripheral territories and
degree of opacification in the occluded carotid system (Fig. 3).
Based on the established ischemia tolerance according to the
protocol, we used three types of bypasses for flow preserva-
tion and augmentation according to the expected amount of
flow they provide in descending order: the high flow bypass
(HFB) for the insufficient category, the middle flow bypass
(MFB) for the suboptimal category using interposed venous
grafts from the superficial temporal artery (STA) trunk to an
intracranial artery, and the low-flow bypass (LFB) for the
optimal category that was represented by the STA-MCA or
the A3-A3 anastomosis. MEPs were used for intraoperative
evaluation of perforating artery occlusion tolerance.

Intracavernous LGAs

The goal in this subgroup was to optimize a proximal carotid
occlusion. Tolerance to ischemia was estimated preoperatively
by angiographic evaluation complemented in part of the cases
with clinical BOT (Table 1). Additionally, under MEP moni-
toring during surgery, provisional ICA occlusion for 30 min
was applied to evaluate whether the indications of ischemic
changes (amplitude decrease by 50 % or more) appeared. This
was to reassure that ICA occlusion at the cervical portion
under the hemodynamic conditions at the time of surgery
should not have any adverse effect.

All patients who did not pass the BOT test or had
insufficient angiographic collaterals (Fig. 1) had HFB, those
who passed the BOT and had collaterals, however estimated
as suboptimal, had MFB, and those with passed BOT and had
adequate collateralization (optimal) (Fig. 2) had LFB.

Fig. 3 A woman with a giant
paraclinoid aneurysm. a
Preoperative left internal carotid
angiogram, anteroposterior view,
showing a giant and round-
shaped aneurysm in the
paraclinoid region. b—f Right
internal carotid angiograms with
Matas test showing the relatively
good collateral flow of
contralateral hemisphere in early
arterial phase, with time shift of
more than 2 s, best noticeable in
the venous phase of the injected
side (d and e)
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Paraclinoid LGAs

The same principles of angiographic evaluation were applied
as in the previous group: the patients with expected trapping
or proximal clipping that did not pass the BOT or had
insufficient collateralization had HFB, those with preservable
ICA (aneurysm clipping) but with suboptimal collaterals
(Fig. 3) distal to the lesion had MFB, and those with preserv-
able ICA and adequate collaterals had LFB. In four cases the
performance of LFB was considered unnecessary due to the
absence of STA donor with significant blood flow or the ab-
sence of appropriate infra-sylvian recipient, as the bypass
should not interfere with the main part of the intracranial work
through the Sylvian fissure.

Surgical technique in this subgroup depended on the mor-
phological characteristics of the lesion—Ilocation, relation to
adjacent neural and vascular structures, and the ischemia tol-
erance to parent vessel occlusion. Ischemia tolerance was re-
quired for aneurysm dissection, volume reduction and clip-
ping, as we gave emphasis to the critical for ischemia points
in the surgical plan. When dissection was considered to carry
risks of inadequate control over the parent vessel, important
branches and perforators, the suction-decompression tech-
nique (SDT) was applied, delaying as much as possible inten-
tional rupture and thrombectomy. Of special interest was the
relationship between aneurysmal neck and anterior choroidal/
posterior communicating arteries, whose temporary oblitera-
tion was potentially hazardous for ischemia. MEP monitoring
was applied through the whole intracranial part of the proce-
dures. Temporary clipping of the parent vessel was applied for
periods not exceeding 10 min under the provision that MEP
amplitude has not decreased below 50 % during these periods.
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Table 1 Intracavernous LGA cases

Case No. Age/Sex Angiographic assessment BOT Bypass graft MEP Symptom (cranial nerve) Post-op Patency GOS
1 56/M Optimal Negative STA No change 1L IV, V, VI No change Yes GR
2 50M Optimal Negative STA No change VI Improved  Yes GR
3 S8/F Insufficient N/A RA No change V (pain), VI Improved  Yes GR
4 63/F Insufficient N/A RA No change 111, IV, V (pain), VI Improved  Yes GR
5 46/F Suboptimal N/A Short SV No change VI Improved  No GR
6 S3/F Insufficient N/A RA No change 1II, V (pain), VI Improved  Yes GR
7 67/F Insufficient N/A RA No change 'V (pain) Improved  Yes GR
8 74/F Insufficient Negative RA No change 1II, IV, V (pain), VI Improved  Yes GR
9 57TM Insufficient Negative RA No change 1I No change  Yes GR
10 62/M Insufficient Positive  RA No change 'V, VI Improved  Yes GR
11 62/F Insufficient Positive SV No change No No change Yes GR
12 70M Insufficient Positive ~ RA No change 1II No change No GR
13 62/F Optimal Negative STA No change VI No change Yes GR
14 55/M Optimal Negative STA No change XII No change Yes GR
15 70/F Optimal Negative STA No change 1II, IV, VI No change Yes GR
16 69/F Insufficient Positive = RA+STA No change Headache, dizziness Improved  Yes GR

BOT Balloon occlusion test, GOS Glasgow outcome scale, GR Good recovery, LGA Large and giant aneurysm, MEP Motor evoked potential, R4 Radial

artery, ST4 Superficial temporal artery, SV Saphenous vein

Clip repositioning and gradual achievement of the optimal
clipping pattern, often on multiple steps, minimized occlusion
time and allowed preservation of parent vessels and related
branches and perforators.

