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Preface

The European—Japanese Cerebrovascular Congress (EJCVC) was initiated in Zurich,
Switzerland, in 2001 by Prof. Y. Sakurai and Prof. Y. Yonekawa, under the name “Swiss—
Japanese Joint Conference.”

The second meeting was also organized in Zurich 2 years later.

The third meeting, under the name “European—Japanese Joint Conference for Stroke
Surgery,” was held in 2006 in conjunction with the 70th Anniversary of the Department of
Neurosurgery, University Hospital Zurich.

The fourth meeting was organized in Helsinki, Finland, in 2008.

The fifth meeting was organized in Diisseldorf, Germany, in 2010.

The sixth meeting, under the name “European—Japanese Stroke Surgery Conference,” was
organized in 2012 in Utrecht, the Netherlands.

The seventh meeting was held in Verona, Italy, from June 25 to 28, 2014.

The eighth EJCVC meeting was held at University Hospital Zurich from June 22 to 25,
2016. This meeting represented a unique opportunity to gather the latest updates on neurovas-
cular surgery and intervention for cerebrovascular diseases. The main topics of the meeting
consisted of management of intracranial aneurysm, cerebrovascular neuroanatomy, manage-
ment of arteriovenous malformations, cavernomas and dural arteriovenous fistulas, hemor-
rhagic and ischemic stroke, current trends in cerebral revascularization, and new concepts in
cerebrovascular imaging.

The EJCVC has been able to facilitate networking among cerebrovascular specialists, main-
taining the long-standing tradition of international exchanges in clinical neurosciences at
University Hospital Zurich.

This volume presents the original papers resulting from the meeting.

Zurich, Switzerland Giuseppe Esposito
Zurich, Switzerland Luca Regli
Gifu, Japan Yasuhiko Kaku

Kyoto, Japan Tetsuya Tsukahara
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Computational Fluid Dynamics Analysis and Correlation
with Intraoperative Aneurysm Features

®
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Alberto Feletti, Xiangdong Wang, Sandeep Talari, Tushit Mewada, Dilshod Mamadaliev, Riki Tanaka, Yasuhiro Yamada,
Yamashiro Kei, Daisuke Suyama, Tukasa Kawase, and Yoko Kato

Abstract Introduction. There are many controversies about
computational fluid dynamics (CFD) findings and aneurysm
initiation, growth, and ultimate rupture. The aim of our work
was to analyze CFD data in a consecutive series of patients
and to correlate them with intraoperative visual aneurysm
findings.

Methods. Hemoscope software (Amin, Ziosoft
Corporation, Minato ward, Tokyo, Japan) was used to pro-
cess images from 17 patients who underwent clipping of 18
aneurysms. Pressure (P), wall shear stress (WSS) gradient
and vectors, normalized WSS, and streamlines (SL) direc-
tion and velocity were assessed. CFD data were compared to
intraoperative visual findings. A total of 39 aneurysm wall
areas were assessed.

Results. Red, thin aneurysm wall areas were more often
associated with low WSS. However, the association of low
WSS with high P, diverging WSS vectors, direct impact of
SL, and high SL velocity more frequently matched with yel-
low, atherosclerotic aneurysm walls.

Conclusions. Low WSS alone is not sufficient to deter-
mine the thickness of an aneurysm wall. Its association
with other parameters might enable one to distinguish pre-
operatively atherosclerotic, thick areas (high P, diverging
WSS vectors, high flow velocity) from thin areas with
higher rupture risk (parallel WSS vectors, lower flow

A. Feletti, M.D., Ph.D. (>4)
Department of Neurosciences, Neurosurgery Unit, NOCSAE
Modena Hospital, Modena, Italy

Department of Neurosurgery, Fujita Health University Hospital,
Nagoya, Japan

X. Wang, M.D., Ph.D. - S. Talari, M.D. - T. Mewada, M.D.

D. Mamadaliev, M.D. - R. Tanaka, M.D.

Y. Yamada, M.D., Ph.D. - Y. Kei, M.D. - D. Suyama, M.D.

T. Kawase, M.D., Ph.D. - Y. Kato, M.D., Ph.D.

Department of Neurosurgery, Fujita Health University Hospital,
Nagoya, Japan

velocity). The changing balance between these parameters
can modify the features and the risk of rupture of aneurysm
wall over time.

Keywords Computational fluid dynamics (CFD) - Aneurysm -
Wall shear stress (WSS) - Pressure - Streamlines - Intraoperative

Introduction

The possibility to predict the natural history of unruptured
intracranial aneurysms (UIAs) would be of the utmost impor-
tance for both patient and surgeon. Surgeons could more pre-
cisely assess the risk of rupture, therefore advising surgery
only for those patients whose rupture risk is higher than the
risks of the treatment. Moreover, surgeons could have a
clearer preoperative knowledge of not only the shape and the
position of the aneurysm, but also the features of its wall.
Knowing in advance whether an area of the wall is thinner or
thicker could help in the surgical planning, and potentially
reduce the risks of intraoperative rupture. This would be even
more important before starting coiling an aneurysm.
Computational fluid dynamics (CFD) analysis is considered a
promising tool in order to understand better aneurysm initia-
tion, growth, and eventual rupture [1, 2]. The majority of
studies have so far been focused on prediction of rupture [3—
7]. However, the analysis of several CFD hemodynamic fac-
tors has led to controversial results [4, 8]. Moreover, only a
few published papers have analyzed the correspondence
between CFD parameters and the features of the aneurysm
wall [1, 9].

With the aim of finding potential correlation between
CFD hemodynamic factors and the characteristics of the
aneurysm wall, we prospectively applied CFD analysis to a
series of 18 UIAs, and compared the results with intraopera-
tive anatomical findings.

G. Esposito et al. (eds.), Trends in the Management of Cerebrovascular Diseases, Acta Neurochirurgica Supplement, Vol. 129, 3
https://doi.org/10.1007/978-3-319-73739-3_1, © Springer International Publishing AG, part of Springer Nature 2018
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Materials and Methods

Case Series

Eighteen UIAs clipped in 17 patients during 17 procedures
between February and May 2016 have been included in the
study. The population included 4 males and 13 females with
amean age of 64 years (range 41-77 years). Aneurysm loca-
tions, sizes, and patients’ demographics are summarized in
Table 1.

The study protocol was approved by the local ethics com-
mittee of our institution.

Computational Fluid Dynamics Modeling

Head digital subtraction angiography images were pro-
cessed via manual cropping and thresholding, and converted
into a triangulated surface through Ziosoft (Amin Corp,
Minato ward, Tokyo, Japan), obtaining the geometry of
blood vessels and aneurysms. An unstructured computa-
tional volumetric mesh was built from the triangulated sur-
face. The mesh was composed of tetrahedrons and prism
element layers to improve the analytic precision of the
boundary layer. Hemoscope software (Amin Corp, Minato
ward, Tokyo, Japan) used the Navier-Stokes equations to

Table 1 Aneurysm data and patients” demographics

Patient ~ Sex, age  Aneurysm location  Aneurysm size (mm)
1 F, 57 Lt ICA bif 4
2 F, 65 Lt MCA M1 6
3 E 77 Rt MCA M2 9
4 M, 41 Lt VA 10
5 F 60 LtICA 6
6 F, 64 Acom 12
7 E 73 Rt MCA 3
8 M, 76 LtMCA 4
9 E 71 Lt ICPC 6
10 E 73 A2-A3 6
11 M, 57 Acom 8
12 F, 67 Lt MCA prox 4
Lt MCA dist 3
13 E 52 RtICA C2 8
14 F, 63 Lt MCA bif 5
15 F, 65 Acom 4
16 E 70 Rt MCA 5
17 M, 62 Lt ICPC 8

simulate blood flow on the computational mesh, assuming
pulsatile laminar flow, zero pressure at the blood vessel out-
let, Newtonian fluid, and rigid blood vessel walls with non-
slip conditions. For each aneurysm we investigated
instantaneous maximum pressure (P), instantaneous wall
shear stress magnitude (WSSm), cycle variation WSS
(cvWSS), wall shear stress vectors (WSSv), and streamlines
velocity and direction (SL). WSS and velocity were also
normalized by parent vessel values generated from the same
CFD simulation to minimize the dependence on inlet
conditions.

Operative Procedure

All patients have been operated on using a ZeissFlow 800
OPMI Pentero surgical microscope (Zeiss, Oberkochen,
Germany) with motor evoked potential (MEP) monitoring
in selected cases. Pre-clipping and post-clipping ICG-VA
were performed in all cases. A rigid endoscope (Machida,
Japan) was always used to inspect eventual perforators and
to have a better vision of the walls of the aneurysm that were
not visible by the microscope. All operations have been
video-recorded. For every aneurysm, we checked for the
presence of eventual areas characterized by either red, trans-
lucent walls or white-yellow, atherosclerotic walls during
surgery. As in previous studies, the surfaces with red color
and translucence were defined as thin-walled (TW), com-
pared with healthy areas of parent vessels. The surfaces with
yellow-white color and opaqueness were defined as thick-
walled and atherosclerotic (AW). A total of 39 areas have
been identified, directly visually inspected, and compared
with CFD data.

Statistical Analysis

Continuous data are shown as mean = SD. We used the ¢ test
for the comparison of mean values. An overall significance
level of p < 0.05 was adopted.

Results

Among 39 microsurgically-visualized areas, we identified
12 TW areas and 19 AW areas in 18 aneurysms (Table 2). We
found that the association of high P, low WSS, divergent
WSS vectors, and streamlines hitting the wall with high
velocity is more often associated with AW areas (78.6% of
cases; Fig. 1). In these cases, the mean normalized WSS was
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Table 2 CFD data and intraoperative findings

Patient Aneurysm Area nP nWSS nVel hP, IWSS, dWSSv, hitSL WSS Intraop
1 1 99.7 5 38.1 Low ™
2 99.8 1 90.48 Yes Low AW
Lt ICA bif 3 99.7 5 19.05 Low AW
2 LtMCA 4 100 0.32 100 Yes Low AW
5 99.9 0.32 40 Yes Low AW
6 99.8 0.32 16.67 Low AW
7 99.8 96.77 83.33 High Normal
3 Rt MCA 8 99.8 0.54 8 Low ™
9 99.8 0.54 8 Low AW
4 Lt VA 10 99.8 74.2 87.23 Normal AW
11 99.7 0.64 6.38 Low AW
5 LtICA 12 99.9 0.48 98 Yes Low AW
13 99.7 70.97 50 High ™
6 Acom 14 99.9 64.51 87.5 Normal Normal
15 99.8 29.03 70.83 Low ™
7 Rt MCA 16 100 0.95 80 Yes Low AW
17 99.9 2.38 10 Low Normal
8 Lt MCA 18 99.9 1.42 80 Yes Low AW
19 99.9 1.42 10 Low ™
9 Lt ICPC 20 100 2.85 92.59 Yes Low AW
21 99.8 85.71 59.26 Normal Normal
10 A2-A3 22 100 100 91.67 High Normal
23 99.9 25 12.5 Low AW
11 Acom 24 100 0.41 91.67 Yes Low AW
25 99.9 04 41.67 Low AW
Lt MCA 26 100 0.2 66.67 Yes Low ™
27 99.9 52 30 Normal Normal
12 Lt MCA 28 99.7 0.2 66.67 Yes Low ™
29 99.6 52 33.33 Normal Normal
13 Rt IC A2 30 99.8 0.28 75 Yes Low AW
31 99.4 0.28 33.33 Low AW
14 Lt MCA 32 100 0.38 90.48 Yes Low ™
33 99.9 0.38 47.62 Low normal
15 Acom 34 99.8 342 75 High ™
35 100 0.71 85 Yes Low AW
16 Rt MCA 36 100 0.33 96.67 Yes Low AW
37 99.9 100 90 High ™
38 99.9 0.33 33.33 Low ™
17 Lt ICPC 39 99.9 1 33.33 Low ™

nP: normalized pressure, nWSS: normalized wall shear stress, nVel: normalized velocity, #P: high pressure, [WSS: low wall shear stress,
dWSSv: divergent wall shear stress vectors, hitSL: hitting streamlines, WSS: wall shear stress, Intraop: intraoperative, TW: thin wall,
AW: atherosclerotic wall
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0.8 = 0.8% (range 0.3-2.9%), and the mean P was 99.9%
compared to the parent vessel P (range 99.8-100%). The
mean SL velocity was 84.5% compared to the parent vessel.
Compared to aneurysm dome areas with normal appearance,
normalized P, SL velocity and normalized SL velocity were
significantly higher (p values 0.04, 0.02, and 0.004, respec-
tively), whereas WSS, and normalized WSS were signifi-
cantly lower (p values 0.0007 and 0.0002, respectively). In
the other cases (20%) this association of parameters matched
with TW areas (Fig. 2).

Pressure Inst mmHg ¥ WSS Vec Inst

WSS Mag Inst Pa Velocity m/s
50 f 4 0.180

.w 370 l

8 0.690

0.120

HO 060
0.010 0.000
Fig. 1 Patient n.11. (a) 3D CT-scan reconstruction of the Acom aneu-
rysm. (b) Intraoperative inspection demonstrating a yellowish and thick
area (2). (c¢) Intraoperative endoscopic inspection revealing a second
yellowish and thick area (/). (d, e) CFD analysis showing different

Fig.2 Patient n.14. (a) 3D
CT-scan reconstruction of the left
MCA aneurysm. (b)
Intraoperative direct visualization
revealed a TW bleb (7), in
contrast with a normal wall dome
(2). (c) CFD analysis showed the
TW bleb to have high P, low
WSS, divergent WSS vectors, and
SL hitting the bleb wall with high
velocity

In TW areas, we identified low WSS (normalized WSS
4.6 £ 9.9%, range 0.2-29%) in the majority of cases (75%),
along with high P (mean 99.9 + 0.1% compared to parent ves-
sel P, range 99.7-100%), and low streamline velocity (mean
48 + 30% compared to parent vessel SL velocity, range
8-90.5%) (Fig. 3). WSS and normalized WSS were signifi-
cantly lower than aneurysm dome areas with normal appear-
ance (p = 0.006 and 0.003, respectively). We also found that,
in the majority of cases, TW areas are characterized by paral-
lel WSS vectors (75%) and curved streamlines (75%).

Pressure Inst mmHg
99.820

. 99.763

Velocity m/s
0.247

.O 164
1 0.082
0.000
characteristics of the areas / and 2. In particular, area / reveals high P,

low WSS, divergent WSS vectors, streamlines hitting the wall of the
aneurysm with high velocity
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Fig.2 (continued)

Fig. 3 Patient n.8. (a) 3D
CT-reconstruction of left MCA
aneurysm. (b, ¢) Intraoperative
microscopic and endoscopic
inspection revealing an AW area
close to the neck of the aneurysm
and a TW area at the tip of the
dome. (d) CFD analysis showing
the AW area with high P, low
WSS, divergent vectors, and SL
hitting with high velocity. The TW
area has low WSS

Discussion

-
-

&

Pressure Inst mmHg 1 : WSS Vec Inst
99.870 )

I99.747
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99.500

WSS Mag Inst Pa g - Velocity m/s
3.780 L 0.264

I 2523 S I0.176
l 1.267 ) . 0.088

0.010 ' 0.000

Pressure Inst mmHg
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WSS Vec Inst
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IO.480 '0.067
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0.000

more than 15 years, and is regarded as a promising instru-
ment to predict the natural history of aneurysms. However,
conflicting results have been published about the interpreta-

Computational fluid dynamics is a tool that allows the analy-  tion of CFD parameters. Two theories explaining the mecha-
sis of fluids through pipes and tube dilations. It has been nisms of cerebral aneurysm rupture have been proposed.
applied to the study of intracranial vessels and aneurysms for ~ Some authors reported that ruptured aneurysms have higher
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WSS compared with unruptured aneurysms, although others
stated that ruptured aneurysms have a lower WSS and higher
OSI [4, 8]. More recently, Takao et al. showed that a low
WSS may be associated with aneurysm rupture, but statisti-
cal significance was noted only in ICA cases and not in MCA
cases [10]. The same study also investigated pressure loss
coefficient (PLc), which represents the pressure loss associ-
ated with the shape of pipes and obstacles to flow.
Interestingly, they showed that high PLc is associated with a
higher risk of aneurysm rupture. This might be consistent
with our findings of high P in the areas of thicker walls.
Miura published similar results showing that low WSS is
associated with rupture of MCA aneurysms [6]. Fukazawa
et al. applied CFD to 12 ruptured MCA aneurysms, showing
an association between the rupture point seen during opera-
tion and low WSS, lower-velocity areas, and complex flow
patterns [11]. Similarly, Omodaka et al. found that the time-
averaged WSS at the rupture point of six ruptured MCA
aneurysms was significantly lower than that at the aneurysm
wall without the rupture point [7]. Also Lu et al. associated
low WSS with higher risk of rupture [5]. Bleb formation
seems, however, to be associated with high WSS, which later
falls after the formation of the bleb [2, 3]. More recently, a
unifying theory has been proposed, hypothesizing that both
high and low WSS could drive intracranial aneurysms growth
and rupture. Mural cell-mediated (high WSS) and inflamma-
tory cell-mediated (low WSS) destructive remodeling path-
ways have been involved in this process [12, 13].

