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ABSTRACT

BACKGROUND AND PURPOSE: Despite major progress in treating aneurysms by coil embolization, the complete occlusion of aneurysms
of >10 mm in diameter (large/giant aneurysms) remains challenging. We present a novel endovascular treatment method for large and
giant cerebral aneurysms called the “maze-making and solving” technique and compare the short-term follow-up results of this technique
with those of conventional coil embolization.

MATERIALS AND METHODS: Eight patients (65 * 11.5 years of age, 7 women) with large/giant unruptured nonthrombosed cerebral
aneurysm (mean largest aneurysm dimension, 19 4.4 mm) were treated by the maze-making and solving technique, a combination of the
double-catheter technique and various assisted techniques. The coil-packing attenuation, postoperative courses, and recurrence rate of
this maze group were compared with 30 previous cases (conventional group, 65.4 = 13.0 years of age; 22 women; mean largest aneurysm
dimension, 13.4 = 3.8 mm).

RESULTS: Four maze group cases were Raymond class T; and 4 were class 2 as indicated by immediate postsurgical angiography. No
perioperative deaths or major strokes occurred. Mean packing attenuation of the maze group was significantly higher than that of the
conventional group (37.4 = 5.9% versus 26.2 = 5.6%). Follow-up angiography performed at 11.3 = 5.4 months revealed no recurrence in the
maze group compared with 39.2% in the conventional group.

CONCLUSIONS: The maze-making and solving technique achieves high coil-packing attenuation for efficient embolization of large and

giant cerebral aneurysms with a low risk of recurrence.

S ubstantial progress in the endovascular treatment of cerebral
aneurysms, such as balloon- and stent-assisted coil emboliza-
tion, has resulted in the widespread use of these techniques
with relatively high efficacy and safety. However, large and
giant aneurysms remain difficult to treat by using assist tech-
niques and bioactive coils,"* possibly because the requisite
coil-packing attenuation is often not achieved. We recently
developed a “maze-making and solving” technique to occlude
these large/giant aneurysms by achieving high packing attenu-
ation. Here, we present the technical details of this procedure and
compare the clinical outcomes and recurrence rates between
large/giant aneurysm cases treated by the maze technique and
matched cases treated by conventional coil embolization.
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MATERIALS AND METHODS

This was a retrospective study of 42 patients with a large or giant
(diameter, >10 mm),” nonthrombosed, unruptured aneurysm
who received endovascular treatment at our hospital between
February 2007 and December 2013. Eight of these 42 patients
were treated after large-diameter coils became available in No-
vember 2012 and were treated with the “maze-making and solv-
ing” technique (the maze group). Thirty of the previous 34 pa-
tients were treated by other techniques (the conventional group).
The 4 patients treated by endovascular trapping were excluded.
Clinical outcomes were compared between maze and conven-
tional groups.

Angiographic Evaluation

Aneurysmal location was defined at the origin of the neck on
the basis of the classification of Bouthillier et al.* Angiographic
findings were evaluated according to the Raymond classifica-
tion> immediately after surgery and at follow-up. Aneurysm
dimensions and volumes were measured by 3D reformatted
images derived from rotational catheter angiograms® by using
the Allura 3D-RA workstation (Philips Healthcare, Best, the
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FIG1. The concept of the maze-making and solving technique. The microcatheter for larger diameter coils (MCI) is placed in the center of the
aneurysm, and the catheter for traditional coils (MC2) is placed following the aneurysmal wall to reach beyond the orifice (A). As many as
possible larger diameter coils are inserted (B). Cross-section illustrations reveal random interspaces still left unembolized and the movement of
MC2 (C-E). Note the elevation of MC2 by stent placement and the second marker of MC2 buried in larger diameter coils (C). Traditional coils
from MC2 fill the dead space left unembolized (D). After sufficient filling, the microcatheter is moved back to follow the wall and finds a new
space. Note the altered position of the tip and the course of MC2 (E). If we repeat these dead space-filling and wall-follower methods in a

stepwise fashion, the aneurysm is tightly embolized (F).