Peripheral (MCA and ACA) LGAs

MCA LGAs were treated under the same principles as those of
paraclinoid location regarding ischemia protection, bypass
choice, and intraoperative MEP monitoring. However, for
ACA LGAs, we used an A3-A3 bypass instead of STA-
MCA anastomosis.

MEP monitoring

MEP monitoring was set according to the methods we have
previously reported [31]. Under general anesthesia with
remifentanil, propofol, and/or sevoflurane in oxygen, the ini-
tially given muscular relaxants were discontinued.
Stimulation electrodes (cross-recessed head tapping screws),
placed in the outer table of the skull over C3 and C4
(International 10-20 System), at least 2 cm away of the surgi-
cal incision, were connected to the combined stimulating and
recording device (MEB-4300; Nihon Kohden, Inc., Tokyo,
Japan). The MEPs were elicited by transcranial electrical stim-
ulation with a train of five square-wave pulses (duration
400 us, intensity 200 mA, frequency 500 Hz) delivered be-
tween the two screw electrodes, recording electromyographic
responses from abductor pollicis brevis and tibialis anterior
muscles bilaterally, filtering them between 100 and 1000 Hz.

The threshold current intensity needed to evoke motor re-
sponses from target muscles was monitored throughout the
operation, as indicated for threshold-level transcranial electri-
cal stimulation [31].

Surgical procedure

A standard pterional craniotomy was routinely used for all
cases except for A2 LGAs cases. The frontotemporal and
anterolateral cervical areas were prepared (Fig. 4a) and draped
as a single surgical field. Ipsilateral to the approach arm or leg
were also prepared and draped in the cases they were needed
for harvesting donor vessels. Craniotomy, neck dissection,
and donor vessel harvesting were usually performed simulta-
neously by two surgical teams.

In cases of intracavernous LGAs, the cervical ICA was
exposed for proximal parent vessel control. Proximal ICA
occlusion was preceded by the bypass procedure. For HFB,
we applied the technique described by Houkin et al. [12] but
we used a large vascular trocar to tunnel the graft between the
cervical and the cranial incisions to minimize graft compres-
sion by soft tissues. The distal anastomosis was performed
first in an end-to-side fashion to one of the M2 segments with
8-0 or 9-0 monofilament nylon sutures. To preserve distal
collaterals, the proximal anastomosis was performed in an
end-to-side manner to the external carotid artery using 7-0
monofilament nylon sutures.

In paraclinoid LGA cases, direct clipping was applied un-
der proximal control of the parent vessel with retrograde SDT
[1, 19, 20]. Initially, the cervical ICA was exposed and
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Fig. 4 Short saphenous vein-M2 anastomosis and suction-
decompression technique (SDT). a General surgical position and
preparation for a complex LGA of the anterior circulation. b Surgical
view of an end-to-side short saphenous vein-M2 anastomosis showing
the running suture through the vessels walls with 8-0 nylon during
temporary occlusion of M2. ¢ A procedure for the retrograde SDT
showing the preparation at the neck. 4 Fr angiocatheter was inserted via
the common carotid artery into the ICA. Vascular tapes were set for the

bypasses were performed according to the angiographic eval-
uation and BOT results. In MFB, the short saphenous vein
graft was connected to the M2 segment performing first an
end-to-side distal anastomosis with 8-0 or 9-0 monofilament
nylon sutures (Fig. 4b). When required, to preserve perfusion
via the distal collaterals, the proximal anastomosis was per-
formed in an end-to-side manner to the STA using 80 mono-
filament nylon sutures.

For SDT, an angiographic catheter sheath was introduced
into the cervical ICA after temporary proximal clamping
(Fig. 4c) and the site distal to the aneurismal neck on ICA
for temporary clipping was also exposed (Fig. 4d). When the
trapping clip was distal to the posterior communicating artery,
the intra-aneurysmal pressure might remain high, not allowing
space for safe aneurysm dissection. In these cases, retrograde
SDT produced aneurysm collapse and provided the surgeon
with enough space to finalize dissection and clipping (Fig. 4¢).
When aneurysm obliteration could not be completed in a sin-
gle step, this technique was applied repeatedly, moving each
time the clip closer to the aneurysmal neck. These steps were
sequenced at 5-10 min intervals until complete exclusion of
the aneurysm from the circulation was achieved. Aspirated
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common carotid artery, ICA and external carotid artery for temporary
occlusion. d Microsurgical view of the giant paraclinoid aneurysm after
placing a temporary clip on the intracranial ICA distal to the aneurysm
neck. The aneurysm still appears to be tense at this stage. e Intra-
aneurysmal pressure under control by retrograde SDT, allowing the
fenestrated clip to be applied. Clipping occluded the neck orifice and
reconstructed the original arterial lumen

blood was usually collected in blood bags for possible re-
transfusion.