The possible correlation between CFD results and the risk
of aneurysm rupture is very intriguing, as it could be of great
importance to stratify rupture risk and tailor treatment
accordingly. However, CFD parameters related to blood flow
and wall stress can be of great importance, even irrespective
of aneurysm eventual rupture. Actually, the potential ability
of CFD to provide information about the structural charac-
teristics of the aneurysm wall can be a valuable tool during
surgical dissection or coiling. All the available current imag-
ing techniques can show the morphology and the anatomical
relationships of the vessels and the aneurysm with adjacent
structures, but nothing can be used to detect the thickness of
the aneurysm wall. Although the majority of studies on CFD
focused on the risk of rupture, fewer publications are avail-
able about the correlation between CFD parameters and the
characteristics of the aneurysm wall. Kadasi et al. first
reported the colocalization of TWRs with areas of low WSS
and focal pressure elevation [1]. Suzuki et al. recently pub-
lished a paper where they assessed 50 aneurysm wall sur-
faces and investigated the correlation between pressure
elevation and TWRs [9]. They found that most P, areas
(82%) corresponded with TWRs.

Our study also found a co-localization of low WSS and
TWRs. However, low WSS can also be found in areas of the
aneurysm dome that are not thin and red. Moreover, in some

cases, red, thin walls do not show a low WSS (30% of cases in
our series). We also noticed that when low WSS is associated
with high pressure, divergent WSS vectors, and streamlines
hitting the wall with high velocity, the surface is more likely
thick, yellow, and atherosclerotic (78.6% of cases in our
series).

We hypothesize that continuous high velocity blood flow
hitting an area of the aneurysm could trigger a remodeling of
the wall, ultimately leading to a reactive thickening. In this
perspective, areas with low WSS but stagnating blood flow
can be more prone to thinning remodeling as a consequence
of an inflammatory process, as already described in other
studies. We also think that, at this stage, CFD analysis can
provide only a general but intriguing picture of the associa-
tion between fluid dynamics parameters and intraoperative
findings. This can be caused by many reasons. First, aneu-
rysm initiation, growth, and eventual rupture are long and
complex processes. By definition, aneurysm architecture
often changes over time, and fluid dynamics in the aneurysm
are likely to change accordingly. CFD analysis is a represen-
tation of the aneurysm fluid dynamics at a specific time
point, and it is therefore very difficult to foresee the natural
evolution of the aneurysm from a single static picture. CFD
data from a very large population of patients could maybe
provide a wider representation of different aneurysm stages
at different locations, and finally help clinicians to refine the
ability to predict the natural history of the disease. Another
reason for the difficulty in providing a unique and compre-
hensive interpretation of CFD results is the fact that other
factors different from fluid dynamics can influence aneurysm
evolution, for example, genetics, and the environment around
the aneurysm itself. Moreover, the currently available soft-
ware, although advanced, might still be limited to provide a
fully detailed analysis of the multiple variables playing a role
in the fluid dynamics in vivo.

Our study is therefore affected by limitations that are
common to previously published papers about CFD analysis.
These limitations depend on the pre-processing assumptions
of Newtonian fluid models with fixed density and viscosity,
vessel rigidity. Moreover, we did not consider aneurysm his-
tology, peri-aneurysm anatomy, or humoral and physiologi-
cal parameters. The AW and TW areas evaluation method
was subjective and based only on visual intraoperative find-
ings. The boundary conditions were uniform across all cases,
although patient-specific analysis requires boundary condi-
tions established with magnetic resonance imaging and
echocardiographic imaging.

Despite the current limitations of CFD analysis applied to
clinical settings, and the limited number of patients, our
results show that red, thin areas on aneurysm walls often
have a low WSS, consistent with previously published
papers. Therefore, attention must be taken when approaching
areas with a low WSS. Moreover, we noticed that the asso-
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ciation of high pressure, low WSS, divergent WSS vectors,
and SL hitting the wall with high velocity is most often asso-
ciated with thickening of the aneurysm wall.

Conflict of Interest The authors declare that they have no conflict of
interest.
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Adenosine-Assisted Clipping of Intracranial Aneurysms

Torstein R. Meling

Abstract Background. Temporary parent vessel clip occlu-
sion in aneurysm surgery is not always practical or feasible.
Adenosine-induced transient cardiac arrest may serve as an
alternative.

Methods. All patients who underwent microsurgical clip-
ping of intracranial aneurysms under adenosine-induced
asystole performed by the author between September 2011
and July 2014 were retrospectively reviewed.

Results. A total of 16 craniotomies were performed and
16 aneurysms were clipped under adenosine-induced asys-
tole (in 8 basilar arteries, 7 internal carotid arteries, and 1
middle cerebral artery) in 14 patients (8 females, 6 males).
Seven cases were elective and 7 were performed after sub-
arachnoid hemorrhage. The patients’ mean age was 54 years
(range, 39-70 years). The indications for adenosine use were
proximal control in narrow surgical corridors in 11 cases,
aneurysm softening in 4 cases, and aneurysm rupture in 1
case. A single dose was used in 12 patients; 2 patients had
multiple boluses. The median (range) total dose was 30 (18—
60) mg. Adenosine induced bradycardia with concomitant
arterial hypotension in all patients and the majority also had
asystole for 5-15 s. Transient cardiac arrhythmias were
noted in 1 patient (atrial fibrillation in need of electroconver-
sion after two boluses).

Conclusion. Nine clinical scenarios were identified in
which adenosine-induced temporary cardiac arrest and deep
hypotension was an effective adjunct to temporary clipping
during the microsurgical clipping of intracranial aneurysms.
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Introduction

Aneurysm surgery remains a neurosurgical challenge.
Although the basic principles were established in the last cen-
tury and modern microscopes and training have dramatically
reduced the risks of aneurysm surgery, we are now, relatively
speaking, confronted with more and more complex cases [1—
3]. Furthermore, endovascular therapy has so far not turned
out to be the panacea once thought for many aneurysms,
including basilar tip aneurysms, leaving us with recurrent or
partially coiled aneurysms in quite difficult locations.

The basic principles of safe aneurysm surgery include sub-
arachnoid dissection, proximal and distal control, dissection of
branches and perforators, dissection of the aneurysm neck, and
complete circumferential exposure of the aneurysm (Fig. 1)
[4]. Temporary clipping is an important technique, allowing
aneurysm softening in the final stages of aneurysm neck and
perforator dissection (Fig. 2, Table 1). Furthermore, softening
of an aneurysm prior to permanent clip application can change
seemingly unclippable aneurysms into clippable ones. In more
challenging cases, temporary clipping has to be applied to both
the afferent and efferent arteries (trapping) to facilitate both
dissection and permanent clipping. Aneurysm trapping can be
followed by deflation (suction-decompression), which can be
used to facilitate clip reconstruction (Fig. 2) [5]. Lastly, tempo-
rary clipping is also an important technique for dealing with
intraoperative aneurysm rupture [6].

However, the use of temporary clip occlusion can poten-
tially injure the branches, perforators, and even the parent
vessel, resulting in dissection, stroke, or vessel rupture.
Furthermore, there is often a limited anatomical space for
temporary clips to be applied, necessitating the use of brain
retractors or the extensive removal of bone at the skull base.

Conceptually, another way of obtaining a low intra-aneurys-
mal pressure during aneurysm dissection and permanent clip-
ping is to lower the systemic blood pressure (Fig. 3). Several
techniques for transient cardiac standstill have been developed
to allow for aneurysm softening. In 1966, Small et al. [7]
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Aneurysm

Proximal control

Distal control

Dissection of
branches/perforators

Dissection of aneurysm neck

Complete exposure of aneurysm

N

Permanent clip

Fig. 1 The basic steps of safe aneurysm clipping

Table 1 Modes of aneurysm softening

Aneurysm softening

External
Tempprary Temporary
clip trapping

Suction-
decompression

Direct Indirect

T\

» Permanent clip
application

Fig.2 Temporary clipping or trapping are modes for aneurysm soften-
ing during dissection and permanent clip application

Mechanism of action Advantages Disadvantages
Temporary clip * Mechanical obstruction of ¢ Frequently one ¢ Ease of use * No flow through parent
blood flow through parent vessel distal to occlusion
vessel during procedure
* Occasionally ¢ On-off demand * May require complex skull
« Can be repeated base 'procedures to gain
proximal control
* Non-invasive procedure
Cardiac arrest * Decreases CMRO, e Cerebral protection * High-risk procedure with
with deep permanent morbidity/

hypothermia

Rapid ventricular  * Enforces ventricular
pacing tachycardia, compromising
ventricular filling

* Absence of AV synchrony

* Reduces cardiac output

* >150-160 BPM

mortality of 14—-18%

 Controlled systemic hypotension * Invasive procedure
e Staff
requirements
* On-off demand * Invasive procedure
* Response more predictable than * Need for external
adenosine defibrillator pads
e Shorter hypotensive period than * Need for cardiologist
adenosine

* Can be repeated

» Some flow through parent vessel
during procedure
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Table 1 (continued)

Mechanism of action Dose

Advantages Disadvantages

Adenosine ¢ An i.v. bolus blocks the

AV-node dose-dependently

* 0.5 mg per kg
body mass

 Asystole is transient and
very short

¢ Plasma half-life of <10 s

* Controlled systemic hypotension * Prolonged hypotension

« Effect duration
unpredictable

* No need for complex logistic
coordination

¢ Need for external
defibrillator pads

* Non-invasive procedure
 Can be repeated

* Does not cause rebound
hypertension or tachyphylaxis

* Some flow through parent vessel
during procedure

AV Atrioventricular, BPM beats per min, CMRO?2 cerebral metabolic rate of oxygen consumption

Aneurysm
softening

\ Internal

RVP-induced Cardiac arrest
hypotension

Deep hypothermic Adenosine
circulatory arrest with 4
cardiopulmonary bypass

v

A

Permanent clip
application

Fig. 3 Techniques for internal aneurysm softening during dissection
and permanent clip application

reported on the use of rapid ventricular pacing (RVP) in intrace-
rebral aneurysm surgery. Cardiac pacing wires were advanced
into the right ventricle to generate ventricular tachycardia and
near circulatory arrest in order to facilitate clipping (Fig. 3,
Table 1). However, RVP never gained much attention and was
replaced, in select centers, by cardiac standstill during deep
hypothermia (Fig. 3) [8-10]. The premise for deep hypothermia
is that this treatment lowers the cerebral metabolic rate of oxy-
gen consumption. The complexity involved in extracorporeal
circulation and the high complication rates associated with this
approach prevented its widespread application and later
restricted its use (Table 1). More recently, the RVP method has
resurfaced in cerebrovascular surgery [11, 12].

In 1999, Groft et al. introduced adenosine to induce rapidly
reversible cardiac arrest, and hence arterial hypotension, during
cerebral aneurysm surgery (Fig. 3, Table 1) [13]. Adenosine is
commonly used to treat paroxysmal supraventricular tachyar-
rhythmia. After a bolus injection, the heart rate is dose-depend-
ently reduced until a complete atrioventricular-node (AV-node)
blockade is reached. However, this effect on the AV node is tran-
sient and very short acting. In patients with normal sinus rhythm,
the administration of adenosine gradually slows the heart rate
for about 20-30 s before asystole is reached, for a mean time of
15 s, after which the heart rate spontaneously begins to increase
until it returns to baseline, in about 20-30 s [14, 15]. Adenosine
has a very short plasma half-life of less than 10 s and, unlike
other hypotensive agents, it does not cause rebound hyperten-
sion or tachyphylaxis. Therefore, multiple administrations dur-
ing a single procedure are possible [15-17]. Furthermore,
adenosine use does not require the same amount of preparation
and equipment, or the same staff numbers, as required for RVP
or deep hypothermic circulatory arrest with cardiopulmonary
bypass (Table 1), making it suitable for situations of sudden
aneurysmal rupture [17]. In addition, experimental data suggest
that adenosine may be a potent endogenous neuroprotective
agent in both acute and long-lasting ischemia [18, 19].

We have found adenosine to be a very useful adjunct to
temporary clipping during intracranial aneurysm surgery in a
number of scenarios, and therefore we decided to review the
use of adenosine in our clinical practice.

Patients and Methods

We reviewed our prospectively collected clinical database to
identify all patients for whom adenosine was used during sur-
gery between September 2011 and July 2014. We reviewed
operative reports, imaging results, and clinical charts. The fol-
lowing data were recorded: sex; age; Hunt and Hess grade;
rupture status; aneurysm location and size; reason for adenosine
use, number of adenosine injections, dose used, and whether it
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was successful; and postoperative complications. Patients’
clinic follow-up visits were also reviewed, as were the postop-
erative angiographic results. Neurological status at follow-up
was assessed with the modified Rankin Scale (mRS).

In all cases the use of adenosine was anticipated and all the
patients had transcutaneous pacemakers placed as a precaution
for prolonged bradycardia or asystole. Patients with a history of
severe asthma, symptomatic asthma, or sick sinus syndrome/
heart block were excluded from undergoing this procedure.
Adenosine was injected via a central venous catheter so that a
high dose would reach its major site of action, the AV node.

Results

Fourteen patients (8 females, 6 males) underwent surgical
clipping; 7 procedures were elective and 7 were performed
after subarachnoid hemorrhage (Table 2). The patients’ mean
age was 54.4 years (range, 39-70 years).

Sixteen craniotomies were performed in the 14 patients;
two patients had two craniotomies each during the same pro-
cedure, because not all the aneurysms could be reached via
one opening (Table 2). A total of 16 aneurysms were clipped
under adenosine-induced asystole (8 in basilar arteries
[BAs], 7 in internal carotid arteries [ICAs], and 1 in the mid-
dle cerebral artery [MCA]). The average aneurysm size was
7.7 mm (range, 2-36 mm) (Table 2).

Table 2 Patient characteristics

The main indication for using adenosine was for proximal
control as an adjunct to temporary clipping in narrow surgical
corridors (Table 3), the majority of which were BA aneurysms
(Fig. 4). Adenosine was also used for aneurysm softening in
four cases; for instance in a tiny ICA-posterior communicating
artery (PCOM) aneurysm in a patient with very fragile vessels
(Fig. 5). Intraoperative aneurysm rupture occurred in one
patient, with a BA aneurysm, requiring two rounds of adenos-
ine-induced cardiac arrest during clipping (Table 3).

A single adenosine dose was used in 12 patients, whereas
2 patients had repeat injections, 1 patient for intraoperative
rupture and 1 patient for further dissection. The median total
dose was 30 mg, with a range of 18 to 60 mg (Table 3).
Adenosine immediately induced transient bradycardia with
concomitant arterial hypotension in all patients, and the
majority also had a short-lasting, self-limiting asystole for
20 s (range 5-30 s) per dose.

Some of the patients had multiple aneurysms clipped en pas-
sant, but not using adenosine, resulting in an additional 16 aneu-
rysms being clipped during these surgeries (11 MCAs, 4 ICAs,
and 1 anterior communicating artery [ACOM]) (Table 3).

Transient cardiac arrhythmia was noted in one patient, who
went into atrial fibrillation after the second adenosine bolus. He
received electroconversion at the end of the surgery while still
under general anesthesia, using the transcutaneous pacemaker
pads already in place, without noticeable complications.