Netherlands). Angiographic recurrence was defined as any
worsening of the Raymond classification or enlargement of the
residual aneurysm. Angiographic follow-up was performed at
3 months and annually after treatment. When an angiographic
recurrence was considered progressive and large enough to
embolize again, reintervention was performed. The follow-up
period was defined as the number of months postsurgery to
recurrence or to the latest angiogram.

Packing Attenuation

The total volume of the coils deployed into each aneurysm was
calculated by multiplying the total length of the coils by the cross-
sectional area.” Full circumferential expansion was assumed to
calculate the volume of hydrogel coils.® Packing attenuation was
calculated as the ratio of the total coil volume to the total aneu-
rysm volume.

Clinical Assessment

Perioperative complications were defined as any new neurologic
deficits, serious adverse events extending hospitalization, or death
occurring within 30 days after the operation. Periprocedural
death and major stroke (mRS = 2) were defined as serious peri-
operative complications. Clinical follow-up was performed at 1, 3,
and 6 months and annually after treatment. Each patient was eval-
uated by the mRS” at follow-up, and any worsening was recorded
as chronic neurologic deterioration.

Technical Details of the Maze-Making and Solving
Technique
Patients were prescribed aspirin, 100 mg, and clopidogrel, 75 mg, at
least 7 days before their treatment. All treatments were performed
with the patient under general anesthesia and systemic hepariniza-
tion, with an activated clotting time of approximately 300350 sec-
onds. This technique is a combination of the double-catheter tech-
nique, the “one and a half round microcatheterization technique,”lo
and various assist techniques. Two microcatheters for aneurysms, 1
balloon catheter and 1 microcatheter for stent placement, are re-
quired. One is a microcatheter for larger diameter coils (0.0145—
0.020 inches), such as Penumbra Coil 400 (Penumbra, Alameda, Cal-
ifornia) or HydroFrame 18 (Terumo, Tokyo, Japan) coils. The other
is a microcatheter for traditional coils of <0.014 inches in diameter.
The microcatheter for larger diameter coils is placed in the center of
the aneurysm, and the other, for traditional coils, is placed along the
aneurysmal wall to reach beyond the orifice (Fig 14). Using balloon
assistance, we inserted as many larger diameter coils as possible (Fig
1B). To avoid uneven filling, we inserted larger diameter coils with
the movement of the microcatheter by using balloon assistance. This
process yields a higher packing attenuation while forming a stable
internal frame to support the aneurysm. However, this structure of
the larger diameter coils still contains substantial coil-free dead space,
leaving much of the aneurysmal space unembolized (Fig 1C).

An aneurysm containing only larger diameter coils resem-
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FIG 2. Maze-solving algorithms. The dead space—filling algorithm changes a complex maze (A) to a simple path to reach a goal (B). In
combination with the dead space-filling algorithm, the wall-follower algorithm can fill all the spaces inside the maze.

Table 1: Patient characteristics

Age/ Raymond Class PA Follow-Up
Case Sex Position®  Size (mm) Vol (mL) Symptoms (Immediate) Postoperative Course Larger Coils Total AG (mo)
1 77/F L-ICA(C7) 20X14X15 1528 None 1 Cerebral infarction (mild 345 41.2 12
hemiparesis and dysesthesia),
mRS 1
2 72/F L-ICA(C4/5) 24 X15X7 3.522  Chronic oculomotor 2 mRS 0 291 30.4 12
nerve palsy
3  55/F RIICA(C4) 17X16X13 1574 None 2 mRS 0 357 38.8 19
4 55/F L-ICA(C6) 25X24X21 4991 Progressive visual 2 Cerebral infarction (temporary 264 325 17
disturbance dysarthria), worsening of visual
disturbance, mRS 1
5 80/M L-ICA(C7) 16 X12 X1  0.865 None 1 mRS 0 24.6 40 12
6 53/F L-ICA(C5 15X XT 0921 None 1 mRS 0 20.2 33.9 12
7 73/F RICA(C7) 1XI0X9 0748 None 2 Transfusion (hemorrhage from 293 338 3
puncture site), mRS 0
8 54/F L-ICA(C4/5) 22X14 X15 216 None 1 mRS 0 375 48.6 3