Two patients had aneurysms that enlarged after previous
incomplete coil embolization. They were treated by clipping
with parent artery trapping and dome dissection to enable coil
removal, without resorting to bypass surgery. Another two
cases of recurrent giant aneurysms, one de novo and one with
adjacent re-growth several years after being treated by direct
clipping, were managed by ICA proximal occlusion—C2
clipping with HFB.

In cases of A2 LGAs, an interhemispheric approach was
used to perform initially an A3-A3 bypass, then to expose the
anterior communicating artery complex under temporary oc-
clusion of Al segments, and finally the aneurysm had neck
clipping or trapping.

In thrombosed MCA aneurysms, the appropriate bypass
was performed, and then the relevant branches of the MCA
were trapped. After thrombectomy and dissection, the an-
eurysms were permanently trapped or clipped. MEPs were
used through the whole period of intracranial work and
significant amplitude decreases were managed by clip
repositioning.
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Follow-up

All patients were followed up at regular intervals after dis-
charge on outpatient visits (at least once a year) and evaluated
by magnetic resonance (MR) imaging and/or computed to-
mography (CT) angiography as required.

This management protocol has been approved by the inter-
nal review board of the University of Tokyo Hospital, and
written informed consent was obtained in all cases prior to
participation in this study.

Results

The mean clinical follow-up period for these 42 patients was
87.1£40.1 months (range 13—144 months).

Intracavernous LGA cases

We have treated 16 intracavernous LGAs by ICA ligation just
distal to its origin and a bypass. The clinical data and out-
comes are shown in Table 1. The mean follow-up period
was 102.6+32.7 months (range 22—144 months). Among
the 11 cases of giant and 5 cases of large aneurysms, 10 re-
quired HFB, one required MFB, and 5 required LFB. There
were no MEP changes in any of the cases during the intraop-
erative carotid occlusion test. After confirming that, perma-
nent proximal ligation was done by 2-0 silk. We followed up
cavernous ICA aneurysms by MR imaging (Fig. 5),

angiography (Fig. 6a—d) and CT. All 16 cases did not show
any residual aneurysm visualization after treatment and no
ischemic complications were reported. All patients of this
group were discharged without any complications, except
one who suffered from neck wound infection. Postoperative
patency of anastomoses was confirmed in 14 patients (87.5 %
of cases). Regarding the already existing cranial nerve deficit,
trigeminal pain improved in all cases (5 out of 5, 100 %) and
external ophthalmoplegia improved in half of the cases (5 out
of 10, 50 %). Visual disturbances did not change in one pa-
tient, neither the hypoglossal nerve palsy during neck dissec-
tion in another one.

Paraclinoid LGA cases

Patients with paraclinoid LGAs had bypass in 13 of the 17
cases: 3 had HFB, 6 had MFB and 4 had LFB. Fifteen patients
had direct clipping under SDT except one and another 2 pa-
tients, who were found unsuitable for SDT because of being a
recurrence, had ICA (C2) proximal clipping with HFB. A
typical case of direct clipping and MFB in this group is illus-
trated in Fig. 6e—g. The mean follow-up period was 79.7
+46.0 months (range 13-138 months). The outcome in 16
of the 17 patients showed good recovery on the Glasgow
Outcome Scale (GOS) without any major ischemic complica-
tion (Table 2). Only one patient (1/17) with recurrent large
aneurysm suffered large area infarction in the ipsilateral hemi-
sphere, but was lost for long-term follow up. Significant MEP
amplitude decreases lasted from 3.5 to 6 min (4.95+0.7 min,

Fig.5 Series of MR imaging findings of a right intracavernous aneurysm
before and after surgery; T1-weighted (a—d) and T2-weighted images (e—
h). Preoperative MR images revealed a giant flow void and mass effect in
the right cavernous portion (a, e). Notably, 1 day after surgical treatment
T1-weighted (b) and T2-weighted images (f) showed high intensity inside

the aneurysm, revealing the beginning of intra-aneurysmal thrombosis.
Four months after treatment, the aneurysm remarkably shrank (e, g).
Eighteen months after treatment the giant aneurysm almost disappeared
(d, h)
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Fig. 6 Angiographic findings. a—d A woman with a giant cavernous
sinus aneurysm. She suffered from right-sided visual impairment,
abducent nerve palsy, and ptosis. a Preoperative right internal carotid
angiogram, anteroposterior view. b, ¢ Follow-up right common carotid
angiograms showing occlusion of the ICA at its origin on the lateral view
(b) and the flow from the external carotid artery via the graft of the
external carotid artery-M2 bypass intracranially reaching the distal side
of'the carotid bifurcation on the anteroposterior view (c). d The follow-up
left internal carotid angiogram shows the cross flow of the right A1 and

n=10), the longest one in a case of anterior choroidal artery
trapping for SDT, but always returned to normal after reper-
fusion. All cases had the MEP response recovered after defin-
itive aneurysm clipping. A representative MEP trace is shown
in Fig. 7.