Postoperatively, the patients’ clinical condition at last
follow-up was generally good (mean mRS score, 1.6;

Age Hunt and Hess Size Follow-up mRS at
Patient Sex (years) SAH scale Aneurysm location (mm) (days) follow-up
1 Female 70 Yes 5 BA (tip) 4 69 6
2 Male 42 Yes 2 BA (tip) 5 849 1
3 Female 55 Yes 1 BA (tip) 4 936 1
4 Female 64 Yes 1 ICA (PCOM) 3 814 2
5 Female 50 No 0 ICA (top) 2 200 1
6-1 Male 57 No 0 ICA (top) 6 192 1
6-2 Male 57 No 0 MCA 4 192 1
7 Female 56 Yes 2 ICA (PCOM) 14 115 0
8 Male 71 Yes 4 BA (blister-like) 12 5 6
9 Female 39 No 5 BA (tip, previously coiled) 36 87 6
10 Female 54 No 0 ICA (top) 6 245 0
11-1 Male 48 No 0 BA (SCA) 3 146 0
11-2 Male 48 No 0 ICA (PCOM) 3 146 0
12 Female 57 No 1 ICA (PCOM, previously 10 218 2
coiled)
13 Male 54 No 0 BA (tip) 6 243 0
14 Female 49 Yes 1 BA (tip) 5 26 2

BA basilar artery, /CA internal carotid artery, MCA middle cerebral artery, PCOM posterior communicating artery, SCA superior cerebellar artery,
mRS modified Rankin scale, SAH subarachnoid hemorrhage
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Table 3 Results

Duration
Aneurysm Adenosine  Adenosine  of asystole
Patient location Indication bolus dose (mg) (s) Adenosine effect Comments
1 BA (tip) Temporary clip Bradyc—10's
in narrow asystole—
corridor 1 20 10 spontaneous
2 BA (tip) Temporary clip 1 18 20 Bradyc—20 s
in narrow asystole—
corridor spontaneous
3 BA (tip) Temporary clip 1 20 20 Bradyc—20 s MCA en passant
asystole—
spontaneous
4 ICA (PCOM) Aneurysm 1 20 3 Bradyc—3 s MCA en passant
softening asystole—
spontaneous
5 ICA (top) Temporary clip 1 20 3 Bradyc—3 s MCA en passant
asystole—
spontaneous
6-1 ICA (top) Temporary clip 1 30 10 Bradyc—10 s MCA en passant
asystole—
spontaneous
6-2 MCA* Temporary clip 2 60 20s per Bradyc—20 s *Heavily calcified M1 with
dose asystole— inherent risk of emboli with
spontaneous temporary clipping. Short AFib
after last dose of adenosine,
ectroconversion
7 ICA (PCOM) Aneurysm 1 40 20 Bradyc—20 s 2 MCA aneurysms en passant
softening asystole—
spontaneous
8 BA (tip) Intraoperative 2 60 30s per Bradyc—30's
rupture dose asystole—
spontaneous
9 BA (tip) Aneurysm 1 40 10 Bradyc—10's
softening asystole—
spontaneous
10 ICA (top) Temporary clip 1 40 10 Bradyc—10 s
asystole—
spontaneous
11-1 BA (SCA) Temporary clip 1 20 5 Bradyc—20 s MCA en passant
in narrow asystole—
corridor spontaneous
11-2 ICA (PCOM) Temporary clip 1 20 5 Bradyc—5 s MCA en passant
asystole—
spontaneous
12 ICA (PCOM, Aneurysm 1 30 20 Bradyc—20 s
previously softening asystole—
coiled) spontaneous
13 BA (tip) Temporary clip 1 45 10 Bradyc—10 s ACOM, 2 ICA and 3 MCA
asystole— aneurysms en passant
spontaneous
14 BA (tip) Temporary clip 1 45 10 Bradyc—10 s
asystole—
spontaneous

“AFib Atrial fibrillation, ACOM anterior communicating artery, Bradyc bradycardia, M1 is the first segment of the MCA
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Fig. 5 Patient 12, with a previously coiled posterior communicating
artery PCOM aneurysm

Table 2), but there were three deaths, all attributed to SAH
(all three of these patients were Hunt and Hess grade 4 or 5
on admission; Table 2).

Discussion

In this study, the author’s experience using adenosine-induced
cardiac arrest to facilitate permanent clip application during
surgery for 16 intracranial aneurysms was reviewed (Table 2).
The main indication for adenosine use was the softening of
posterior circulation aneurysms in a narrow surgical corridor
(Table 3). It should be noted that the majority of the BA aneu-

rysms were small (Table 2), making the dissection of the per-
forators relatively easy to perform without a temporary clip.
Hence, it was possible to use adenosine only for the final soft-
ening of the aneurysm when the permanent clip was to be
placed. It was used pre-emptively in 15 cases, and was used
for an intraoperative rupture in only one patient (Table 3).

In all patients, adenosine induced bradycardia with con-
comitant arterial hypotension, and the majority also had
asystole for 5-15 s, allowing for application of the perma-
nent clip to a very soft aneurysm (Table 3). Induction of car-
diac arrest was associated with significant reductions in
arterial pressure. No significant overshoot in the course of
arterial pressure was observed after cardiac activity had fully
recovered, even with the higher adenosine doses. However,
one patient developed transient atrial fibrillation that needed
intraoperative electroconversion, but otherwise this patient
had an uneventful recovery.

Safe microsurgical exposure and permanent clipping of
an aneurysm relies on proximal and distal control of the par-
ent artery, circumferential exposure of the aneurysm neck
and its branches and perforators, and, lastly, complete expo-
sure of the aneurysm sac (Fig. 1) [4]. Temporary clipping
allows for the softening of an aneurysm in the final stages of
aneurysm neck and perforator dissection, as well as during
permanent clip application (Fig. 2) [4]. Aneurysm trapping
can be followed by suction-decompression to facilitate clip
reconstruction [5]. Lastly, temporary clipping is important
for dealing with intraoperative aneurysm rupture [6].
However, temporary clipping may have limitations. In cases
of early aneurysm rupture, the application of a temporary
clip can be extremely difficult and potentially dangerous,
owing to poor visualization of the relevant vessels and even
the cranial nerves [16]. In the paraclinoid region, temporary
clipping can be difficult owing to the skull base bone cover-
ing the ICA proximal to the aneurysm [20]. Although expo-
sure of the cavernous ICA can be performed via an intra- or
extradural clinoidectomy, either of these approaches may put
cranial nerves at risk [21]. In the posterior circulation, tem-
porary clipping may be challenging, owing to the very nar-
row surgical corridors, irrespective of which approach is
used [22, 23]. Although most neurosurgeons feel more com-
fortable with a transsylvian approach, this approach may
require the technically demanding drilling of both the ante-
rior clinoid process and the posterior clinoid process (PCP),
depending on the height of the BA tip relative to the PCP [24,
25]. The temporary clipping time is limited by the potential
for ischemic complications. Complete trapping of BA aneu-
rysms requires the temporary clipping of not only the BA
trunk, but also the posterior cerebral artery (PCA) bilaterally,
to avoid retrograde filling. If the first PCA segment is adher-
ent to the aneurysm dome, temporary clipping of the PCOM
and the second PCA segment bilaterally is necessary for
trapping. All these clips must be applied after the temporary
clipping of the BA trunk, and these maneuvers consume the
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Table 4 Scenarios in which adenosine was found to be useful

* For intraoperative aneurysm rupture
* To reduce or avoid dangerous drilling of ACP
* To reduce or avoid dangerous drilling of PCP

* To reduce temporary clipping time in order to limit the potential
for ischemic complications

* To reduce risk of cranial nerve damage

e For particularly atherosclerotic parent vessels

* For particularly fragile parent vessels (blood-blister aneurysms)
¢ For previously coiled aneurysms

* For previously stented or flow-diverted aneurysms

ACP Anterior clinoid process, PCP posterior clinoid process

temporary clipping time. There is also an inherent risk to
cranial nerves, specifically the oculomotor nerves, when
applying the temporary clips. Similarly, complete trapping
of ACOM aneurysms requires the application and subse-
quent removal of four temporary clips on both the first and
the second segment of the anterior cerebral artery bilaterally,
maneuvers that also consume the temporary clipping time.

As temporary clipping may not always be feasible or advis-
able, aneurysm softening can be obtained by reducing the sys-
temic blood pressure by the application of brief cardiac arrest
using adenosine; several authors have found this procedure to
be a useful adjunct (Table 4) [15-17, 26, 27]. A recent study
by the Northwestern University Feinberg School of Medicine
has shown that adenosine-induced flow arrest implemented to
facilitate intracranial aneurysm clip ligation does not worsen
neurologic outcomes [28]. The same group also found that
adenosine-assisted intracranial aneurysm surgery was not
associated with an increase in perioperative cardiac complica-
tions or mortality in patients with a low risk of coronary artery
disease [29]. Lastly, a large case series (n = 98) describing
adenosine-induced asystole for endovascular aortic aneurysm
repair reported a 2% incidence of self-limited ST-segment
depression on electrocardiography and a 4% incidence of tem-
porary heart block requiring <30 s of pacing [30].

Conclusions

Adenosine-induced temporary cardiac arrest appears to be a
safe and effective method for achieving transient deep
hypotension and asystole during the microsurgical clipping
of intracranial aneurysms.
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Endoscope-Assisted Microneurosurgery for Intracranial
Aneurysms: Operative Technique, Reliability, and Feasibility

Check for
updates

Based on 14 Years of Personal Experience

Massimo Gallieni, Mattia Del Maestro, Sabino Luzzi, Donatella Trovarelli, Alessandro Ricci, and Renato Galzio

Abstract Endoscope-assisted microneurosurgery (EAM)
combines endoscopic and microsurgical techniques for the
treatment of deeply located intracranial lesions. During
aneurysm surgery, endoscopic assistance may aid in the
visualization of perforating arteries, especially when mini-
mally invasive approaches are used. Between 2002 and 2015,
a total of 183 patients with 208 intracranial aneurysms were
surgically treated in our department. EAM was performed in
191 procedures. In all, 159 aneurysms were located in the
anterior circulation and 49 in the posterior circulation. Of
these, 135 aneurysms were ruptured. Lesions were exposed
through standard skull base microsurgical approaches. The
endoscope was employed during three steps: initial inspec-
tion, true operative time, and final inspection. Complications
directly related to endoscopic procedures were rare; no sur-
gical mortality was observed in this series. A retrospective
analysis of each procedure showed that the usefulness of
EAM depended on the anatomical location and size of the
lesions. Its advantages were especially evident when dedi-
cated scopes and holders were used.
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Introduction

During operative approaches to treat deep-seated intracra-
nial lesions, an endoscope may be used to assist with
microsurgical maneuvers and control their efficacy. This
technique is usually referred to as endoscope-assisted
microneurosurgery (EAM). In the late 1970s, Apuzzo and
Halves first reported the use of the endoscope as a technical
adjunct during microsurgical resection of pituitary lesions
with suprasellar involvement [1, 2]. Indeed, endoscope use
was intended to optimize the visualization of the neurovas-
cular structures located beyond the line of sight of the
microscope. In 1995, Matula et al. introduced the concept
of EAM as an adjunct tool for the treatment of intracranial
lesions, mainly in the posterior fossa and parasellar region
[3]. In 1998, Perneczky ultimately pioneered and popular-
ized the use of the endoscope in cranial neurosurgery, giv-
ing life to the revolutionary concept of “minimally invasive
neurosurgery” [4].

During EAM procedures, the endoscope is used to look
around corners in an effort to overcome some intrinsic limits
related to a basic microscopic view of the operative field.
Furthermore, the endoscope provides clearer vision while
also allowing for a less traumatic dissection of the structures
located in a deeper level of the operative field. In aneurysm
surgery, the introduction of the endoscope has led to improved
visualization of perforating arteries, especially those arising
from the posterior wall of the internal carotid artery (ICA),
anterior communicating artery (ACoA), and basilar artery
(BA). Endoscopic vision also is direct, which has reduced the
need for brain retraction and manipulation of the aneurysm
before clipping. Endoscope assistance has even allowed for
the implementation of some minimally invasive approaches,
such as the eyebrow (“‘supraciliary”) keyhole approach and its
variants [5—7]. The main goal of this retrospective study was
to evaluate the usefulness, reliability, feasibility, advantages,
and limitations of EAM in a personal institutional series of
208 surgically treated intracranial aneurysms.
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Materials and Methods

Patients Cohort

Between 2002 and 2015, 183 patients with 208 intracranial
aneurysms were surgically treated by the senior author
(R.G.). One hundred and ninety-one were EAM procedures.
Eighty-one patients were males and 102 females, aged from
13 to 82 years (mean 50.3 years). Forty-eight patients
(26.2%) presented with one or more unruptured aneurysms,
whereas 135 (73.8%) had a sub-arachnoid hemorrhage
(SAH) (Table 1). Twenty patients had multiple aneurysms.
Eight patients with multiple aneurysms underwent multiple
surgical procedures. Patients in Hunt—Hess (HH) grade 4-5
were excluded from the study. Aneurysm sizes, as maximal
diameter ranged between 4 and 42 mm (mean 9.2 mm). One
hundred and fifty-nine procedures were carried out on 1 or
more anterior circulation aneurysms, whereas 49 were car-
ried out on 1 or more posterior circle aneurysms (Table 2).

Table 1 Clinical onset and HH grade of treated patients

Clinical onset SAH 135 73.8%
Incidental 48 26.2%
Hunt-Hess Grade I 56 41.5%
1I 58 43%
1 21 15.5%
Timing of surgery <48 h 89 65.9%
(for ruptured aneurysms) 3rd-7th days 21 15.5%
>7th day 25 18.6%
Table 2 Aneurysms site
Aneurysms site No.
Anterior circulation ICA-Opht* 18
ICA-PCoA 22
ICA-AChA 25
ICA bifurcation 21
MCAP 40
ACoA 33
Posterior circulation BA 13
MBT 4
VBJ
VA© 16
Distal arteries 10
Total 208
3Opht ophthalmic artery

"MCA middle cerebral artery
°VA vertebral artery

Operative Technique

At the end of each selected approach, the opening of the
basal cisterns and the dissection of the aneurysm, is per-
formed under microscopic vision whereupon the endoscope
is introduced into the operative field. All EAM procedures
are performed with two different endoscopes: a straightfor-
ward telescope, 0° viewing angle, 2.7 mm in diameter, and
15 cm working length (Karl Storz GmbH and Co. KG,
Tuttlingen, Germany, Hopkins Galzio Endoscope), and a
forward-oblique telescope, 30° viewing angle, 2.7 mm in
diameter, 15 cm working length, with a viewing direction at
6 and 120’clock (Karl Storz GmbH and Co. KG, Tuttlingen,
Germany, Hopkins Galzio Endoscope) (Fig. 1). A xenon
light illuminates the field and the light intensity is usually
set at an output up to 20% of the maximum power to avoid
thermal injuries. Endoscopic and microscopic images are
combined in a picture and both are seen together on a 7-in.
high-resolution LCD screen assembled with the microscope
and mounted above the binocular headpiece, and on a fur-
ther 21-in. high-resolution monitor outside the operative
field (Karl Storz GmbH and Co. KG, Tuttlingen, Germany)
(Fig. 2). EAM involves three different steps: initial inspec-
tion, true operative time, and final inspection. During the
initial inspection, a 0° endoscope is introduced freehand
under microscopic view, a 30° endoscope often being used.

Fig. 1 Endoscopic instrumentation with mechanical holder
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Fig. 2 Schematic drawing (e) and pictures illustrating the ideal posi-
tion of the endoscopic monitor (a, d), placed in front of the surgeon.
The 7-in. monitor mounted above the binocular headpiece allows the

This initial maneuver permits full inspection of the blind
spot of the aneurysm and, at the same time, an early and
clearer visualization of perforating branches. After the ini-
tial inspection, the endoscope is fixed to the operative table
by a mechanical holder. Positioning of each clip during the
true operative time is performed under a simultaneous
microscopic-endoscopic view, the real time endoscopic
visualization of the hidden perforating branches allowing
them to be spared from any inadvertent and dangerous
occlusion. Conversely, the microscopic view enables full
control of the endoscope and avoids injuries to the surround-
ing neurovascular structures. The last step of the technique,
the final inspection, is a freehand endoscopic final check of
the parent artery, perforating branches, and the surrounding
structures after the definitive clipping (Table 3).

surgeon to maintain simultaneous control of the microscopic and endo-
scopic views by minimal ergonomic eye movements (b, ¢). Endoscope
fixed in the operative field with mechanical holder (f)

Results

A successful clipping was achieved in all treated cases. In 71
aneurysms (34.2%) the adjunct of the endoscope offered
extra important information about the presence of tiny perfo-
rating arteries hidden in the blind spot of aneurysms at a spe-
cific site at the ICA posterior wall, backside of the ACoA
complex, and superior or posterior aspects of basilar top and
midbasilar trunk (MBT). EAM also enabled clearer visual-
ization of the posterior aspect of the aneurysm neck before
the clip ligation in the same sites. In 42 cases (20.2%), the
endoscope allowed for very early detection of a suboptimal
or incorrect clip positioning, leading to re-positioning of the
definitive clip. Most cases of incorrect clip positioning
involved an inadvertent occlusion of one or more perforators.
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Table 3 Endoscopic findings resulting in

Aneurysms site No. Neck remnant ~ Branch occlusion Perforator occlusion
intraoperative clip repositioning Antorior ICA-Opht* 13 > — —

circulation yoa peoa 2 4 2 1
ICA-AChA 25 2 4 2
ICA 21 3 - -
bifurcation
MCA® 40 - - -
ACoA 33 8 4

Posterior BA 13 3 1

circulation MBT 4 _ B _
VBJ 6 — — —
VA® 16 — — —
Distal arteries 10 — — -

Total 208 22 11 9

*Opht ophthalmic artery

*MCA middle cerebral artery

°VA vertebral artery

The overall complication rate was of 2.4%. In three cases,
impingement of the cerebral parenchyma by the endoscope
was seen, despite the microscopic control. In two further
cases, transient third nerve palsy caused by incomplete dam-
age or encroachment by the endoscope or clip was seen. No
aneurysm rupture was caused by the endoscope. Excellent to
good recovery (GOS 4-5) was achieved in 166 patients
(90%). Table 3 details the intra-operative endoscopic find-
ings resulting in intraoperative clip repositioning.