Note:—R indicates right; L, left; PA, packing attenuation; Vol, volume; AG, angiography.
2 The ICA segments are defined according to the classification of Bouthillier et al.*

bles a maze with complex random interspaces that could be
filled with smaller and softer coils. A maze-solving algorithm
was applied to fill up the “maze” (Fig 2A) as much as possible.
To solve the maze, we used dead space filling (Fig 2B) and a
wall-follower (Fig 2C) algorithm. Leaving the microcatheter
for traditional coils in place, we exchanged the balloon catheter
with a microcatheter for stent placement and then positioned a
stent to cover the aneurysm neck. Stent stabilization contrib-
utes to the controlled movement of the other microcatheter
left inside the aneurysm. As shown by a cross-section illustra-
tion (Fig 1D), traditional smaller coils can be inserted into the
dead space between the larger diameter coils. After sufficient
filling, the microcatheter is moved back along the wall of the
aneurysm to fill another space left unembolized (Fig 1E). How-
ever, the movement of these traditional coils cannot be visual-
ized clearly, and the second marker of the microcatheter is
usually hidden inside the already packed aneurysm. Thus, the
first traditional coils inserted should have infiltrating capacity
and be equipped with a monopolar detachment system that
can indicate detachment by sound. We usually start with ED
Coil-10 Infini Extra Soft coils (Kaneka Medix, Osaka, Japan),
which have both features.'"'? These coils are very soft and
have high plasticity and a stretch-resistant structure, allowing
them to fit within small irregular spaces.'® If we repeat the dead
space—filling and wall-follower steps, the maze is finally
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“solved” to achieve the highest possible coil-packing attenua-
tion (Fig 1F).

Statistical Analysis

The Fisher exact test or Student  test, as appropriate, was used to
compare group means. The Fisher exact test was used for categoric
data such as sex, location, angiographic recurrence, perioperative
complications, periprocedural death, major stroke, or reinterven-
tion. The Student ¢ test was used for continuous variables such as
packing attenuation, maximum diameter, aneurysm volume, and
number of coils. A P value < .05 was considered significant. The P
value is expressed as 2 significant figures; if the value is <.01, then it is
expressed as P < .01. All analyses were performed by using js-STAR
2012 (www.kisnet.or.jp/nappa/software/star).

RESULTS
Comparison between the Maze Group and the
Conventional Group

Characteristics of Patients and Aneurysms. All 8 aneurysms
treated by the maze-making and solving technique were located
along the ICA. Two patients had symptoms of cranial nerve palsy
due to a mass effect, one chronic and the other acute. A detailed
summary of patient demographic and clinical characteristics is

presented in Table 1.



Table 2: Comparison between the maze and the conventional groups

Conventional

P Value between Maze
Group and
Conventional Group

Conventional

Group Using P Value between

Maze Group Group Intracranial Maze Group and Using Intracranial

(n=8) (n=30) Stents (n =15) Conventional Group Stents
Age 6515 654 £13.0 683132 93 .56
Sex (male:female) 17 8:22 312 29 A4
Location (ICA:others) 8.0 20:10 87 .064 .026°
Packing attenuation (%) 374*59 262+ 56 279+ 4.6 <.0r <.01?
Maximum diameter (mm) 1944 134 £338 13.9*+50 <.0r* .022
Aneurysm volume (mL) 2.03 =140 1.09 £152 138 £ 212 13 41
No. of coils 333 %161 15.5 £10.1 187 =124 .0172 .047%
Angiographic recurrence 0 il 3 0367 .26
Perioperative complications 3 2 5 31 34
Periprocedural death or 0 5 3 28 26

major stroke

Reintervention 0 4 2 .34 41

2 Significant P value.

The conventional group included 30 patients, 15 treated by
balloon-assisted coil embolization and the remaining 15, by stent-
assisted coil embolization. Mean age did not differ between maze
and conventional groups (65 * 11.5 years versus 65.4 * 13.0
years), though the conventional group included more men
(12.5% versus 26.7%) and patients with aneurysms outside the
ICA (0% versus 33.3%). Mean maximum aneurysm diameter of
the maze group was significantly larger than that of the conven-
tional group (19 * 4.4 mm versus 13.4 * 3.8 mm) (Table 2).