Postoperatively the occlusion of all aneurysms was con-
firmed by MR imaging, MR angiography, angiography, or
three-dimensional CT angiography. Except for two cases with
ipsilateral preoperative permanent blindness, visual distur-
bances showed slight improvement in three out of six patients,
the rest remaining unchanged. Another two cases with cogni-
tive dysfunction due to hydrocephalus improved
spontaneously.

Peripheral LGA cases

Of nine peripheral LGAs, all with significant vascular wall
changes, seven MCA LGAs had reconstructive clipping
(n=4) or trapping (n=3) with bypass including LFB in three
cases, MFB in one, and HFB in one. Two ACA LGAs had
clipping (n=1) or trapping (n=1) with A3-A3 bypass. The
follow-up period for all LGAs cases was 73.4+37.9 months
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M1 via the anterior communicating artery on the anteroposterior view. e—
g A man with a giant paraclinoid aneurysm extending anterolaterally. e
Preoperative right internal carotid angiogram, lateral view. f Postoperative
internal carotid angiogram showing disappearance of the aneurysm and
well demonstrated flow in the ICA after complete multiple clipping. The
branches of the ICA (ophthalmic, posterior communicating and anterior
choroidal arteries) were preserved. g Postoperative external carotid
angiogram showed the flow of short saphenous vein graft from STA to
MCA M2 (MFB)

(range 15-131 months). The outcome of all 9 patients showed
good GOS without any major ischemic complications
(Table 3). In MCA aneurysms, complete loss or reduction to
less than 50 % of MEP amplitude was observed for a mini-
mum of 2 and a maximum of 37 min (n=4), the maximum
being in a case of inadvertently remained trapped lateral
lenticulostriate artery origin. However, loss was reversible af-
ter release and did not influence patient’s good outcome. An
illustrative case of a successfully clipped giant thrombosed
MCA aneurysm preserving normal MCA flow supported with
a bypass under MEP monitoring is given in Fig. 8.

Discussion

In recent years, the attention to the management of LGAs has
been increasing. However, the majority of published reports
reflect the outcome of specific for a single institution series
[2], a uniform team strategy [13], or present small series and
case reports [16]. Thus, the principal objective of this study
was to analyze the outcome of LGA management under a
specific protocol focused on overprotection from ischemia,
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Table 2 Paraclinoid LGA cases

Case No. Age/Sex An. Angiographic BOT Bypass graft SDT MEP Treatment GOS

assessment

1 73/F Large An. (SAH) Insufficient Positive  RA-MCA (temporary) No  N/A Neck clipping GR
2 S3/F Large An. Suboptimal N/A Short SV Yes 5 min Neck clipping GR
3 64/M Giant An. Suboptimal N/A Short SV Yes 5 min Neck clipping GR
4 58/F Large An. Suboptimal N/A Short SV Yes 5 min Neck clipping GR
5 54/F Large An. Suboptimal N/A Short SV Yes 5 min Neck clipping GR
6 45/F Large An. Suboptimal Negative Short SV Yes N/A Neck clipping GR
7 56/F Large An. Optimal N/A No Yes 6 min Neck clipping GR
8 67/F Giant An. Optimal N/A No Yes 6 min Neck clipping GR
9 46/F Large An. (SAH) Suboptimal N/A Short SV Yes 4.5 min Neck clipping GR
10 64/F Giant An. Optimal Negative No Yes 4.5 min Neck clipping GR
11 47/F Giant An. Optimal N/A STA Yes  Nochange Neck clipping GR
12 56/F Large An. Optimal Negative STA Yes  Nochange Neck clipping GR
13 70/F Large An. Optimal Negative No Yes 5 min Neck clipping GR
14 68/F Large An. Optimal Negative STA Yes 3.5 min Neck clipping GR
15 63/M Large An. (SAH) Optimal Negative STA Yes  Nochange Neck clipping GR
16 61/F Large An. (recurrence) Insufficient Negative High flow No  Nochange ICA clipping (C2) SD
17 66/M Large An. (recurrence) Insufficient Positive  High flow No  Nochange ICA clipping (C2) GR

An. Aneurysm, BOT Balloon occlusion test, GOS Glasgow outcome scale, GR Good recovery, /CA Internal carotid artery, LGA Large and giant
aneurysm, MCA Middle cerebral artery, MEP Motor evoked potential, N/4 Not available, R4 Radial artery, SAH Subarachnoid hemorrhage, SD

Severe disability, SDT Suction-decompression technique, STA4 Superficial temporal artery, SV Saphenous vein

and at the same time allowing adaptive flexibility according to
the expected ischemia tolerance. The amount of the necessary
blood flow to avoid ischemic complications in both cortex and
deep white and gray matter, supplied via major arterial trunks
and their respective perforating arteries has been subject to
multiple studies, applying different methodologies of CBF

evaluation without definitive conclusion. Based on the
existing information around the year 2000, we attempted a
simple protocol, addressing the major pitfalls of this surgery
at that time. In the context of the current status of LGA man-
agement, the obtained experience confirms that being
overprotective by providing generous bypass flow and