Discussion

Although Perneczky was among the first major contribu-
tors to the field of EAM [4, 8], also advocating using the
endoscope in intracranial aneurysms’ surgery [9, 10], oth-
ers have reported on the successful use of EAM for aneu-
rysms surgery [11-14]. It remains today a matter of debate
whether the adjunct of the endoscope is advantageous in
this specific subset of pathology. In the contemporary era
of minimal invasive or keyhole, skull base approaches,
some non-negligible limits related to the mere microscopic
view are emerging, specifically the rigid line of sight to the
operative target that imposes restrictions for a certain
number of specific lesions. Indeed, the smaller the exten-
sion of craniotomy, the lower the working angles to the
lesion. For aneurysms, this concept is more meaningful,
especially for selected sites where perforating arteries are
generally hidden within the blind spot of the aneurysm
itself or within the back wall of the parent vessel. The
rationale of the addition of the endoscope in this surgery is
linked to the attempt to overcome these limits. Although

rigid, the endoscopes commonly employed for this pur-
pose are very thin (2.7 mm) and easily adapt to the work-
ing space with little interference with the surgical
maneuvers. Furthermore, the introduction of the endo-
scope provides a further and nearer source of light to both
the operative field and the lesion, with all the related
advantages. If the forward-oblique telescope is useful dur-
ing the simultaneous microscopic-endoscopic view, the
30° line of sight of the angled optic is essential to inspect
fully and widely the backside of the aneurysm parent
artery, branches, and perforatings. In selected cases, clip
ligation of the aneurysm may be performed under a full
endoscopic view to obtain a “real time” sparing of the per-
forating arteries, thus avoiding any inadvertent stop flow
into these tiny and less tolerant vessels (Fig. 3). The same
advantage is obtained in the preservation of those cranial
nerves located behind or very close to the aneurysm, par-
ent vessel, or branch, but hidden by the aneurysm itself. In
the present series, endoscopic assistance has been very
useful as an adjunct tool to the microsurgical treatment of
selected aneurysms of ICA, posterior communicating
artery (PCoA), anterior choroidal artery (AChA), ACoA,
and BA. In more than 20% of these aneurysms the endo-
scopic inspection allowed changing or repositioning of the
clip or sparing one or more perforating branches, thus ben-
efitting the surgery. Conversely, based on the authors’
experience, EAM has no indication for aneurysms other
than the aforementioned more superficial or far from per-
forating branches. EAM is not beneficial and may even
become injurious in terms of the overall outcome for ver-
tebrobasilar junction (VBIJ), proximal posterior inferior
cerebellar artery (PICA), distal superior cerebellar artery
(SCA), and anterior inferior cerebellar artery (AICA)
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Fig. 3 Microsurgical vision of aneurysm (An) of the left PCA-SCA
junctional portion of the basilar artery, lying in the corridors between
optic nerve (ON) and ICA. The aneurysm was clipped through the cor-
ridor between ON and ICA, with the endoscope fixed to a mechanical
holder. The final endoscopic control allowed to confirm patency of the
left PCA not clearly visible under the microscope (a). Microsurgical
view of a left ICA-PCoA aneurysm (An) after microsurgical clipping.

aneurysms, where the need to work through narrowed cor-
ridors beyond the posterior fossa cranial nerves may lead
to severe sequelae by accidental cranial nerves injuries.
Very large and giant aneurysms benefit less from EAM
compared to the smaller ones, both because these lesions
are usually exposed through larger skull base approaches,
and because the larger volume of these aneurysms makes
the insertion and fixation of the endoscope more difficult,
which may then become dangerous.

Technically, the authors have found that the best way to
obtain a complementary rather than co-axial view between
microscope and endoscope and, at the same time avoid
interferences with the instruments and surgical maneuvers,
is to choose complementary corridors to the aneurysm. The
initial endoscopic inspection of the aneurysm, parent artery,

Endoscopic inspection reveals incomplete clipping of the aneurysm.
Application of an additional clip, removal of the previously released
clip under endoscopic vision. Final control reveals complete aneurysm
occlusion (b). Microscopic vision of a contralateral right ICA-PCoA
aneurysm (An) through the left (It ON) and right (rt ON) optic nerves.
Endoscopic inspection of the aneurysm through the optic chiasm.
Clipping of the aneurysm and final control in endoscopic view (c)

and perforating branches aids in an early understanding of
the anatomy and in constructing mentally the final clipping
before application of the clip but, obviously, it cannot assist
in the dissection of the aneurysm, which must be performed
by conventional microneurosurgical techniques. Care must
be taken that all the surgical maneuvers during the true
operative time are conducted with the endoscope firmly and
mechanically fixed to the operative field. The fixation of the
endoscope also allows for two-handed surgery. During the
endoscopic post-clipping inspection, the usefulness of this
technique may be combined with other fundamental and
well-established techniques such as intraoperative neuro-
physiological monitoring, Doppler flowmetry, and indocya-
nine green videoangiography to evaluate the complete
exclusion of the aneurysm and the preserved patency of the
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parent vessel, branches, and perforatings. Generous washing
of the basal cisterns and continuous irrigation of the endo-
scope lens during EAM has also made this technique useful
and versatile for ruptured aneurysms with a high Fisher
grade in the present series. Unfortunately, the most impor-
tant limit of endoscope assistance, including for aneurysms,
is the 2D view of most of the endoscopes commonly used
today, and this may pose some problems in terms of spatial
orientation during the clipping. Although recently 3D endo-
scopes have been introduced for diagnostic purposes, they
are generally larger in diameter than 2D ones, and this limits
their use for EAM. An adequate selection of the aneurysms,
the use of specific dedicated endoscopes, and the implemen-
tation of some technical tips and precautions are as manda-
tory as an appropriate endoscopic training to obtain the best
results from endoscopic assistance during aneurysm
surgery.

The data of the present personal 14-years experience have
shown EAM to be a useful, reliable, and versatile technique
during microneurosurgical treatment of selected aneurysms,
offering some important advantages to obtain the best
patients’ overall outcome.
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Abstract Giant intracranial aneurysms (GIAs) and very
large intracranial aneurysms (VLAs) have a poor natural his-
tory because of a high incidence of bleeding and strokes.
These lesions always represent a great challenge for neuro-
surgeons and interventional neuroradiologists because of
some peculiar intrinsic features such as size, angioarchitec-
ture, wide neck, mass effect, intraluminal thrombosis, ath-
erosclerotic changes, involvement of branches and
perforators, and a frequent need to perform revascularization
procedures. The results of a cumulative surgical series of 75
VLAs and GIAs are reported. Thirty-three aneurysms were
unruptured. Sixty aneurysms underwent direct surgical treat-
ment consisting of 56 direct clippings, 3 trappings w/o revas-
cularization, and 1 wrapping. Fifteen aneurysms were treated
by means of extracranial to intracranial (EC-IC) high-flow
bypass. An mRS score ranging between 0 and 2 was observed
in 54 patients, whereas an mRS of 3 was seen in 5 patients.
Four patients had a severe disability (mRS 4-5) and six
patients died. Aneurysm’s fragmentation, with stacking and
seating clips, thrombectomy, and aneurysmorrhaphy were
the techniques most frequently employed. Revascularization
options involving EC-IC high-flow bypass were used in
cases not amenable for direct treatment. Some technical tips
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and special issues related to the surgical management of
these complex lesions are discussed.

Keywords Intracranial aneurysms - Giant intracranial aneu-
rysms - Clipping - By-pass surgery - Revascularization tech-
niques - Subarachnoid hemorrhage

Introduction

Despite the tremendous advances in the understanding of
their pathophysiology and surgical management, GIAs (giant
intracranial aneurysms) and VLAs (very large intracranial
aneurysms) still remain among the most demanding chal-
lenges for both the neurosurgeon and the interventional neu-
roradiologist. In their classical definition, GIAs have at least
one diameter larger than 2.5 cm, with an irregular geometric
configuration and a broad neck. GIAs often incorporate
efferent vessels and have thick arachnoid adhesion to the sur-
rounding structures. A massive intraluminal thrombosis is
often present with atherosclerotic changes frequently involv-
ing the sac, the neck, and even the parent artery. Although
theoretically the flow pulsatility may also produce a progres-
sive enlargement of the smaller aneurysms that may become
giant [1], recently GIAs formation and enlargement have
proved to be completely different from those of the smaller
aneurysms. Indeed, they seem to be related to a massive
degeneration of the elastic lamina with a lack of the muscular
layer caused by repeated sub-adventitial hemorrhages by
vasa vasorum. Therefore, GIAs should be considered as a
“proliferative disease of the vessel wall induced by extravas-
cular activity” [2]. Regarding the intraluminal thrombosis, it
occurs in approximately 60% of cases and is strictly related
to the high turbulence of the jet flow. Compared with that of
the smaller ones, the natural history of GIAs is extremely
dismal because of their higher tendency to bleed and a higher
incidence of related strokes, with consequent severe disabil-
ity and death ultimately. The estimated risk of rupture is six
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times higher for GIAs, and a mortality rate at 2 years greater
than 60% has been reported for those untreated [3, 4]. All
these intrinsic features, as well as the mass effect they cause
to the neighboring neurovascular structures, make VLAs and
GIAs a specific subset of lesions where an aggressive treat-
ment must be considered mandatory, as reported in a large
series of publications [5—13]. Although endovascular tech-
niques, especially with the advent of flow-diverters, flow-
disruptors, and stents, are increasing their -efficacy,
microneurosurgery still remains the unique curative option
for most of these aneurysms, especially for those with a com-
plex angioarchitecture, involvement of efferent branches,
and a massive intraluminal thrombosis. Furthermore, micro-
surgery is the only treatment option possible in all cases
where a revascularization procedure is need.

The aim of this retrospective study is to report the deci-
sion-making process, the surgical strategies, and the special
issues related to the management of VLAs and GIAs in a
personal series of 75 aneurysms consecutively treated.

Materials and Methods

Between 2000 and 2015, a cohort of 428 patients, harboring
510 intracranial aneurysms, was surgically treated by the
senior author (R.G.). Among these, 75 VLAs and GIAs

aneurysms in 71 patients were selected and retrospectively
analyzed. A further 31 VLAs (n. 19) and GIAs (n. 12), were
treated by endovascular techniques. In the surgical series, 41
patients were females and 30 were males, with ages ranging
between 14 and 80 years (mean 53 years). Forty-eight
patients suffered from hypertension, 34 from diabetes, 16
from hypercholesterolemia, and 14 from obesity. Twenty-
seven patients were smokers. In two patients, a familiar his-
tory of aneurysms was found. Fifty-six aneurysms (74.67%)
were located in the anterior circle, whereas the remaining 19
(25.33%) involved the posterior circulation (Table 1). Thirty-
eight aneurysms presented with a subarachnoid hemorrhage
(SAH) and 33 were taken into charge to our Department
because of incidental findings or symptoms attributable to
the mass effect or stroke. Cranial nerve neuropathies were
observed in nine patients, three with an internal carotid artery
(ICA) posterior wall giant aneurysm (all with a third cranial
nerve palsy). The remaining six patients suffered from a
third to sixth cranial nerve impairment in various combina-
tions. All the elective patients underwent 3D CT angiogra-
phy; Tl and T2 weighted MRI, to reveal an eventual
intra-aneurysmal thrombus, and six-vessels brain digital sub-
traction angiography (DSA) with 3D volume rendering. A
detailed study of both superficial temporal artery (STA) and
occipital artery (OA) was carried out in all cases where a
revascularization procedure was planned or presumed. STAS
and OAs larger than 3 mm were considered as suitable

Table 1 Description of aneurysms site, clinical onset, and surgical methods of treatment

Clinical onset

Surgical methods of treatment

Aneurysms site No. SAH NotSAH Clipping Wrapping Trapping Trapping + EC-IC  EC-IC
Anterior circulation  Intracavernous ICA 6 0 6 0 0 0 6 0
Para-clinoidal ICA 5 4 1 4 1 0 0 0
ICA-ophthalmic 12 6 6 11 0 0 1 0
ICA siphon 9 5 4 4 0 1 4 0
ICA bifurcation 3 2 0 0 0 0
MCA 13 7 6 11 0 0 2 0
ACA/ACoA 5 4 1 5 0 0 0 0
ACA2 1 1 0 1 0 0 0 0
Posterior circulation ~ PCA (P2-P3) 3 1 2 2 0 1 0 0
PCA (P1-P2) 1 0 1 0 0 0 0 1
BA tip 5 4 1 5 0 0 0 0
BA/SCA 2 2 0 2 0 0 0 0
BA/AICA 1 1 0 1 0 0 0 0
AICA (proximal) 1 0 1 0 0 1 0 0
VBJ 1 1 0 1 0 0 0 0
VA/PICA 2 1 1 2 0 0 0 0
Distal PICA 2 0 2 0 0 0 0
VA 1 0 1 0 0 0 1 0
Total 75 42 33 56 1 3 14 1
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potential donors for selected cases where the putative need
for a revascularization of a distal middle cerebral artery
(MCA) or posterior cerebral artery (PCA) branches might be
anticipated. Moreover, in those cases where a high flow
bypass was planned, the Allen test was performed in both
forearms to evaluate the suitability of the radial artery as
conduit. Both saphenous veins and radial arteries were traced
with Doppler sonography in these cases. In all cases of aneu-
rysms involving ICA, balloon test occlusion (BTO) was per-
formed. For BTO, occlusion of the ICA was performed as
near as possible to the aneurysms by means of a 5 Fr balloon
inflated for 10 min in the first step, after which the patient
was neurologically evaluated and underwent DSA. In all the
cases where the patient passed the first step, an intravenous
administration of labetalol (200 mL; 1 mg/mL in 2 min) was
given to decrease the mean arterial pressure to a level of 20%
of the baseline. The patient was then evaluated for a further
20 min and, after the induction of the relative hypotension, a
final angiogram was performed. Additionally, in all the elec-
tive cases, a preoperative neurophysiological baseline assess-
ment was performed based upon trans cranial motor-evoked
potentials (TES-MEPs), somatosensory-evoked potentials
(SSEPs), and brainstem-evoked potential (BAEPs), the latter
only for posterior circulation aneurysms. Computerized
visual field evaluation and hormonal assessment were
decided case by case according to the site of the lesion. All
the patients with ruptured aneurysms underwent 3D CT
angiography and DSA. In selected hemorrhagic cases, MRI
ruled out an intra-aneurysmal partial thrombosis.

Results

Sixty aneurysms were judged suitable for direct surgical
treatment. In the remaining 15 aneurysms, a flow replace-
ment of the parent artery or a branch was needed. In the sur-
gical cases, the pterional trans-sylvan was the most used
approach for the anterior circulation aneurysms. As a general
rule, a wide drilling of the superior aspect of the greater
sphenoid wing with or w/o anterior clinoidectomy, as well as
a wide opening of the sylvian fissure (extended pterional
approach), allowed one to maximize the exposure of the sac
and to shallow the surgical field for most of the GIAs. More
complex antero-lateral approaches were performed in
selected cases. A cranio-orbitary approach, sometimes
involving the mobilization of the zygomatic arch (fronto-
temporo-orbito-zygomatic FTOZ approach), was performed
in selected cases of giant superior or superior-posterior pro-
jecting anterior communicating (ACoA) aneurysms and high
riding basilar top aneurysms. An intradural, rather than
extradural, anterior clinoidectomy was performed when
needed, especially in selected cases of ICA-ophthalmic

aneurysms. The Sonopet ultrasonic aspirator (Stryker
Portage, MI, USA) was frequently employed for this purpose
to avoid any thermal injury to the optic nerve. Distal
A2-pericallosal aneurysms were approached by an anterior
interhemispheric route. P2-P3 PCA aneurysms were treated
through a subtemporal transtentorial approach, whereas a
case of a giant PI1-P2 aneurysm was approached via an
extended pterional approach with a trans-sylvan and pre-
temporal combined access route. All the high-riding basilar
top aneurysms were approached by an FTOZ approach
involving a wide opening of the sylvan fissure. A posterior
transcavernous clinoidectomy was performed in two cases of
low-riding and superior-posterior projecting basilar top
aneurysms. A combined supra-infratentorial transtentorial
route was employed for mid-basilar trunk aneurysms. In
only one case of very large low basilar aneurysm was a pure
posterior petrosectomy, involving a retrolabyrinthine expo-
sure, performed. A retrosigmoid approach was rarely used to
clip distal very large superior cerebellar artery (SCA), ante-
rior inferior cerebellar artery (AICA), and posterior inferior
cerebellar artery (PICA) aneurysms. The postero-lateral far
lateral approach proved to be very useful for the treatment of
vertebro-basilar junction aneurysms and proximal PICA
aneurysm. In a rare case of a distal very large PICA aneu-
rysm, a suboccipital craniotomy was performed. A direct
clipping was possible in most cases (56 aneurysms). A stack-
ing and seating technique was used with most GIAs. In 21
aneurysms, an intra-aneurysmal thrombectomy was per-
formed to reconstruct the profile of the parent vessel and
definitively clip the aneurysms at the neck. Frequently, for
ICA-posterior communicating artery (PCoA) aneurysms,
multiple fenestrated clips were used to draw a clip line at the
level of the posterior wall of the ICA, at the same time spar-
ing PCoA, anterior choroidal artery (AChA), and perforating
branches. Temporary occlusion of the parent artery was nec-
essary in some cases of giant MCA bifurcation or trifurca-
tion aneurysms. Temporary clipping was also applied to
dissect and reshape the sac in selected cases of ACoA GIAs.
In these circumstances, temporary occlusion more frequently
encountered a dominant Al. Seldom was a complete trap-
ping of the ACoA necessary. Temporary clipping was always
performed under propofol-induced burst suppression and
EEG, SSEPs, and TES-MEPs neurophysiological monitor-
ing. Simple trapping was done in three giant thrombosed
ICA aneurysms where patients passed BTO. Wrapping with
muscle was the only treatment possible in one aneurysm.
Fifteen patients underwent a revascularization procedure. In
eight of these, an extracranial to intracranial (EC-IC) high
flow by-pass was performed before to trap the aneurysm,
whereas high flow EC-IC by-pass was the only treatment
performed for all the giant intracavernous aneurysms and a
further giant P1-P2 PCA aneurysm (Table 1). Elective patient
candidates for a high flow bypass started aspirin (325 mg/day)
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Table 2 Overall data about revascularization procedures