Clinical Outcomes. In the maze group, perioperative complica-
tions occurred in 3 cases (37.5%), including 1 case of cerebral infarc-
tion with minor hemiparesis and dysesthesia (case 1), 1 case of cere-
bral infarction with dysarthria and worsening of visual symptoms
due to an increased mass effect (case 4), and 1 case requiring blood
transfusion due to hemorrhage at the puncture site (case 7). By 1
month postsurgery, most neurologic symptoms had improved, with
the remaining sequelae including minor dysesthesia (case 1, mRS 1)
and slightly worsened visual symptoms (case 4, mRS 1). All patients
were able to resume their previous lives (mRS 0 or 1). No patient
showed chronic neurologic deterioration.

In the conventional group, perioperative complications oc-
curred in 12 patients (40%), including 6 cases of cerebral infarc-
tion, 1 case of cerebral infarction and subarachnoid hemorrhage,
2 cases of subarachnoid hemorrhage, 1 case of massive hematoma
at the puncture site, 1 case of progressive dementia, and 1 case of
delayed allergic vasculitis against platinum coils. Four cases
showed serious perioperative complications, including 2 deaths
due to immediate postoperative subarachnoid hemorrhage and
massive cerebral infarction.

Angiographic Outcomes. Four “maze” treatments resulted in
complete obliteration of the aneurysm (Raymond class 1), and 4
patients were left with a residual neck (Raymond class 2) as re-
vealed by angiograms obtained immediately after surgery. The
mean total number of coils inserted was 33.3 = 16.1. The mean
packing attenuation after the insertion of the larger diameter coils
was 29.7 = 5.9%, and the mean total packing attenuation follow-
ing insertion of the smaller coils was 37.4 * 5.9%. Angiographic
follow-up at 11.3 = 5.4 months after the operation revealed that
the aneurysms were well-secured with no recurrences.

In the conventional group, mean packing attenuation was 26.2 =
5.6% and the mean number of coils inserted was 15.5 = 10.1. Treat-
ment resulted in complete obliteration of the aneurysm (class 1) in 17
cases, a residual neck (class 2) in 10 cases, and residual aneurysm
(class 3) in 3 cases as revealed by immediate postsurgical angiogra-
phy. Of the remaining 28 patients, excluding 2 deaths, from the
group of 30 patients, angiographic recurrence was observed in 11
(39.3%) at 5.2 = 3.2 months and reintervention was performed in 4
patients (14.3%).

Although the mean maximum aneurysm diameter and volume
were smaller in the conventional group (P <<.01 and P = .13, respec-
tively), we achieved significantly higher packing attenuation in the
maze group (P < .01). While there was no significant difference in
the rate of reintervention (P = .35), there was a significantly lower
rate of recurrence in the maze group as revealed by angiography (P =
.036).

Comparison between the Maze Group and the
Conventional Group Using Intracranial Stents

Because the conventional group included 15 cases of coil emboliza-
tion that were not assisted by a stent, we compared the results be-
tween the maze group and the conventional group for cases using
intracranial stents (n = 15, Table 2). Mean age (65 = 11.5 yearsin the
maze group versus 68.3 = 13.2 years in the conventional group using
intracranial stents) and sex ratio (male/female = 1:7 versus 3:12) did
not differ between the groups, though the conventional group in-
cluded significantly more patients with aneurysms outside the ICA
(0% versus 46.7%, P = .026) than the maze group. Packing attenu-
ation (37.4 * 5.9% versus 27.9 * 4.6%, P < .01), maximum diam-
eter (19 + 4.4 mm versus 13.9 = 5.0 mm, P = .02), and number of
coils (33.3 £ 16.1 versus 18.7 £ 12.4, P = .047) were significantly
larger in the maze group than in the conventional group using intra-
cranial stents. The aneurysm volume (2.03 = 1.40 mL versus 1.38 *
2.12 mL) and the rates of perioperative complications (37.5% versus
33.3%), periprocedural death or major stroke (0% versus 20%), and
reintervention (0% versus 13.3%) did not differ between the groups.
Angiographic recurrence (0% versus 20%) was more common in the
conventional group using intracranial stents, but this difference was
not significant (P = .26).
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Representative Case