5 minutes after ICA trapped

Immediately after reperfusion

15 minutes -
after reperfusion

Fig. 7 Representative MEP records demonstrating electrophysiological
changes caused by trapping of the ICA. Left MEP disappeared 5 min after
ICA trapping, however, immediately after reperfusion, the potential
started recovering, becoming later the same as control. Right MEPs
demonstrating electrophysiological changes during the SDT procedure

* Baseline
. . Baseline
: |' ICA trapped
ICA trgipped S5 mhinutes aft_er ICA trapped

' Immediately after reperfusion

'10 minutes after reperfusion

- 8 minutes after ICA traf)pedA

. Soon after reperfusion

to treat a giant paraclinoid aneurysm, requiring repeated ICA trapping
and reperfusion. Initially 5 and later 8 min of trapping were used. The
disappearance and recovery after the initial trapping permitted a second
trapping followed by recovery at reperfusion. The procedure permitted
the aneurysm to be excluded completely from circulation
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Table 3  Peripheral LGA cases

Case No. Age/Sex An. Bypass graft Parent artery occlusion MEP Treatment GOS
(during surgical procedure)
1 68/M Giant thrombosed MCA An. Short SV Trapping 37 min Neck clipping ~ GR
2 61/F Large thrombosed MCA An. No Trapping 5 min Neck clipping GR
3 38/F Large thrombosed MCA An. STA Trapping No change Trapping GR
4 57M Giant thrombosed MCA An. STA Trapping 2 min Trapping GR
5 61/F Giant thrombosed MCA An. STA Trapping 7 min Neck clipping ~ GR
6 S8/F Giant thrombosed MCA An. No No Nochange  Neck clipping  GR
7 32/M Large fusiform MCA An. RA Trapping No change Trapping GR
8 65/F Thrombosed A2 An. (SAH) A3-A3 No No change Neck clipping ~ GR
9 42/M Dissecting A2 An. (SAH) A3-A3 Trapping No change Trapping GR

An. Aneurysm, GOS Glasgow outcome scale, GR Good recovery, LGA Large and giant aneurysm, MCA Middle cerebral artery, MEP Motor evoked
potential, SAH Subarachnoid hemorrhage, ST4 Superficial temporal artery, SV Saphenous vein, R4 Radial artery

performing frequent reperfusions during trapping under mon-
itoring in these patients can yield results not inferior than those
involving sophisticated and detailed CBF evaluations.

Recently published studies have used two major groups of
methods: open [10, 15, 22, 24, 26] and endovascular [7, 11,
17]. Endovascular techniques unfortunately did not show in
LGAs the promising results obtained in small aneurysms.
Recent stent and flow-diverting techniques have indicated
rates of recurrence and complications that cannot be
neglected. Therefore, open surgical techniques continued be-
ing applied widely in experienced centers around the world.
However, even in big centers, the series are not sufficiently big
and differ significantly in patient selection and the applied
diagnostic and surgical technology to permit conclusions of
high evidence level [2, 14]. In some of them, unfortunately the
criteria were changing through the series [2, 6], which makes
the comparison among studies difficult.

One of the most important components of a LGA manage-
ment protocol is the ischemia tolerance evaluation and ische-
mia protection. Many studies [2, 5, 14] have used algorithms
addressing ischemia protection as tolerating or not ICA
occlusion (in need or not of HFB), often combined with the

Fig. 8 A woman with a giant thrombosed MCA aneurysm. She suffered
a subarachnoid hemorrhage. a Left common carotid angiogram showed
an irregularly shaped aneurysm of the left MCA. b The three-dimensional
CT angiogram reveals the space occupied by the aneurysm. ¢

@ Springer

results of diagnostic CBF measurements [4, 17, 24], or applied
standardized protocols of a uniform surgical technique [13].
While bypass revascularization addressed to some extent flow
compensation and augmentation in the main trunks, the major
difficulties of treatment of complex LGA of the carotid circu-
lation remain with perforating arteries flow preservation dur-
ing parent artery occlusion [33]. We believe that each of these
problems should be addressed separately and has different
characteristics and impact in the three groups of aneurysms
in our study.

In intracavernous LGAs, evaluation addressed the existing
uncertainties in preoperative testing before permanent carotid
occlusion. BOT has been a mainstay in carotid occlusion test-
ing for nearly four decades, since Serbinenko described its
first clinical application in 1974 [23]. Therefore, we adopted
the clinical BOT for the patients under consideration for ICA
occlusion. However, even in clinical BOT permitting I1CA
occlusion patients, incidence of ischemic stroke was only re-
duced, but not eliminated. Improvements were attempted with
additional flow evaluation methods [27], with added hypoten-
sive challenge, but without definitive solution of the problem.
Attempting to simplify the approach to the problem on the