Surgical methods of treatment Type of graft Patent graft at last follow-up
Aneurysms site No. Trapping + EC-IC EC-IC RAG SVG RAG SVG
Anterior circulation Intracavernous ICA 6 6 0 4 2 4 1
ICA-ophthalmic 1 1 0 1 - 1 -
ICA siphon 4 4 0 3 1 3 0
MCA 2 2 0 1 1 1 1
Posterior circulation PCA (P1-P2) 1 0 1 1 - 1 -
VA 1 1 0 1 - 1 -
Total 15 14 1 11 4 11 2
Table 3 Overall patient outcome
Modified Rankin scale (mRS) 0-1 2 3 4-5 6
Hemorrhagic 38 22 (57.89%) 4(10.53%) 3 (7.89%) 3 (7.89%) 6 (15.79%)
Not hemorrhagic 33 25 (75.75%) 3(9.09%) 2 (6.06%) 1 (3.03%) 2 (6.06%)
Total patients 71 47 (66.20%) 7 (9.86%) 5(7.05%) 4 (5.63%) 8 (11.27%)

the day before surgery at least, and continued for 6 months
after surgery. A radial artery graft (RAG) was the conduit in
11 patients and the saphenous vein (SVG) in 4 cases. The
overall rate of the graft patency was 86% (Table 2). Both dur-
ing direct clipping and during revascularization procedures,
the combination of intraoperative indocyanine green video-
angiography (ICG), microdoppler ultrasound (MDU), and
neurophysiological monitoring were paramount to check
constantly the complete exclusion of the aneurysm, the ade-
quacy of the flow into the parent artery, branches, perfora-
tors, and by-passes, as well as to recognize promptly any
warning sign of ischemia in a real time modality. In five
cases, a combined simultaneous endovascular and surgical
treatment was performed. In no cases was a deep hypother-
mia adenosine-induced circulatory arrest considered neces-
sary in the present series.

A good overall outcome (mRS 0-2) was achieved in 54
patients, 26 of whom suffered from an SAH. The best outcome
was obtained in all the anterior circulation aneurysms and in
eight aneurysms involving the posterior circle. A moderate dis-
ability (mRS 3) was seen in five patients, three of whom were
hemorrhagic. Severe disability (mRS 4-5) was the final out-
come in four patients and six patients died (Table 3).

Discussion

VLAs and GIAs are challenging lesions where an aggressive
treatment must be consider mandatory because of their poor
natural history and bad prognosis [3]. The complex decision-
making process related to these aneurysms should always

take into account factors such as patient age and co-morbid-
ities, neurological status, Hunt-Hess and Fisher grades,
aneurysm site and angioarchitecture, eventual intra-aneurys-
mal thrombosis, previous endovascular treatments, adequacy
of cross-flow, caliber of PCoAs, BTO results, and the need
for revascularization procedures. In the acute phase, endo-
vascular treatment was reserved for older patients
(age > 70 years) in severe neurological condition at admis-
sion (Hunt—Hess 4-5; Fisher 4). Except for these cases, an
endovascular option was almost never considered for rup-
tured GIAs. The advent of pipeline embolization devices
(PED) in the last few years has instead made a “first-line”
endovascular approach more rational in selected elective
cases of giant non-thrombosed aneurysms involving the
intracavernous and paraclinoid ICA. Mid-basilar trunk large
and fusiform non-thrombosed aneurysms were also consid-
ered as good candidates for flow diversion, as well as selected
cases of basilar top aneurysms. Nevertheless, the DSA find-
ing of a slow and turbulent flow into the aneurysm, with the
consequent high likelihood of early thrombosis, was always
considered a conditio sine qua non for flow diversion.
Conversely, one of the most important exclusion criteria for
the endovascular treatment was the presence of an intra-
aneurysmal thrombus because of the related mass effect and
the high incidence of strokes caused by distal embolization
of atherosclerotic material. The literature reports a series of
severe complications related to both balloon-assisted coiling
and PED for GIAs [14]. The intrinsic features of a very com-
plex angioarchitecture of these lesions, which frequently
involves the need for a thrombectomy and a possible distal
flow replacement, make microneurosurgery still the best
treatment option today for most ruptured and unruptured
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Fig. 1 Pre-operative DSA showing a very large partially thrombosed
aneurysm of the right MCA (a). T1-weighted MRI showing intra-aneu-
rysmal thrombus (b). Aneurysmal thrombectomy with ultrasonic aspira-

VLAs and GIAs. Angiographic and clinical results of the
present series confirm that a direct treatment of the aneurysm
is advisable whenever possible, whereas more complex
revascularization procedures, stand-alone or associated with
proximal ligation or trapping of the aneurysm, should be
reserved for limited cases not amenable to direct clipping
and burdened with mass effect. Technically, giant throm-
bosed aneurysms always require a deliberate opening of the
sac, an intra-aneurysmal thrombectomy, and a subsequent
aneurysmorrhaphy that is more often performed under proxi-
mal temporary clipping of the parent artery (Fig. 1). Seldom,
and generally for distal ICA aneurysms in patients with a
valuable contralateral cross-flow, a trapping of the parent
artery is required during aneurysmorrhaphy. Even in burst
suppression, SSEPs and BAEPs monitoring add paramount
information to distinguish between those tolerated and those
not tolerated by stop flow conditions. An important surgical
tip during thrombectomy is always to check for a complete
freeing of the proximal and distal parent artery ostium from
the thrombus to dramatically decrease the risk of distal
embolization of atherosclerotic material. A generous wash-
ing of the parent artery with heparin solution is recom-
mended before aneurysmorrhaphy and before temporary

tor (d). Aneurysmorraphy (e) with tandem clipping reinforcement (f).
MDU and ICG flow check of the parent artery and branches (g). Post-
operative DSA showing the complete exclusion of the aneurysm (c)

clips release. Running suture with prolene or ethilon is gen-
erally used for aneurysmorrhaphy and, in most of conditions,
a tandem clipping with angulated clips is performed to rein-
force the site of the suture line. A constant intraoperatively
check of the flow is elegantly obtained in these cases thanks
to ICG and MDU. The stacking and seating technique with
multiple clips is frequently employed to clip these aneu-
rysms, both thrombosed and non-thrombosed. Fenestrated
clips are useful to spare branching vessels, especially in pos-
terior wall giant ICA aneurysms. Fenestrated clips are also
frequently employed as boost clips to reinforce the clip
blades closure of standard clips. The latter technical tip
applies mainly to those cases characterized by the presence
of severe atherosclerotic changes involving the aneurysm
neck and the parent artery.

The literature suggests that surgical or endovascular prox-
imal Hunterian occlusion of the parent artery harboring a
large to giant aneurysm should be avoided because of a high
incidence of stroke, even in those non-thrombosed aneu-
rysms where the patient passed BTO [11, 15-22].

Regarding the revascularization procedures (Fig. 2), the
rationale for a bypass for GIAs may include the need for flow
replacement of the parent artery or one or more branches in
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Fig. 2 Pre-operative DSA with 3D volume rendering showing a giant
partially thrombosed aneurysm of the right iuxta-clinoidal ICA with
huge mass effect (a). BTO showing an unsatisfactory cross-flow. The
patient also failed BTO clinically (b). Initial step of EC-IC involving
the superior frontal branch of post-bifurcation MCA (d). Saphenous

those cases where they cannot be preserved, but also the preven-
tion of a post-operative stroke in selected cases requiring a pro-
longed temporary parent vessel occlusion (temporary bypass),
especially in patients with a reduced cerebrovascular reserve. In
the personal series, the authors preferred to proceed to bypass
whenever in doubt because of the detection of TES-MEPs or
SSEPs modifications not exceeding the threshold considered
predictive of ischemia, or in rare cases of contradictory findings
between TES-MEPs and SSEPs. RAG high-flow bypass is the
most frequently performed to replace ICA and proximal
MCA. RAG seems to be associated with a lower incidence of
long-term graft occlusion [9], being therefore considered as the
best conduit for high-flow bypasses, as also confirmed by the
present data. Revascularization procedures aimed at replacing
distal ACA or PICA involve side-to-side in situ bypasses. A fur-
ther bypass option, especially in rare cases of large fusiform M1
MCA aneurysms, is the interposition-graft bypass, where the
radial artery or STA should be preferentially used.

vein graft EC-IC bypass (e). Intra-operative MDU and ICG flow check
showing the patency of the bypass (f). Final clipping of the aneurysm
achieved after thrombectomy (g). Post-operative MRI angiography at
6th month follow-up showing the complete exclusion of the aneurysm
and the patency of the high flow bypass (c)

Microneurosurgery is still, to date, the best treatment
option for most very large and giant complex intracranial
aneurysms. The surgical treatment of these lesions always
requires detailed and careful preoperative planning and spe-
cific surgical skills, including extensive experience in the
management of direct clipping of intracranial aneurysms and
dexterity with micro suturing techniques. The preoperative
planning of these aneurysms should also take into account
the selection of the most suitable approach among a large
number of skull base approaches in which the neurovascular
surgeon must have great confidence. Neuronavigation, intra-
operative neurophysiological monitoring, ICG videoangiog-
raphy, and MDU are essential and unavoidable tools in the
surgical armory needed to treat these extremely complex and
challenging lesions.
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Abstract Background. Extradural temporopolar approach
can provide extensive exposure of the anterior clinoid
process, which can prevent intraoperative neurovascular
injury in anterior clinoidectomy for paraclinoid aneu-
rysms. The present study investigates the usefulness of
this modified technique, and operative nuances are dis-
cussed here.

Methods. We retrospectively reviewed the medical
charts of 30 consecutive patients with paraclinoid aneu-
rysms who underwent treatment with this modified extra-
dural temporopolar approach between September 2009 and
March 2016.

Results. Worsening of visual acuity was documented
postoperatively in three patients (10.0%), and visual field
function worsened in three patients (10.0%). Postoperative
outcome was good recovery in all patients. No operation-
related mortality occurred in the series.

Conclusion. Extradural anterior clinoidectomy via the
modified extradural temporopolar approach is safe and may
be recommended for surgical treatment of paraclinoid aneu-
rysms to reduce the risk of intraoperative optic neurovascular
injury.
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Introduction

Paraclinoid aneurysms present great difficulties for complete
clipping, which may require removal of the anterior clinoid
process (ACP). The extradural technique for complete
removal of the ACP was introduced by Dolenc in 1983 [1].
The extradural temporopolar approach (EDTPA) is a variant
of Dolenc’s technique and provides a surgical corridor to the
central skull base [2]. The disadvantage of the EDTPA is the
risk of injuring the neurovascular structures passing through
the superior orbital fissure (SOF) during dissection [3].
Therefore, we recently modified EDTPA to be less invasive
[4, 5]. Here we show the feasibility and usefulness of this
modified approach for direct clipping of paraclinoid aneu-
rysms and suggest that modified EDTPA can be safely per-
formed and this procedure may improve the surgical outcome
for paraclinoid aneurysms.

Patients and Methods

Patient Characteristics

This retrospective analysis included 30 consecutive patients
(27 women and 3 men) aged 3075 years (mean 53.5 years)
with paraclinoid aneurysms who underwent modified
EDTPA with mini-peeling of the dura propria at the National
Defense Medical College Hospital and Juntendo University
Shizuoka Hospital between September 2009 and March
2016. Medical charts, radiological findings, surgical tech-
niques, complications, and the final results of anterior cli-
noidectomy were retrospectively reviewed. All patients
underwent detailed preoperative and postoperative evalua-
tion of visual function, which involved testing visual acuity
with optimum correction lenses for both eyes, visual field
examinations, and funduscopy.
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Surgical Procedure

After induction of general anesthesia, the patient is placed in
the supine position, and the head is rotated away from the
operative side at about 30°. A semi-coronal skin incision is
performed followed by interfascial dissection. The cervical
common carotid artery, the internal carotid artery (ICA), and
the external carotid artery are routinely exposed for proximal
control, suction decompression, intraoperative angiography,
and high-flow bypass if necessary. A standard frontotempo-
ral craniotomy is performed. The temporal squama is ron-
geured out until the floor of the middle cranial fossa is
exposed. The lesser wing of the sphenoid is flattened until
the meningo-orbital band (MOB) is exposed. The middle
fossa dura is dissected until the SOF and the foramen rotun-
dum (FR) are exposed (Fig. 1a). The roof of the SOF is skel-
etonized and opened to expose the junction between the dura
propria of the temporal lobe and the periosteal dura (Fig. 1a;
arrowheads). The bone around the MOB is drilled (Fig. 1a;
arrow) and the MOB is incised. The dura between SOF and
FR, where no neuronal structure is present, is partially
incised (Fig. 1a; red dashed line). Peeling of the dura propria
is continued until the ACP is exposed epidurally (Fig. 1b).
Drilling of the ACP with a high-speed drill using cold saline
irrigation is started from the lateral part of the ACP, and the
optic canal is then partially opened (Fig. 1b). After removal
of the ACP, the clinoid segment (C3) of the ICA can be seen
(Fig. 1b). The remainder of the optic strut can be removed
with a micro-punch to provide space for the clip blade. The
dura mater is opened along the sylvian fissure, and continued
inferomedially to the level of the optic nerve (Fig. 1b; red
dashed line). Additional wide opening of the sylvian fissure
is helpful for minimal retraction of the frontal lobe to expose
the ICA and the optic nerve. The posterior communicating
artery, anterior choroidal artery, and their branches are iden-
tified. In addition, the horizontal portion of the anterior cere-
bral artery (ACA) is dissected. An incision from the falciform
ligament to the optic sheath helps to mobilize the optic nerve.
An additional incision is made across the distal dural ring to
expose and identify the origin of the ophthalmic artery and to
mobilize the ICA. After temporary clips are applied to the
proximal ICA, under suction decompression, aneurysm dis-
section and clipping are performed.

Results

The aneurysm was small (<6 mm) in 10 cases, medium
(6-11 mm) in 13, and large (>12 mm) in 7. Twenty-six
patients were asymptomatic, and four presented with symp-
toms including visual disturbance. Spinal drainage was
induced in all patients. Orbito-zygomatic craniotomy was

Fig. 1 Surgical procedures for clipping of paraclinoid aneurysms
using the modified EDTPA technique. The middle fossa dura is dis-
sected until the superior orbital fissure (SOF) and the foramen rotun-
dum (FR) are exposed (a). The roof of the SOF is skeletonized and
opened to expose the junction between the dura propria and the perios-
teal dura (a; arrowheads). The dura between the SOF and FR, where no
neuronal structure is present, is partially incised (a; red dashed line).
Peeling of the dura propria is continued until the anterior clinoid pro-
cess (ACP) is exposed epidurally, and then the optic canal (OC) is
opened (b). After removal of the ACP, the clinoid segment (C3) of the
internal carotid artery can be seen through carotid-oculomotor mem-
brane (b). Then the dura mater is opened along the sylvian fissure, and
continued inferomedially to the level of the optic nerve (b; red dashed
line). SOF superior orbital fissure, FR foramen rotundum, MOB
meningo-orbital band, PD periosteal dura, VI first division of the tri-
geminal nerve, V2 second division of the trigeminal nerve, OC optic
canal, IIT oculomotor nerve

additionally performed in two patients. Total removal of the
ACP was performed in all patients. The optic canal was
opened widely in 28 patients and partially in 2. The falciform
ligament was cut in 28 patients. The dural ring was incised in
28 patients. Suction decompression was used for clipping of
aneurysms in 15. The cervical ICA was secured in all patients
for proximal control of the ICA, and high-flow bypass was
needed in one.

Direct clipping of the aneurysm neck was successfully
achieved in all cases. Postoperative 3DCTA or DSA revealed
no major branch occlusion or residual aneurysm. There was
no surgical mortality related to EDTPA.