A large aneurysm (maximum diameter, 22 mm) was found
along the left ICA (Fig 3A, -B) in a 54-year-old woman during
examination for head injury. After thorough discussion, she
opted for surgical intervention. After a 14-day treatment with
aspirin, 100 mg, and clopidogrel, 75 mg, an 8F sheath was
placed in her right femoral artery under general anesthesia and
injected with heparin to reach >300-seconds activated clotting
time. An 8F guiding catheter was advanced in the left ICA, and
a 15-mm balloon catheter was positioned to cover the neck of
the aneurysm. A PX Slim Delivery Microcatheter (45° shape;
Penumbra) was placed in the center of the aneurysm, and the
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FIG 3. Representative case. Cerebral angiography reveals a left internal carotid artery large aneu-
rysm in anteroposterior (A) and lateral (B) views. The Penumbra Coil 400 makes a maze with random
interspaces between the coils (C), which is solved by the addition of traditional coils (D). Postoper-
ative cerebral angiography reveals complete obliteration in anteroposterior (E) and lateral (F) views.

other microcatheter for traditional coils
was positioned to reach beyond the or-
ifice and follow the aneurysm wall. Us-
ing the balloon-assisted technique, we
inserted 11 Penumbra Coil 400 coils, re-
sulting in a packing attenuation of
37.5%, and the PX Slim microcatheter
was retracted from the aneurysm into
the ICA (Fig 3C). To stabilize the other
microcatheter still inside the aneurysm,
we placed a 20-mm stent over the ori-
fice. From the other microcatheter in-
side the aneurysm, 26 ED Coil-10 Infini
Extra Soft coils were inserted until the
second marker was visible again on an-
giography. An additional 9 traditional
coils were added (Fig 3D) to reach a
packing attenuation of 48.6% and com-
plete aneurysm obliteration (Raymond
class 1) as revealed by angiography (Fig
3E, -F). She returned to her previous life
without any complications. Angio-
graphic findings at 3 months and MRA
at 6 months postsurgery showed no
recurrence.

DISCUSSION
The maze-making and solving technique
enabled a higher coil-packing attenuation
in large and giant aneurysms than that
achieved by conventional balloon- or
stent-assisted coil placement, possibly ac-
counting for the significantly lower an-
giographic recurrence rate.

The natural course of an unruptured
cerebral aneurysm is influenced by

1>14 and larger cerebral aneurysms

size,
have a poor prognosis, with a high risk of
subarachnoid hemorrhage or progressive
symptoms due to a mass effect.'” In addi-
tion, large and giant aneurysms often
have thicker atheromatous walls that pre-
vent simple neck clipping.'® Several treat-
ment strategies, such as parent vessel oc-
clusion, selective aneurysmal occlusion,
and application of a flow-diverting stent,
have been used for the treatment of large and giant aneurysms. In
some cases, parent vessel occlusion may be the best choice. How-
ever, de novo aneurysm formation has been reported after carotid
artery occlusion.'” When the patient cannot tolerate parent vessel
occlusion, bypass surgery should be performed. However, bypass
surgery requires exceptional surgical skills, and the incidence of
operative complications resulting in neurologic deficits or death
was reported to be as high as 13%.'®

Almost all previous studies of selective coiling of large and
giant aneurysms have reported some reopening due to low pack-
ing attenuation.'” Selective occlusion with Onyx (Covidien, Ir-



vine, California) has also been used'®?°; however, the outcomes
were no better than selective coil occlusion, and the immediate
and delayed complication rate was considered higher than that in
the present study.

In the case series, a flow-diverting stent was not an option
because our government has not yet authorized this treatment.
Flow-diverting stent placement is a promising therapy for chal-
lenging intracranial aneurysms, including large and giant aneu-
rysms. However, permanent morbidity and mortality were re-
ported to be 5.6%-10.8%.%>' Moreover, flow-diverting stent
surgery for posterior circulation aneurysms resulted in more pa-
tients with ischemia due to perforator occlusion®?; therefore, a
more effective strategy is required, particularly for large and giant
posterior circulation aneurysms.