Postoperative angiogram of lateral view showing complete disappearance

of the MCA aneurysm after multi-clip occlusion, and intact M1, M2, and
the flow from STA to M2 via short saphenous vein graft
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background of overprotective bypass supply, we evaluated
conventional angiography flow (with Matas and Alcock tests)
and classified the collateralization of arterial territories and
timing of flow as insufficient, suboptimal, and sufficient. The
differentiation between suboptimal and sufficient was chosen
to be 2 s or more delay in the venous phase between injected
and occluded hemispheres as a clear to define margin on vi-
sually assessed serial angiographies. Using values of less than
2 s was considered prone to misinterpretation of angiography
timing or influenced by physiological variation. Then, we
have decided 2 s as the first clear landmark of venous delay.
At the time of introducing this criterion, there were no
established standards of venous delay. We adopted these
criteria after the role of venous return delay in assessing
collateralization was mentioned as a possible useful parameter
[18]. In a later than the beginning of our study publication, the
value of venous phase delay has been emphasized by van
Rooij et al. [30]. The surgical strategy of overprotection was
based on the performance of a bypass presumably providing
flow in excess of the deficit expected. For that in cases of
insufficient collaterals we always chose the HFB, in the
suboptimal category we chose the MFB, and even in cases
of optimal collateralization, where protective revasculariza-
tion might not be needed, we chose the LFB unless technically
unfeasible. A second line of protection in this group was the
intraoperative monitoring of MEPs. There were no intraoper-
ative changes during the temporary occlusion in all cases of
this group, confirming that the preoperative choice of bypass
was adequate.

In the paraclinoid LGA group, the two distinctive risks of
ischemia due to main trunk and perforators occlusion needed
separate approach. Aneurysm volume reduction allowed
faster repositioning of trapping clips with shorter flow inter-
ruptions and delay of the intentional puncture of the aneurysm
for thrombectomy as much as possible with the help of SDT.
All the applied surgical techniques required ischemia toler-
ance evaluation as they required also at least temporary arterial
occlusion, so the patients were evaluated angiographically for
ICA occlusion with the same criteria as the intracavernous
LGA group, with BOT and selection of bypass under the same
rules. Only in two cases of recurrent LGA, where intracranial
dissection and clipping were considered not possible without
unreasonably high risk, proximal occlusion was performed
under the biggest available ischemia protection—HFB.

Intraoperative ischemia protection for the deep gray and
white matter, particularly the corticospinal tract in this group
was based on MEP monitoring. MEPs had broad application
for the last decade, including even cortico-bulbar potentials
[33]. For the terminal perforating arteries arising from the
aneurysm portions that had to be occluded, we do not have
yet an established a broadly acceptable management strategy.
Direct revascularization of perforators is not yet possible.
Therefore, all that we can do for the deep gray and white

matter was to evaluate by MEP monitoring the induced degree
of ischemia on the corticospinal tract in the internal capsule,
also a territory of the anterior choroidal artery. During parent
vessel trapping, if the insufficient retrograde flow from distal
ICA and posterior communicating arteries lead to hypoperfu-
sion, MEP changes served as an early warning, indicating a
stage of reversible penumbra [29]. Even if the blood flow
reduction in these circumstances reached the point of electro-
physiological silence, resulting from loss of membrane ion
gradients and energy metabolites [6], the metabolic energy
reserves would have allowed structural preservation.
Continued trapping probably for 15 min or more would have
exhausted this limited capacity and transformed the penumbra
zone into irreversibly damaged tissue [29]. From the results in
our 10 cases with MEP changes during temporary trapping,
the interval from trapping to the onset of ischemic penumbra
was 3.5-6 min, with an average of approximately 5 min
(Fig. 7). We used clip repositioning for reperfusion at the
appearance of MEP changes. This time seems to be consistent
with the results of our previous research on mini pig model
with anterior choroidal artery occlusion, where the time of
penumbra onset in anterior choroidal artery occlusion was
6 min and reperfusion within less than 15 min salvaged the
penumbra area without any permanent ischemic lesion, even
though MEPs had already disappeared [29]. Since we could
expect safe recovery within the above-mentioned or maybe a
little longer time duration, under MEP monitoring we could
avoid the ischemic complications associated with perforating
arteries in this series. The exact range of tolerable occlusion
time in these patients has still to be established.

The peripheral thrombosed LGA group was evaluated for
ischemia protection only by angiography. A3 to A3 anasto-
moses were considered well matching the existing flow de-
mand as a LFB for the two ACA LGAs. MCA LGAs required
attention for eventual relationship of lenticulostriate arteries to
dissection and clip placement. In all of these cases except one,
MEP changes occurred before 10 min of flow interruption, in
a similar way as the paraclinoid LGA, and required manage-
ment by clip repositioning. One inadvertent occlusion of a
lenticulostriate artery led to prolonged MEP changes for
37 min not resulting in any neurological damage, indicating
the existence of occasional unpredictable flow reserves. We
did not encounter aneurysmal necks involving the MCA bi-
furcation which would have required more complex recon-
structions and eventually multiple anastomoses.