Overall visual acuity after surgery was unchanged in
27, and worsened in 3 (10.0%) postoperatively. These
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“1.1 J c

Fig.2 A 67-year-old female presented with mild headache. 3DCTA and MR imaging incidentally discovered carotid cave aneurysm on the right.
(a—c) The modified EDTPA was performed. (d) Complete clipping was achieved and (e) the postoperative course was uneventful

postoperative visual disturbances were usually confirmed
as transient unilateral lower-nasal quadrantanopsia, which
was definitely detected using a quantitative visual examina-
tion without subjective visual symptoms. One patient suf-
fered transient brain swelling caused by sphenoparietal sinus
injury during peeling of the dural layers. One patient expe-
rienced postoperative acute epidural hematoma which was
evacuated immediately. No permanent neurological deficits
were encountered. Postoperative outcome was good recov-
ery in all patients.

Case Presentation

Case 1 A 67-year-old female presented with mild headache.
3DCTA and MR imaging incidentally discovered a carotid
cave aneurysm on the right (Fig. 2a—c). The modified EDTPA
was performed (Fig. 2d). Complete clipping was achieved
(Fig. 2e) and the postoperative course was uneventful.

Case 2 A 71-year-old male presented with left hemi-qua-
drantanopsia and decreased visual acuity. 3DCTA showed a

small paraclinoid aneurysm originating from the C2 of the
ICA and projecting medial-superiorly. Modified EDTPA
was used. Under suction decompression, aneurysmal dis-
section and complete clipping was performed (Fig. 3a—d),
and the postoperative course was uneventful. Postoperative
visual examination showed that his visual disturbance had
normalized.

Discussion

Removal of the ACP is one of the essential skull base tech-
niques for treating paraclinoid aneurysms [6, 7]. Anterior
clinoidectomy can be performed through the intradural
approach or extradural approach [2, 8]. Extradural anterior
clinoidectomy is more extensive than the intradural proce-
dure and requires a clear understanding of the anatomical
background of the ACP and its surrounding neurovascular
structures. In particular, the surgeon must have good knowl-
edge of the osseous structure of the SOF, the neurovascular
structures passing through the SOF, and the membranous
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Fig.3 A 71-year-old male
presented with left hemi-quadran-
tanopsia and decreased visual
acuity. 3DCTA showed a small
paraclinoid aneurysm originating
from the C2 of the ICA and
projecting medial-superiorly. The
modified EDTPA was performed.
Under suction decompression,
aneurysmal dissection and
complete clipping was performed
(a—d) and the postoperative course
was uneventful. Postoperative
visual examination showed visual
disturbance had normalized

structures including the MOB and walls of the Cavernous
Sinus (CS). Extradural anterior clinoidectomy was originally
described in 1983 by Dolenc [1]. This technique was then
developed, as Selective Extradural Anterior Clinoidectomy
(SEAC) without peeling of the lateral wall of the CS requires
opening of the optic canal and en bloc removal of the ACP
[8, 9]. Recently, the latter method has been refined by mini-
mizing the area of peeling in the lateral wall of the SOF,
including the anterior part of the CS that requires extradural
exposure of the ACP [10, 11]. In addition, this extradural
procedure has been developed as a trans-SOF approach with
mini-peeling of the SOF [12—14]. These techniques promote
exposure of the entire ACP with safe drilling. Compared to
previous surgical procedures, our trans-SOF approach
caused fewer surgical complications, such as visual distur-
bance, oculomotor nerve disturbance, and poor surgical out-
come [4, 5]. This modified technique requires peeling of the
dura propria of the temporal lobe from the SOF. Otani et al.
[4] suggested that the junction between the dura propria,
which consists of the cranial nerve perineurium, and the peri-

osteal dura was invaginated under the SOF. In contrast, no
such invagination of the periosteal dura was present at the levels
of the FR and Foramen Rotundum (FO). Therefore, SOF skel-
etonization is mandatory just before peeling of the dura propria
at the SOF level. The original Dolenc’s procedure requires dural
incision at the SOF and may carry the risk of injury to the cra-
nial nerves. Our modified method requires skeletonization of
the SOF to expose this junction and needs only minimal dural
incision between the SOF and FR where no cranial nerves are
present. The dura propria peeling can be safely performed from
these junctions until the ACP is totally exposed epidurally.
Cadaveric studies have shown that the anterior clinoidec-
tomy technique can double the exposure and mobilization of
the optic nerve and ICA, as well as triple or quadruple the
optico-carotid triangle width and oculomotor triangle size [15,
16]. Subsequently, the medial tentorium should be carefully
shaved off from the anterior petroclinoid ligament to avoid
injury to the extradural part of the oculomotor nerve. After
tentorial cutting, the temporal lobe with dura mater can be
retracted posteriorly. We have not experienced any temporal
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lobe contusion caused by such retraction. The extent of dura
propria peeling into the CS depends on the individual pathol-
ogy. Consequently, the ETA technique was useful for maximal
resection of tumors involving the retrochiasmatic space. In the
present study, one patient suffered transient brain swelling
caused by sphenoparietal sinus injury during peeling of the
dural layers. The sphenoparietal sinus should be carefully dis-
sected and spared at the dura propria. Care should be taken to
maintain the sphenoparietal sinus at the dura propria and to
stop the peeling at the point where the sphenoparietal sinus
drains into the CS to prevent problems of venous congestion.

Conclusion

A series of 30 patients with paraclinoid aneurysms who
underwent ETA was analyzed. Clipping of the aneurysms
was achieved with minimal surgical complications in the
majority of the patients. The modified EDTPA technique,
which leads to excellent improvement of the visual function
and overall clinical outcomes, can be a useful and safe surgi-
cal technique.

Conflict of Interest Statement There is no potential COI which
should be disclosed.
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Abstract The authors describe extradural anterior clinoid-
ectomy without the use of a high-speed drill or ultrasonic
device to clip paraclinoid and basilar aneurysms, which can
eliminate potential complications related to traditional power
drilling or ultrasonic device use. This method involves four
steps: (1) partial osteotomy of the sphenoid wing at the supe-
rior orbital fissure (SOF); (2) peeling of the dura propria of
the temporal lobe from the inner cavernous membrane of the
SOF; (3) isolation and resection of the exposed meningo-
orbital band to expose the superolateral aspect of the anterior
clinoid process (ACP); and (4) piecemeal rongeuring of ACP
and the roof of the optic canal. The entire procedure was
performed using surgical instruments, including micro-ron-
geurs, a fine Kerrison punch, and micro-dissectors.
Subsequently, intradural neck clipping was performed.
Twenty consecutive patients with paraclinoid and basilar
aneurysms successfully underwent clipping after this non-
drill extradural clinoidectomy. Minor morbidity was noted in
two patients (cerebrospinal fluid leakage in one and transient
oculomotor palsy in the other). The non-drill method is a
simple, easy, safe, and quick alternative to traditional power
drilling in extradural clinoidectomy, and this method can
avoid morbidity related to direct mechanical/thermal injury
of important neurovascular structures.

Keywords Skull base surgery - Paraclinoid aneurysm -
Extradural anterior clinoidectomy - No-drill method -
Surgical complication
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Introduction

Anterior clinoidectomy combined with optic canal unroofing,
which was originally introduced by Dolenc [1], is a difficult
but essential part of the surgical procedure for paraclinoid
lesions, including aneurysms and skull base tumors [2—4].
This method has the following advantages: (1) a wider surgi-
cal view and less brain retraction; (2) early decompression
and mobilization of the optic nerve; and (3) enhanced visual-
ization of the ophthalmic artery and the proximal neck of the
aneurysm [5, 6]. A high-speed drill has been traditionally
used in this method; however, its use may cause mechanical
and/or heat injury to important underlying neurovascular
structures, leading to catastrophic sequelae [2, 3, 7]. In addi-
tion ultrasonic bone removal has recently been suggested to
reduce potential complications related to the traditional
power-drilling technique. However, ultrasound-related neu-
ropathies have also been recognized as possible morbidities
[8]. Due to these complications, we have avoided the use of a
high-speed drill or ultrasonic device in our method.

Materials and Methods

Fatient Profile: Between January 2006 and January 2016, 20
consecutive patients with paraclinoid and basilar aneurysms
were successfully treated using no-drill extradural anterior
clinoidectomy (5 men and 15 women; age range 32—74 years).
Of the 20 patients, 19 had paraclinoid aneurysms and 1 had a
basilar aneurysm. Additionally, four patients had large or
giant aneurysms, and the retrograde suction decompression
method [9] was used for safe clipping. The clinical details of
the 20 patients are shown in Table 1.

Surgical technique: The no-drill clinoidectomy method
includes six steps: (1) the sphenoid ridge is rongeured flat to
the base of ACP, after a standard frontotemporal craniotomy;
(2) the lateral wall of the SOF is partially removed; (3) the
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Table 1 Clinical details of the 20 study patients with paraclinoid and basilar aneurysms undergoing no-drill, instrumental extradural anterior

clinoidectomy

Case no. Sex Age Aneurysm size (mm) Symptom Morbidity Combined method

1 M 41 5 No No

2 F 42 5 SAH No

3 F 51 5 No No

4 F 73 25 Visual disturbance No Suction decompression
5 F 71 18 No No

6 M 72 5 SAH No

7 F 39 5 No No

8 F 55 6 No No

9 F 57 7 No No

10 F 55 15 No No Suction decompression
11 F 59 6 No No

12 F 65 5 SAH No

13 M 73 4 No CSF leakage

14 F 32 7 No No

15¢ F 63 21 Visual disturbance No Suction decompression
16 F 48 15 SAH Transient oculomotor palsy ~ Suction decompression
17 F 74 18 Oculomotor palsy No

18 M 33 5 No No

19 M 47 8 No No

20 F 49 5 No No

“Patient had basilar aneurysm

dura propria of the temporal lobe is peeled off from the inner
cavernous membrane; (4) the MOB is fully isolated and
resected to expose the superolateral aspect of ACP; (5) ACP
and the roof of the optic canal are rongeured in a piecemeal
fashion; and (6) the clinoid tip is removed en bloc after
detaching it from the optic strut, and the optic strut is ron-
geured away, if necessary (Fig. 1). The entire method is per-
formed using surgical instruments (micro-rongeurs, fine
Kerrison punch, micro-dissectors, and a micro-curette;
Fig. 2), without the use of a power drill or ultrasonic device.

Results

Neck clipping was successfully performed in all patients
after sufficient exposure of the neck and parent arteries.
Mechanical and/or heat injury to the underlying important
neurovascular structures, such as the carotid artery and optic
nerve, did not occur. Minor morbidity was seen in only two
patients (CSF leakage in one and transient oculomotor palsy
in the other).

Representative case: A 63-year-old woman (Case 15) pre-
sented to our hospital with a 6-month history of progressive

blurred vision of the left eye. Neurological examination
revealed decreased left visual acuity (right 1.0, left 0.3).
Neuroradiological examination showed a large left paracli-
noid aneurysm (21 mm in diameter) with compression of the
left optic nerve (Fig. 3). This aneurysm was successfully
clipped via extradural clinoidectomy and the suction decom-
pression method [9].

Discussion

The most serious complication during anterior clinoidec-
tomy using a power drill is mechanical damage to the carotid
artery under ACP, which may result in mortality [2, 7].
Another serious complication is heat damage to the optic
nerve, which may result in severe morbidity [2]. Our non-
drill method can avoid such serious complications. Allowing
the surgeon to use safer instruments such as a fine Kerrison
punch and micro-rongeurs instead of a high-power drill
essentially creates a sufficient surgical corridor around
ACP. Based on a cadaveric study, we emphasize that suffi-
cient detachment of the MOB to expose the superolateral
aspect of ACP is the key step in no-drill, instrumental cli-
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Fig. 1 Intraoperative photographs
of no-drill extradural anterior
clinoidectomy (left side crani-
otomy). (a) After standard left
frontotemporal craniotomy, the
sphenoid ridge is rongeured flat to
the base of ACP, and then, the
lateral wall of the SOF is partially
removed using a fine Kerrison
punch. (b) The dura propria of the
temporal lobe is peeled off from
the inner cavernous membrane
using a Rhoton® micro-dissector.
(¢, d) The MOB is fully isolated
and resected to expose the
superolateral aspect of ACP using
micro-scissors. (e) ACP (asterisk)
and the roof of the OC are
rongeured in a piecemeal fashion
using a micro-rongeur. (f) The
clinoid tip (asterisk) is removed en
bloc after detaching it from the
optic strut using a Rhoton®
micro-dissector. ACP anterior
clinoid process, MOB meningo-
orbital band, OC Optic canal, SOF
Superior orbital fissure

Fig. 2 The surgical instruments used for no-drill extradural anterior
clinoidectomy include micro-rongeurs, a fine Kerrison punch, Rhoton®
micro-dissectors, a micro-curette, and micro-scissors

Cavernous
membrane

=Yy
N
" ‘dura propria

MOB ACP
4

4

noidectomy [3]. The complex microanatomy of the MOB
with its neighboring structures and the surgical details for
stepwise detachment of the MOB have been reported else-
where [3]. In addition to aneurysmal clipping, we have
applied this method to treat more than 50 cases of skull base
tumors, without complications.

Conclusion

Power drilling is generally not necessary for the process of
removal of the anterior clinoid, optic canal roof, and optic
strut. Our no-drill technique is an easy, safe, and quick alterna-
tive to power drilling in extradural clinoidectomy. This method
can avoid power drill-related and ultrasound-related mechani-
cal/thermal injury of neighboring neurovascular structures.
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Fig.3 Neuroradiological
examination of a representative
case. A preoperative angiogram
(a) and 3D computed tomography
angiogram (b) show a left
paraclinoid large aneurysm

(21 mm in diameter). A coronal
T2-weighted magnetic resonance
image (c¢) shows severe compres-
sion of the left optic nerve by the
aneurysm. A postoperative
angiogram (d) shows successful
clipping
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Abstract Intraoperative flowmetry (IF) has been recently
introduced during cerebral aneurysm surgery in order to
obtain a safer surgical exclusion of the aneurysm. This study
evaluates the usefulness of IF during surgery for cerebral
aneurysms and compares the results obtained in the joined
surgical series of Verona and Padua to the more recent results
obtained at the neurosurgical department of Verona.

In the first surgical series, between 2001 and 2010, a total
of 312 patients were submitted to IF during surgery for cere-
bral aneurysm at the neurosurgical departments of Verona
and Padua: 162 patients presented with subarachnoid hemor-
rhage (SAH) whereas 150 patients harbored unruptured
aneurysms. In the second series, between 2011 and 2016,
112 patients were submitted to IF during surgery for cerebral
aneurysm at the neurosurgical department of Verona; 24
patients were admitted for SAH, whereas 88 patients were
operated on for unruptured aneurysms.

Comparison of the baseline values in the two surgical
series and the baseline values between unruptured and rup-
tured aneurysms showed no statistical differences between
the two clinical series. Analysis of flowmetry measurements
showed three types of loco-regional flow derangements:
hyperemia after temporary arterial occlusion, redistribution
of flow in efferent vessels after clipping, and low flow in
patients with SAH-related vasospasm.

IF provides real-time data about flow derangements
caused by surgical clipping of cerebral aneurysm, thus
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enabling the surgeon to obtain a safer exclusion; further-
more, it permits the evaluation of other effects of clipping on
the loco-regional blood flow. It is suggested that—in contri-
bution with intraoperative neurophysiological monitoring—
IF may now constitute the most reliable tool for increasing
safety in aneurysm surgery.

Keywords Intraoperative flowmetry - Cerebral aneurysm -
Clipping - Surgery - Temporary arterial occlusion (TAO)

Introduction

Aneurysm surgery remains a challenging section of neuro-
surgery because of the high risks and the possible dramatic
consequences of inappropriate aneurysm clipping. The com-
plete exclusion of the aneurysm bears the risk of inadvertent
stenosis or even occlusion of the distal branches and subse-
quent clipping-related ischemia. Thus, the efferent and par-
ent vessels have to be dissected carefully in order to obtain
adequate visualization of the aneurysm’s neck and morphol-
ogy. These delicate maneuvers may require the use of tempo-
rary arterial occlusion (TAO) to reduce the risk of bleeding
caused by intraoperative aneurysmal rupture and also to
reduce the tension of the aneurysm walls, with a subsequent
safer dissection of the neck and sac from the surrounding
structures.

In the past few years, many techniques have been intro-
duced to help the surgeon because, even in experienced
hands, visual examination alone does not identify all
instances of vessel compromise. The use of intraoperative
angiography [1-3] and, more recently, of indocyanine green
videoangiography [4, 5] permits an anatomical investigation
of the surgical field, enabling the surgeon to detect vessel
compromise and incomplete exclusion of the aneurysm. The
ability to detect these anomalies is, however, limited to the
visualization of the intensity of the contrast medium, without
any quantitative evaluation of flow. Measurement of vascular
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flow velocity with the microvascular Doppler probe gives an
indirect evaluation of the vessel’s patency and of the exclu-
sion of the aneurysm [6, 7].