Some practitioners have reported that moderate packing at-
tenuation (12%-22%) should be sufficient, but this may apply
only to stent-assisted coil embolization of smaller aneurysms.**
Most aneurysms packed to approximately =25% remain stable at
follow-up.** Initial studies of Penumbra Coil 400 insertion into
smaller aneurysms reported packing attenuation as high as
33.7%% and 36.8%.%° Our procedure also attained such high at-
tenuation (37.4%) but on large and giant aneurysms for which
higher packing attenuation has proved difficult to achieve. When
we used the maze-making and solving technique, higher coil-
packing attenuation was facilitated by the addition of traditional
smaller coils (7.7%), following the insertion of larger diameter
coils (29.7%).

Of the 8 patients treated by this new technique, 3 showed post-
operative morbidity. However, all cases were minor, with 1 at
mRS 0 and 2 at mRS 1. Moreover, no deaths were observed. After
the augmentation of intraoperative anticoagulation therapy, we
did not encounter further ischemic complications. One patient
had postoperative worsening of optic nerve dysfunction, which
resolved only slightly within 6 months. A previous study found
that the selective coiling of unruptured large and giant carotid
artery aneurysms presenting with cranial nerve palsy was as effec-
tive as parent artery occlusion and was associated with a greater
chance of symptom improvement.?’

The basic principle behind the maze-making and solving tech-
nique is to first construct a complex framework of larger diameter
coils inside the aneurysm and then to fill the unembolized spaces
within this large coil framework with traditional (smaller) coils by
using a second microcatheter left inside the aneurysm. Although
larger diameter coils occupy more volume than traditional coils,
they also leave larger interspaces. However, larger diameter coils
support the aneurysm; such a structure is less likely to collapse.
While a new microcatheter cannot enter the aneurysm, the mi-
crocatheter already inside is unlikely to dislodge due to support by
the coils and the subsequently introduced stent. The double-mi-
crocatheter technique is used to produce satisfactory occlusion by
bracing 2 coils within the aneurysm,*® but that does not discrim-
inate the role of each microcatheter. The “one and a half round
microcatheterization technique”'® is used to position the second
microcatheter for maze-solving. This technique alone may pro-
duce a high packing attenuation. However, controlling the move-
ment of the microcatheter can be difficult, and the microcatheter
may easily fall to the edge of the stent. If this technique is used after

forming the maze, the complexity of the structure will prevent
unnecessary movement of the second microcatheter and drop-
out from the aneurysm. Solving this large coil maze by wall-fol-
lowing and dead space—filling algorithms allowed higher coil-
packing attenuation. The order of insertion is important. If
traditional coils were used for making the maze, they could not
provide enough volume, whereas larger diameter coils cannot fill
the interspaces left by smaller coils. Thus, the specific combina-
tion of large- and smaller-diameter coils is necessary for the suc-
cess of this technique.

A long-term follow-up study indicated that using stents in
endovascular treatments provided high rates of complete occlu-
sion with low rates of recurrence®’; therefore, the positive results
observed in the maze group in the present study may be due to
intracranial stents. We also analyzed the maze and the conven-
tional groups using intracranial stents separately. Although an-
giographic recurrence rates did not reach significant differences,
the maximum diameter and packing attenuation were signifi-
cantly larger in the maze group than in the conventional group
using intracranial stents. This outcome indicates that the contri-
bution of stents is apparent but partial. In a particularly large or
giant aneurysm, the maze-making and solving technique can be a
better choice to reach a higher packing attenuation than with
intracranial stents alone.

The major limitations of our study are the short follow-up
period (11.3 = 5.4 months) and small number of patients. How-
ever, recurrence in the conventional group occurred at 5.2 = 3.2
months postsurgery; therefore, we monitored the patients in the
maze group beyond the period of highest recurrence risk. In ad-
dition, because ED coils are for sale only in Japan, the selection of
the smaller coils for the second microcatheter may be more diffi-
cult in other countries. This technique also requires more coils
and thus increases the cost, but this extra surgical cost is justified
if recurrence is reduced. Our technique may be applicable to an-
eurysms in other regions, such as the treatment of posterior cir-
culation aneurysms. However, our cases included only anterior
circulation aneurysms.

CONCLUSIONS

By the maze-making and solving technique, we attained high coil-
packing attenuation for coil embolization of large and giant an-
eurysms. Moreover, we observed low recurrence rates compared
with the traditional coil embolization of large or giant aneurysm
without any significant increases in perioperative complications.
This is a promising treatment method and may result in longer
stability to avoid further intervention.
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