The outcome of our patients is indicating an effective strat-
egy of management. All three groups had good recovery for
all patients, except one in the paraclinoid LGA group, who
developed severe ischemic stroke after surgery for a recurrent
large aneurysm, in spite of the patent HFB. Complications
review showed only few local surgical complications: surgical
site infection at the neck in one patient and one iatrogenic
hypoglossal nerve damage during neck dissection.
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This study had the limitations of being a single center,
retrospective non-randomized cohort, and lacked the inclusion
of the whole range of randomly treated LGA lesions, resulting
from the bias of referral to our institution. The absence of C1
as well as ICA and MCA bifurcation lesions may have had a
positive impact on the total outcome, but it allowed better
standardization of the groups. Overall, the validity of our ob-
servations should be applied to the groups of LGAs included
in this study.

Conclusions

Ischemia overprotection protocol has shown to be effective in
the management of LGAs with the locations and types in our
series, yielding excellent results and low complication rates.
Without quantitative estimation, bypass oversupply of the
hemisphere appears to be protective to clinically detectable
ischemia without clinical indications of hyperperfusion.
Whether the angiographic evaluation is sufficient for this pro-
tocol can be answered in the future with comparable results
based on different evaluation methods, criteria, and types of
lesions.

Acknowledgments We would like to thank Kostadin L. Karagiozov,
M.D., Ph.D. for his advice and review of the manuscript.

Compliance with ethical standards

Conflict of interest This work was supported by a Grant-in-Aid for
Scientific Research (B) (No. 25293304) to Dr. Saito and a Grant-in-Aid
for Scientific Research (C) (No. 25462206) to Dr. Imai from the Japan
Society for the Promotion of Science. The other authors report no
conflicts.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Batjer HH, Samson DS (1990) Retrograde suction decompression
of giant paraclinoidal aneurysms. Technical note. J Neurosurg 73:
305-306

2. Cantore G, Santoro A, Guidetti G, Delfinis CP, Colonnese C,
Passacantilli E (2008) Surgical treatment of giant intracranial aneu-
rysms: current viewpoint. Neurosurgery 63(4 Suppl 2):279-289,
discussion 289-290

3. Chalouhi N, Tjoumakaris S, Gonzalez LF, Dumont AS, Starke RM,
Hasan D, Wu C, Singhal S, Moukarzel LA, Rosenwasser R,
Jabbour P (2014) Coiling of large and giant aneurysms: complica-
tions and long-term results of 334 cases. AJNR Am J Neuroradiol
35:546-552

@ Springer

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

Chibbaro S, Tacconi L (2006) Extracranial-intracranial bypass for
the treatment of cavernous sinus aneurysms. J Clin Neurosci 13:
1001-1005

Date I, Ohmoto T (1998) Long-term outcome of surgical treatment
of intracavernous giant aneurysms. Neurol Med Chir (Tokyo) 38:
62-69

Eliava SS, Filatov YM, Yakovlev SB, Shekhtman OD, Kheireddin
AS, Sazonov IA, Sazonova OB, Okishev DN (2010) Results of
microsurgical treatment of large and giant ICA aneurysms using
the retrograde suction decompression (RSD) technique: series of
92 patients. World Neurosurg 73:683—687

Gao X, Liang G, Li Z, Wei X, Cao P (2012) A single-centre expe-
rience and follow-up of patients with endovascular coiling of large
and giant intracranial aneurysms with parent artery preservation. J
Clin Neurosci 19:364-369

Gonzalez NR, Duckwiler G, Jahan R, Murayama Y, Vinuela F
(2006) Challenges in the endovascular treatment of giant intracra-
nial aneurysms. Neurosurgery 59(5 Suppl 3):S113—124, discussion
S3-13

Gonzalez NR, Duckwiler G, Jahan R, Murayama Y, Vinuela F
(2008) Challenges in the endovascular treatment of giant intracra-
nial aneurysms. Neurosurgery 62(6 Suppl 3):1324-1335

Hanel RA, Spetzler RF (2008) Surgical treatment of complex intra-
cranial aneurysms. Neurosurgery 62(6 Suppl 3):1289-1297, discus-
sion 1297-1299

Hauck EF, Welch BG, White JA, Replogle RE, Purdy PD, Pride
LG, Samson D (2009) Stent/coil treatment of very large and giant
unruptured ophthalmic and cavernous aneurysms. Surg Neurol 71:
19-24, discussion 24

Houkin K, Kamiyama H, Kuroda S, Ishikawa T, Takahashi A, Abe
H (1999) Long-term patency of radial artery graft bypass for recon-
struction of the internal carotid artery. Technical note. J Neurosurg
90:786-790

Ishishita Y, Tanikawa R, Noda K, Kubota H, Izumi N, Katsuno M,
Ota N, Miyazaki T, Hashimoto M, Kimura T, Morita A (2014)
Universal extracranial-intracranial graft bypass for large or giant
internal carotid aneurysms: techniques and results in 38 consecutive
patients. World Neurosurg 82:130-139

Jafar JJ, Russell SM, Woo HH (2002) Treatment of giant intracra-
nial aneurysms with saphenous vein extracranial-to-intracranial by-
pass grafting: indications, operative technique, and results in 29
patients. Neurosurgery 51:138—144, discussion 144-146