Charbel et al. [8] introduced the use of the Micro-Flow
Probe in 1998: this technique permits a direct and real time
evaluation of flow in mL/min on the efferent vessels in order
to avoid their compromise during the surgical clipping; the
comparison between the pre-clipping and post-clipping flow
values gives an immediate feedback about the patency of the
efferent vessels.

The aims of this study were (1) to evaluate the usefulness
of intraoperative flowmetry (IF) during surgery for cerebral
aneurysms; (2) to compare the results obtained with Charbel
Micro-Flow Probe in two surgical series, namely, the joined
series of the neurosurgical departments of Verona and Padua
and the more recent surgical series of the neurosurgical
department of Verona; and (3) to report and analyze blood
flow derangements caused by clipping.

Materials and Methods

Patient Populations

Data regarding patients submitted to aneurysm surgery at the
two neurosurgical departments of Verona and Padua from
July 2001 to 2010 and at the neurosurgical department of
Verona from January 2011 to September 2016 were prospec-
tively collected and subsequently identified via a retrospec-
tive review.

The first surgical series comprehended 312 patients (26%
of the patients operated on in the same period for intracra-
nial aneurysm) that were submitted to aneurysm surgery
with the aid of IF; there were 203 females and 109 males
with a mean age of 55.4 years (range 18-78); 162 patients
presented a subarachnoid hemorrhage (SAH) on admission,
whereas 150 patients were operated on for unruptured aneu-
rysms. Multiple aneurysms were found in 25 patients, with
a total of 345 aneurysms clipped. The aneurysm locations
for ruptured and unruptured aneurysms are reported in
Table 1; overall, the mean diameter of the aneurysm was
11 mm (range 3—40 mm); there were 65 large aneurysms
(>15 mm in diameter) and 15 giant aneurysms (>25 mm in
diameter). SAH patients were submitted to early surgery
(<72 h after bleeding) in 84% of cases. TAO was applied in
113 patients (36%); the mean occlusion time was 6.7 min
(range 1-20 min).

The recent surgical series of the Verona neurosurgical
department comprehends 112 patients submitted to [F-assisted
aneurysm surgery (47% of the patients operated on in the
same period and more specifically 22% of all SAH patients
and 75% of all patients treated for unruptured aneurysms).

Table 1 Intraoperative flowmetry for cerebral aneurysms; treated in
Verona and Padua (2001-2010)

Ruptured Unruptured Total
MCA 83 94 177
ACoA 66 27 93
ICA 19 35 54
Distal ACA 9 5 14
Posterior circulation 2 5 7
TOTAL 179 166 345

MCA Middle cerebral artery, ACoA Anterior communicating artery,
ICA Internal carotid artery, ACA Anterior cerebral artery

Table 2 Intraoperative flowmetry for cerebral aneurysms; treated in
Verona (2011-2016)

Ruptured Unruptured Total
MCA 9 67 76
ACoA 8 17 25
ICA 3 9 12
Distal ACA 4 2 6
Posterior circulation - - _
TOTAL 24 95 119

MCA Middle cerebral artery, ACoA Anterior communicating artery,
ICA Internal carotid artery, ACA Anterior cerebral artery

There were 73 females and 39 males with a mean age of
54.4 years (range 17-78); 24 patients showed SAH at the
admission, whereas 88 patients were operated on for unrup-
tured aneurysms. Multiple aneurysms were found in 6 patients
for a total of 119 aneurysms clipped. The aneurysm location
for ruptured and unruptured aneurysms is reported in Table 2;
the mean diameter of the aneurysms was 10.2 mm (range
3-32 mm); there were 12 large aneurysms (>15 mm in diam-
eter) and 5 giant aneurysms (>25 mm in diameter). SAH
patients were submitted to early surgery (<72 h after bleed-
ing) in 87% of cases. TAO was applied to 56 patients (50%);
the mean occlusion time was 6.2 min (range 1-20 min).

Intraoperative Flowmetry Technique

IF measurements were performed using a 1.5- and 2.0-mm
tip Charbel Micro-Flow Probe (HQN 1.5 MB, HQN 2 MB
and HQN 3 MB respectively) connected to the electronic
flow detection unit (Transonic Flowmeter HT331 series,
Transonic, USA).

The measurement procedure started with the accurate cir-
cumferential dissection of the vessel at risk in order to allow
the correct position of the probe that should encircle the
artery; then the appropriate tip was chosen according to the
vessel’s size. After simple connection and calibration of the
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Fig. 1 A 49-year-old man
presenting with subarachnoid
hemorrhage, Glasgow Coma
Scale (GCS) 13 on admission,
Fisher I1I on CT scan (a); digital
subtraction angiography (DSA)
showed a large (antero-inferiorly
projecting) anterior
communicating artery aneurysm
(b), which was then submitted to
endovascular occlusion with seven
coils (¢); follow-up DSA showed
recanalization of the aneurysm at
11 months (d); progressive
enlargement of the sac at 2 years
(e). The patient was then
submitted to surgery: flow was
measured on the A2 segments
before clipping (f) then the clip
was placed on the neck of the
aneurysm (g); the flow measured
after clipping did not show any
significant difference from the
pre-clip values (h). Post-operative
DSA showed the correct exclusion
of the aneurysm and normal
injection of both the A2 segments
(i). The patient did not show
neurological deficits after surgery

probe, recordings were obtained from the vessels at risk, Data Collection, Clinical and Radiological
completely immersed in topically irrigated Ringer’s solution,  Follow- Up

before and after the surgical clipping (Fig. 1). Systemic
blood pressure and PaCO2 levels were recorded at those
times. The comparison between the basal and post-clip flow
values identified the possible presence of flow derangement,
with the consequent need for clip repositioning in order to
restore normal perfusion (Fig. 2).

During the surgical procedure, data regarding the flow val-
ues measured before and after surgical clipping were
recorded together with the mean arterial pressure (MAP) in
mmHg and the end tidal (ET) CO,; moreover, the following
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Fig. 2 A 64-year-old woman with incidental discovery of a partially
calcific right carotid ophthalmic aneurysm, as it is shown in the pre-
operative DSA (a—c). The patient was submitted to surgery: after a par-
tial clinoidectomy (d), flow was measured on the M1 tract before and
after clipping (e), resulting in a safe surgical exclusion with multiple

parameters were recorded: the need for clip repositioning
and its relationship with intraoperative flowmetry; the use
of TAO, with the modality (continued or intermittent) and
the overall duration of the temporary clipping; timing of
surgery for patients with aneurysmal SAH; surgery within
72 h from aneurysm rupture was defined as early surgery.
Patients were operated on under total intravenous anesthe-
sia (TIVA) in normothermia or mild hypothermia. CT scans
were generally obtained during the first day after surgery
and then prior to discharge; any other CT scan was related
to the onset of neurological deficit in order to evaluate the
presence of ischemic regions with possible/certain relation-

clips (f). Post-operative CT scan showed a minimal deposition of blood
along the surgical corridor (g) and DSA (h) showed complete exclusion
of the aneurysm and normal injection of both M1 and A1 segments. The
patient did not show neurological deficits after surgery, and particularly
had no visual impairment

ship to the clipping procedure. All the CT scan images were
evaluated by the senior authors (A.P.,, R.S.) in their
departments.

Clinical evaluation of all the patients was recorded at dis-
charge and 6 months after discharge; the clinical outcome
was collected according to the modified Rankin Scale (mRS)
and divided into favorable (1-2 mRS) and unfavorable (3-6).
All the clinical and radiological data were collected in a spe-
cific sheet for each patient: data regarding blood flow mea-
surements, TAO duration and modality, and clinical and
radiological outcome were prospectively recorded in order to
permit a post hoc analysis; all data were finally collected in a
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specific flowmetry database. A statistical analysis was car-
ried out using the chi-square test, and the Fisher exact test if
the sample size was too small.

Results

Intraoperative Flow Measurement

In the first clinical series, during the surgical procedure, 590
vessels were insonated with a total of 1307 flow measure-
ments; in the second series, a total of 359 flow measurements
were done on 190 vessels. The mean basal flow values for the
main vessels (MCA, ACoA, ICA, pericallosal artery) recorded
in the two surgical series are reported in Table 3; no statistical
difference was demonstrated between the basal flow values of
the two series. A comparison between ruptured and unrup-
tured aneurysms basal flow values did not show any statistical
difference for the same vessel in the first series (p > 0.05)
(Table 4); no comparison was done between basal flow values
in unruptured and ruptured aneurysms in the recent surgical
series because of the small sample size of SAH patients.

Incidence of Vessel Compromise
and Clipping Related Ischemia

In the first series, clip repositioning was needed in 53 patients
(24 in ruptured and 29 in unruptured aneurysms) caused by
the drop of the post-clip flow values in comparison with the
basal flow. We considered a clip repositioning in the case of

Table 3 Basal flow values in mL/min detected on cerebral arteries in
patients with cerebral aneurysms in the two surgical series (Verona-
Padua 2001-2010 and Verona 2011-2016)

Verona 2011-2016

Verona and Padua

2001-2010

Flow values Range  Flow values p

(=SD) (£SD) Range value
Al tract 322+193  9-68  332+12.0 8-55 NS
A2 tract 235+10.6 2-65 244+122 9-45 NS
M1 tract 397173 29-80 582+164 40-72 NS
M2 tract 21.8+11.2 2-89 22.1x11.4 6-70 NS
M3 tract 182+104 3.8-45 158+96 548 NS
Supraclinoid 47.8+21.7 13-100 - - -
ICA
Pericallosal ~ 15.0 5.3 9-27 11.1+x28 9-13 NS
A.
PICA 11.1£63 6-22 - - -

SD standard deviation, NS p > 0.05

Table 4 Basal flow values detected on cerebral arteries in patients
with unruptured and ruptured aneurysms (Verona and Padua common
experience, 2001-2010)

Ruptured Unruptured

aneurysms aneurysms

Flow values + SD  Flow values + SD  value
Al tract 28.6 £ 10.9 309 = 14.5 NS
A2 tract 247 +11.5 22.8+10.3 NS
M1 tract 39.7+14.5 39.2+16.0 NS
M2 tract 21.7+11.7 21.0 £ 10.6 NS
M3 tract 18.8+11.0 13.5+£5.6 NS
Supraclinoid 50.2 +£23.0 42.0+199 NS
ICA
Pericallosal A.  15.1 £4.6 149+6.3 NS

PICA 122 +7.1 -

SD standard deviation, NS p > 0.05

a40% decrease in flow values after clipping (Pasqualin et al.,
unpublished data). In the SAH group, 15 clip replacements
were done on MCA (62%), 7 on ACoA, and 2 on ICA; no
repositioning was needed for the pericallosal artery and pos-
terior circulation artery aneurysms. In the unruptured aneu-
rysms group, 24 clip replacements were done on MCA
(82%), 1 on ACoA, 2 on ICA, and 2 on pericallosal artery
aneurysms; no replacement was needed for posterior circula-
tion artery aneurysms. In the two groups, complete flow res-
toration was obtained in 40 patients (75%); in the remaining
patients, clip repositioning did not produce further changes
of flow. A post hoc analysis between the intraoperative flow
values and the postoperative CT scan images revealed 14
cases with clipping-related ischemia; the relationship
between the flow values and postoperative ischemia are
reported in Table 5. In the recent series, clip repositioning
was needed in six patients (two in ruptured and four in
unruptured aneurysms). In the unruptured aneurysms, clip
repositioning was done in two cases for MCA aneurysms
and in two cases for ACoA aneurysms; in the SAH patients it
was needed in two cases for MCA aneurysms. Restoration of
flow was obtained in five out of six patients. No post hoc
analysis was done between intraoperative and postoperative
data because of the small sample size of the recent series.

Intraoperative Clipping-Related Blood Flow
Derangements

During surgery, three main phenomena of flow derange-
ments were recorded: flow redistribution on efferent vessel
after clipping, hyperemia after TAO, and low flow in distal
branches in patients with aneurysmal SAH. In the first series,
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Table 5 Relation between intraoperative flow values and clipping related ischemia

Ruptured/ Baseline flow Flow after clip Clipping-related
Aneurysm site unruptured Size (mm) (mL/min) (mL/min) Further changes ischemia
MCA Ruptured 16 20 (M,) 9 15 (papav.) Possible
MCA Ruptured 10 45 (M,) 12 32 (clip repos.) Certain
ACoA Ruptured 9 35 (Ay) 14 - Possible
ACoA Ruptured 15 18 (A,) 4 - Certain
MCA Ruptured 20 19 (M,) - Certain
MCA Ruptured 40 21 (M,) 3.8 - Certain®
MCA + ACoA Ruptured 10 23 (A) 8 - Certain
ACoA Ruptured 12 48 (A,) 24 - Certain
ACoA Ruptured 18 27 (A,) 18 - Certain
ICA Ruptured 18 40 (M) 10 - Certain
MCA Unruptured 25 8 (M) - Certain
PCA Unruptured 15 24 (P,) - Certain
MCA Unruptured 15 0 (M») - Certain
MCA Unruptured 18 49 (M,) 12 - Certain

#Artery occluded (verified at post-operative angiography)

Table 6 Post-occlusive hyperemia: pre- and post-occlusive flow val-
ues in the 2001-2010 series (13 cases with MCA aneurysms, 8 cases
with ACoA aneurysms, 3 cases with ICA aneurysms, and 1 case with a
pericallosal artery aneurysm)

Al tract A2 tract MI tract M2 tract
(mL/min) (mL/min) (mL/min) (mL/min)
Pre-occlusion 17.0
flow values 38.7 21.9 34.0
Post-occlusion  51.2 35.4 87.0 35.9

flow values

flow redistribution was reported in 14 patients: 11 patients
with MCA aneurysm showed a decrease of flow in one of the
efferent branches (mostly the temporal one) and increase of
flow in the other after clipping; two patients with ICA bifur-
cation aneurysm showed redistribution of flow on M1 and
Al segments after clipping; and one patient with ACoA
aneurysm showed decrease of flow on the right A2 segment
and increase of flow on the left A2 segment after clipping.

TAO-related hyperemia was reported in 25 patients: 13
cases with MCA aneurysms, 8 cases with ACoA aneurysms,
3 cases with ICA aneurysms, and 1 case with a pericallosal
aneurysm; flow values before and after TAO are reported in
Table 6. In the second series, flow redistribution after clip-
ping was noted in five cases: three patients with MCA aneu-
rysm, one patient with ICA aneurysm and one patient with
ACoA aneurysm. TAO hyperemia was recorded in eight
cases: seven cases for MCA aneurysm and one case for
ACoA aneurysm; flow values before and after TAO are
reported in Table 7.

Table 7 Post-occlusive hyperemia: pre- and post-occlusive flow val-
ues in the 2010-2016 series (seven cases with MCA aneurysms, one
case with a ACoA aneurysm)

A2 tract (mL/min) M2 tract (mL/min)
Pre-occlusion flow 22.1
values 9.1
Post-occlusion flow 30.6 41.8

values

In the first surgical series, low flow in distal branches was
reported in patients with SAH: the average basal flow mea-
sured on M3 was 11.2 mL/min in SAH patients whereas it
was 16.1 mL/min in patients operated on for unruptured
aneurysms. In the recent series, it was not possible to com-
pare the flow values in distal branches because of the small
sample size of the SAH patients.

Clinical Outcome

In the first surgical series, 132 patients (81%) operated on
after SAH showed a favorable outcome (mRS 0-2), whereas
30 patients (19%) experienced an unfavorable outcome
(mRS 3-6): 8 patients died after surgery due to the severity
of bleeding at admission and another patient died 2 months
after surgery due to medical complications during rehabilita-
tion. A total of 142 patients (94%) operated on for unruptured
aneurysms showed a favorable clinical outcome, whereas
7 patients (6%) experienced an unfavorable outcome. Two
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Table 8 Unfavorable outcome according to the modified Rankin Score (mRS 3-6) at discharge

Ruptured aneurysms

Unruptured aneurysms

mRS 3-4 mRS 5 mRS 6 Total mRS 3-4 mRS 5 mRS 6 Total
Verona and Padua (2001-2010) 23 (14%) 2 (1%) 8 (5%) 162 6 (4%) 1 (0.6%) 2 (1.3%) 150
Verona (2011-2016) 2 (8%) 1 (4%) 1 (4%) 24 6 (7%) - - 88

Table 9 Unfavorable outcome according to the modified Rankin Score (mRS 3-6) at 6 months follow-up

Ruptured aneurysms Unruptured aneurysms

mRS 3-4 mRS 5 mRS 6 Total mRS 3-4 mRS 5 mRS 6 Total
Verona and Padua (2001-2010) 20 (12%) 1 (0.6%) 9 (5.5%) 162 5(3.3%) - 2 (1.3%) 150
Verona (2011-2016) 2 (8%) - 2 (8%) 24 4 (4.5%) - - 88

patients died after surgery: one from pulmonary embolism
and the other from severe coagulopathy.