Kai Y, Hamada J, Morioka M, Yano S, Mizuno T, Kuroda J, Todaka
T, Takeshima H, Kuratsu J (2007) Treatment strategy for giant
aneurysms in the cavernous portion of the internal carotid artery.
Surg Neurol 67:148—155, discussion 155

Kumar V, Ogilvy CS (2011) Images in clinical medicine: giant
intracranial aneurysm. N Engl ] Med 364:956

Li MH, Li YD, Fang C, Gu BX, Cheng YS, Wang YL, Gao BL,
Zhao JG, Wang J, Li M (2007) Endovascular treatment of giant or
very large intracranial aneurysms with different modalities: an anal-
ysis of 20 cases. Neuroradiology 49:819-828

Mathis JM, Barr JD, Jungreis CA, Yonas H, Sekhar LN, Vincent D,
Pentheny SL, Horton JA (1995) Temporary balloon test occlusion
of the internal carotid artery: experience in 500 cases. AINR Am J
Neuroradiol 16:749-754

Mizoi K, Yoshimoto T (1993) Permissible temporary occlusion
time in aneurysm surgery as evaluated by evoked potential moni-
toring. Neurosurgery 33:434-440, discussion 440

Mizoi K, Yoshimoto T, Takahashi A (1993) Direct clipping of
paraclinoid large aneurysms using retrograde balloon suction de-
compression [in Japanese]. No Shinkei Geka 21:981-989
Murakami K, Shimizu H, Matsumoto Y, Tominaga T (2009) Acute
ischemic complications after therapeutic parent artery occlusion
with revascularization for complex internal carotid artery aneu-
rysms. Surg Neurol 71:434-441, discussion 441



Neurosurg Rev (2016) 39:505-517

517

22.

23.

24.

25.

26.

27.

28.

Nonaka T, Haraguchi K, Baba T, Koyanagi I, Houkin K (2007)
Clinical manifestations and surgical results for paraclinoid cerebral
aneurysms presenting with visual symptoms. Surg Neurol 67:612—
619, discussion 619

Serbinenko FA (1974) Balloon catheterization and occlusion of
major cerebral vessels. J Neurosurg 41:125-145

Shimizu H, Matsumoto Y, Tominaga T (2010) Parent artery occlu-
sion with bypass surgery for the treatment of internal carotid artery
aneurysms: clinical and hemodynamic results. Clin Neurol
Neurosurg 112:32-39

Sia SF, Morgan MK (2013) High flow extracranial-to-intracranial
brain bypass surgery. J Clin Neurosci 20:1-5

Spetzler RF, Riina HA, Lemole GM Jr (2001) Giant aneurysms.
Neurosurgery 49:902-908

Standard SC, Ahuja A, Guterman LR, Chavis TD, Gibbons KJ,
Barth AP, Hopkins LN (1995) Balloon test occlusion of the internal
carotid artery with hypotensive challenge. AJNR Am J Neuroradiol
16:1453-1458

Suzuki K, Kodama N, Sasaki T, Matsumoto M, Konno Y, Sakuma
J, Oinuma M, Murakawa M (2003) Intraoperative monitoring of
blood flow insufficiency in the anterior choroidal artery during
aneurysm surgery. J Neurosurg 98:507-514

29.

30.

31

32.

33.

Tanaka Y, Imai H, Konno K, Miyagishima T, Kubota C, Puentes S,
Aoki T, Hata H, Takata K, Yoshimoto Y, Saito N (2008)
Experimental model of lacunar infarction in the gyrencephalic brain
of the miniature pig: neurological assessment and histological, im-
munohistochemical, and physiological evaluation of dynamic
corticospinal tract deformation. Stroke 39:205-212

van Rooij WIJ, Sluzewski M, Beute GN (2007) Dural arterio-
venous fistulas with cortical venous drainage: incidence, clin-
ical presentation, and treatment. AJINR Am J Neuroradiol 28:
651-655

Watanabe K, Watanabe T, Takahashi A, Saito N, Hirato M, Sasaki T
(2004) Transcranial electrical stimulation through screw electrodes
for intraoperative monitoring of motor evoked potentials. Technical
note. J Neurosurg 100:155-160

Xu BN, Sun ZH, Romani R, Jiang JL, Wu C, Zhou DB, Yu XG,
Hernesniemi J, Li BM (2010) Microsurgical management of large
and giant paraclinoid aneurysms. World Neurosurg 73:137-146,
discussion el7, €19

Zhang M, Zhou Q, Zhang L, Jiang Y (2013) Facial
corticobulbar motor-evoked potential monitoring during the
clipping of large and giant aneurysms of the anterior circula-
tion. J Clin Neurosci 20:873-878

@ Springer



	The...
	Abstract
	Introduction
	Patients and Methods
	Angiographic assessment (balloon occlusion test)
	Categorization of ischemic tolerance based on angiographic findings
	Intracavernous LGAs
	Paraclinoid LGAs
	Peripheral (MCA and ACA) LGAs
	MEP monitoring
	Surgical procedure
	Follow-up

	Results
	Intracavernous LGA cases
	Paraclinoid LGA cases
	Peripheral LGA cases

	Discussion
	Conclusions
	References