In the second surgical series, 20 patients (83%) operated
on after SAH showed a favorable outcome whereas 4 patients
(17%) presented an unfavorable outcome: 2 patients died
due to the severity of bleeding at admission and another
patient died months after surgery due to medical complica-
tions during rehabilitation. A total of 84 patients (95%) oper-
ated on for unruptured aneurysms achieved a favorable
outcome whereas 4 patients (5%) showed an unfavorable
outcome. There was no mortality. The unfavorable outcomes
at discharge and 6 months after discharge of the two surgical
series are reported in Tables 8 and 9.

Discussion

The quantitative measurement of flow in human arteries is
based on the principle that the time taken for an ultrasound
wave to move a defined distance against the blood flow takes
longer than an ultrasound wave moving the same distance
with blood flow. In the Charbel Micro-Flow Probe, two ultra-
sonic transducers are positioned at the tip of the probe with a
fixed acoustic reflector in front of them: these structures
define the sensing window. The two transducers emit and
receive ultrasonic beams; once an ultrasonic beam starts
from the first transducer, it reaches the reflector plate and
subsequently the second transducer, and then the same hap-
pens from the second transducer to the first. Once the probe
is placed around the vessel, the ultrasound beams have to
intersect the vessel upstream or downstream to reach the
transducers. The ultrasound transit time is affected by the
motion of flow through the vessel, and the difference between
the upstream and downstream transit time is used to obtain
the volume of flow (in mL/min) through the vessel insonated,
which is calculated by the electronic flow detection unit [8].
This technique does not rely on direct probe contact and the

insonation angle is fixed within the probe. Furthermore, ves-
sel wall thickness, hematocrit, and heart rate do not influence
readings, as these factors cancel each other out in the
upstream and downstream cycles. IF has been validated in
laboratory and surgical practice [9, 10].

In surgery of cerebral aneurysms, IF is particularly useful,
allowing a quantitative measurement of flow in the vessels
adjacent to the aneurysm [8, 11-14] and detecting even a
small difference between pre-clipping and post-clipping flow
values; moreover, it enables the surgeon to replace/reposition
the clip even when visual examination seems to exclude a
flow impairment; in other words, in the majority of cases
inadvertent stenosis (or even occlusion) of an efferent vessel
can be avoided. In this regard, IF is superior to intraoperative
Doppler, which does not give a quantitative information of
flow [6, 7, 15-18]; the same can be said for indocyanine
green videoangiography, which does not allow a quantitative
information of flow, and visualizes only superficial vessels
[4,5,12, 16, 19-24].

However, the minimum size of probes currently used for
IF (1.5 mm) is still too large to record flow in small vessels,
such as the perforators and the anterior choroidal artery, and
this is a recognized limit of IF at the present time. Although
technological advances could lead to the development of
smaller probes in the near future, evaluation of flow in these
small vessels can be done only using indocyanine green vid-
eoangiography [19, 25, 26] or indirectly through intraopera-
tive neurophysiological monitoring [27-32].

Although, unlike indocyanine green videoangiography
and intraoperative angiography [33-36], IF does not offer a
morphological evaluation of aneurysm exclusion, we believe
that its merit in the immediate detection of clipping-related
ischemia is of overwhelming importance in aneurysm sur-
gery. In theory, intraoperative neurophysiological monitor-
ing (IOM) can also be used to indirectly detect ischemic
changes, even if it does not allow a precise identification of
the vessel at risk of ischemia. In practice, a moderate impair-
ment of flow in an efferent vessel cannot lead to acute
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changes in evoked potentials during surgery, but could still
cause subacute ischemic deterioration in the postoperative
period, and this possibility is avoided with the use of
flowmetry.

It must be stressed that, unlike IF, intraoperative neuro-
physiological monitoring gives precious information about the
risk of ischemia during TAO, allowing to limit the period of
occlusion whenever a change in evoked potentials occurs [37—
41]. Considering that around 50% of radiological strokes
occurring after TAO are in the distribution of perforating arter-
ies [42—44], monitoring of motor-evoked potentials is espe-
cially important in this situation [27-29, 31, 32]. Moreover, as
mentioned above, IOM allows an indirect recognition of flow
impairment in small but crucial vessels, such as the perforators
and the anterior choroidal artery, for which the actual size of
the probe (1.5 mm) is too large to give an adequate signal.
Considering these important points, we propose a combina-
tion of both techniques (IOM and IF) during surgery of cere-
bral aneurysms; in other words, these techniques should be
considered complementary and very useful, especially when
dealing with asymptomatic patients. The advantage of the
complementary use of different intraoperative monitoring
technologies in aneurysm surgery has been recognized by
other authors [12, 36, 45, 46], although IF was not adopted and
not even discussed in two of these studies [45, 46].

The current trend in our department is to use IF when
even a small doubt remains regarding adequate maintenance
of flow in the vessels adjacent to the aneurysm; in our recent
surgical series (2011-2016), up to 75% of patients with
unruptured aneurysms were submitted to IF, documenting
our “obsession” for maintenance of flow in patients elec-
tively submitted to surgical exclusion of the aneurysm.

Regarding the flow values reported in this chapter, other
neurosurgeons, using the same probe, found slightly differ-
ent values, according to different modalities of anesthesia
and different values of intraoperative CO2 [13]. However,
this is the first study to publish a large number of observa-
tions, giving reference values for the main intracranial arter-
ies. Moreover, in our study, flow values were recorded in the
vessels adjacent to the aneurysm before the first attempt to
clip the aneurysm, and were considered as “control” values,
easily comparable to post-clip values.

The validity of a comparison between basal and post-clip
values is true in most—but not in all—cases, considering
two phenomena that can occur after clipping, namely flow
redistribution and postocclusive hyperemia. Flow redistribu-
tion, that is, decrease in flow in one efferent branch and
increase in the other branch after clipping, is a rare phenom-
enon, observed in 5% of cases in our series; it is probably
due to re-direction of flow caused by the position of the clip,
or by spastic changes in one efferent vessel. In this situation,
we have never observed ischemic postoperative deteriora-
tion, and we now consider the sum of the values detected in

each efferent branch more important than the single value; in
other words, if the sum of the post-clip values in the efferent
branches is equal or similar to the sum of the pre-clip values,
we do not try to reposition the clip.

Postocclusive hyperemia is a more interesting phenome-
non, occurring in 15-20% of cases submitted to TAO in our
experience. The occurrence of hyperemia immediately fol-
lowing experimental occlusion of a vessel has already been
reported in the literature [47—49]; this phenomenon is prob-
ably short-lasting, roughly corresponding to the duration of
the preceding ischemia [47]. To date, there are no reports of
its occurrence in the clinical setting; this is the first study
reporting the occurrence of quantitatively ascertained post-
occlusive hyperemia in aneurysm surgery. Since the mea-
surement of flow in our patients is not always performed
immediately after the end of temporary occlusion, this could
explain the relatively low detection of hyperemia after tem-
porary occlusion in this series. Our impression is that hyper-
emia occurs immediately after restoration of flow and can
contribute to an overestimation of the real flow remaining in
the efferent vessels after a period of TAO; when in doubt, we
suggest that the flow values are recorded again, at least
10—15 min after the end of TAO.

In conclusion, IF constitutes a valuable adjunct in surgery
of cerebral aneurysms, allowing a safer exclusion of the
aneurysm by clip; its merits are particularly appreciated in
surgery of MCA and ACoA aneurysms, particularly if the
patient is operated on for an unruptured aneurysm. The asso-
ciation with IOM further increases the safety of surgery,
especially during temporary arterial occlusion and whenever
perforating arteries are close to the neck of the aneurysm.
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Abstract Background and aims. To assess the technical
points of surgical clipping for recurrent aneurysms after coil-
ing, we examine a consecutive series of 14 patients who
underwent re-treatment.

Materials and methods. From 2009 to 2016, 27 recurrent
aneurysms after coiling were re-treated with endovascular
treatment or surgical clipping. Of these, 14 were re-treated
surgically. In cases where the remnant neck was sufficiently
large, neck clipping was chosen. Where the remnant neck
was too small and the border between the thrombosed and
non-thrombosed portion was distinct, partial clipping was
chosen. Surgical clipping was attempted without removing
the coils when technically feasible.

Results. Among the 14 cases, neck clipping was per-
formed in 11, partial clipping in 2, and trapping with bypass
in 1 case. Clipping without removal of coils was accom-
plished in all cases. No neurological deterioration occurred
after surgical clipping in any case.

Conclusion. Clipping of recurrent aneurysms after coiling
can compensate for the failure of initial endovascular ther-
apy. For clipping without removal of coils, precise evaluation
of the remnant neck is required. Bypass surgery is key to
treatment in the case of aneurysm trapping.

Keywords Cerebral aneurysm - Clipping - Coil emboliza-
tion - Recurrence - Retreatment

Introduction

Influenced by the good results of coil embolization in several
clinical trials for ruptured aneurysms [1], endovascular treat-
ment has often been selected as the first-choice treatment for
ruptured aneurysms in Japan. Even in the treatment of unrup-

S. Toyota (P<) - T. Kumagai - T. Goto - K. Mori - T. Taki
Department of Neurosurgery, Kansai Rosai Hospital,
Amagasaki, Hyogo, Japan

tured aneurysms, excellent outcomes have been reported that
are similar to those for surgical clipping [2]. However, an
aneurysm may recur after coiling [3-5]. As a result of the
increase in endovascular surgery, recurrence of aneurysms
after coiling are diagnosed more frequently.

Many reports show that re-coil embolization is safe and
efficient for the re-treatment of recurrent aneurysms after
coiling [6—8]. On the other hand, surgical clipping is an alter-
native option for re-treatment, especially in cases unsuitable
for coil embolization [9-13]. Microsurgical techniques for
cerebral aneurysms have recently become well established
with progress in intraoperative neuroendoscopy [14, 15],
indocyanine green (ICG) videoangiography [16], and motor-
evoked potential (MEP) monitoring [17]. Both endovascular
techniques and well-established microsurgical techniques
are available, and they play an important role even in the re-
treatment of recurrent aneurysms [12].

We examine a consecutive series of 14 recurrent cerebral
aneurysms after coil embolization, which were re-treated
using surgical techniques, and focus on the technical points
of clipping procedures.

Materials and Methods

From May 2009 to February 2016, 27 recurrent aneurysms
after coil embolization were re-treated. All re-treatments
were performed by the first author (S.T.). Re-treatment was
considered in cases with a rapid increase in recurrent lesions,
residuals greater than 30% of the original aneurysm, or blebs
in the recurrent lesions.

Our re-treatment decision-making is discussed herein
(Fig. 1). When the previous frames covered the aneurysms all
around (Type 1) or almost around except for part of the neck
(Type 2), coil embolization was chosen. In other cases, surgi-
cal clipping was chosen. In all, 14 cases were re-treated with
surgical clipping. When the remnant neck was sufficiently
tall, neck clipping was chosen (Type 3). When the remnant
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neck was short and the border between the thrombosed and
non-thrombosed portion was distinct, partial clipping of the
non-thrombosed portion was chosen (Type 4). Surgical clip-
ping was attempted without removal of embolized coils
when technically feasible.

Results

Fourteen patients (7 males and 7 females) were re-treated
using a microsurgical technique. As shown in Table 1, 12
aneurysms had ruptured. The affected artery was the internal
carotid artery (ICA) in 10, anterior communicating artery
(ACom A) in 2, anterior cerebral artery (ACA) in 1, and ver-
tebral artery (VA) in 1. The average age at initial treatment

was 50 + 15 years. The average long diameter of the aneu-
rysm was 5.1 £ 1.2 mm. The status of coil embolization at
the initial treatment was 5 nearly complete occlusion cases,
7 neck remnant cases, and 2 partial embolization cases. The
status of recurrence using our schema was 11 Type 3 cases,
and 3 Type 4 cases. The average interval to re-treatment was
12 = 9 months (Table 1).

In all 14 cases, surgical clipping was accomplished
without the removal of coils. In 11 Type 3 cases, neck clip-
ping was performed. In 2 Type 4 cases, partial clipping of
the non-embolized portion was performed, but in 1 case,
which was thought to be a Type 4 pseudoaneurysmal for-
mation, trapping with bypass was performed. There was no
neurological deterioration after surgical clipping in any
case. No aneurysm required “re-retreatment” during the
follow-up period.

Table 1 Profile of 14 aneurysms re-treated using a microsurgical technique

Hunt and Size Results of initial ~ Interval =~ Recurrent  Additional Extraction
No Age Sex HessGrade Ruptured Location (mm)  embolization (day) status treatment of coils

1 Neck No
63 F 4 Ruptured ICA Neck remnant 740 Type 3 clipping

2 66 F 2 Ruptured ICA 4 Neck remnant 646 Type 3 Neck No
clipping

3 42 M 2 Ruptured ICA 5 Neck remnant 786 Type 3 Neck No
clipping

4 38 M 5 Ruptured ACA 5 Nearly complete 499 Type 4 Partial No
occlusion clipping

5 43 M 5 Ruptured VA 4 Partial 49 Type 3 Neck No
embolization clipping

6 48 F 4 Ruptured ICA 6 Partial 36 Type 4 Partial No
embolization clipping

7 38 F 3 Ruptured ICA 3 Nearly complete 57 Type 3 Neck No
occlusion clipping

8§ 32 M 2 Ruptured ICA 7 Nearly complete 730 Type 3 Neck No
occlusion clipping

9 28 F 3 Ruptured ICA 5 Neck remnant 240 Type 3 Neck No
clipping

10 68 M O Unruptured ICA 7 Neck remnant 390 Type 3 Neck No
clipping

11 66 F 0 Unruptured ICA 5 Neck remnant 340 Type 3 Neck No
clipping

12 55 M 3 Ruptured A-com 7 Nearly complete 311 Type 3 Neck No
A occlusion clipping

13 79 F 5 Ruptured A-com 4 Nearly complete 22 Type 4 Bypass No
A occlusion trapping

14 38 M 3 Ruptured ICA 5 Neck remnant 96 Type 3 Neck No
clipping

ICA internal carotid artery, A-com A anterior communicating artery, ACA anterior cerebral artery, VA vertebral artery
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Fig. 1 Schema of recurrent status. The status was classified into four
types: Type 1: The previous frames cover the aneurysms all around.
Type 2: The previous frames cover the aneurysms almost around except
a part of the neck. Type 3: The remnant neck is sufficiently tall. Type 4:
The remnant neck is short, and the border between the thrombosed and
non-thrombosed portion is distinct

>

lllustrated Cases

Case 14 (Fig.2)

A 38-year-old man presented with subarachnoid hemorrhage
(SAH) (Hunt and Hess Grade 3). On the onset day, the
patient underwent coil embolization of a ruptured right ICA
top aneurysm. The initial size of the aneurysm was 5 mm.
After coil embolization a remnant neck persisted.
Approximately 3 months after the initial treatment, regrowth
of the remnant neck was observed. The shape of the remnant

neck was irregular, but the average height was more than
2 mm and the width was 2.5 mm. The recurrence was classed
as Type 3 based on our schema, and neck clipping was
planned.

Via a right trans-sylvian approach, the embolized aneu-
rysm and surrounding structures were exposed using a
microsurgical technique. Under temporal occlusion of the
ICA, selective clipping of the remnant neck was performed,
without removal of the coils, under MEP monitoring.

The postoperative course was uneventful. The patient was
discharged without any neurological complications.

Case 13 (Fig.3)

A 79-year-old woman presented with SAH (Hunt and Hess
Grade 5). On the onset day, the patient underwent coil embo-
lization of an ACom aneurysm. The initial size of the aneu-
rysm was 4 mm. After coiling, nearly complete occlusion
was obtained in the absence of procedural complications. As
severe vasospasm caused cerebral infarction in both hemi-
spheres during the post-SAH course, the status deteriorated
to modified Rankin Scale (mRS) 5. Twenty-two days after
the initial treatment, re-rupture of the aneurysm occurred.
Cerebral angiography revealed a rapid aneurysmal enlarge-
ment adjacent to the coil-embolized section of the aneurysm.
The recurrence was classed as Type 4, and partial clipping of
the non-embolized portion was planned.

Via an interhemispheric approach, the embolized part of
the aneurysm and the aneurysmal enlargement adjacent to it
were exposed using a microsurgical technique. As it was
thought to be a pseudoaneurysmal formation and it ruptured
intraoperatively, trapping with bypass was performed. In
order to trap the aneurysm, ACom and the origin of the right
A2 of the ACA were occluded (using two clips) after the
construction of an A3-A3 bypass. Patency of the bypass was
confirmed by ICG videoangiography.

Although there was no apparent evidence of new isch-
emic lesions after the operation and the postoperative course
was uneventful, the status remained mRS 5 and the patient
was transferred to a long-term care hospital.

Discussion

As a re-treatment option for recurrent aneurysms after coil-
ing, re-coil embolization is a safe and effective strategy.
There are many reports of coil embolization being adopted
as the first-line option for the treatment of recurrent aneu-
rysms [6-8]. In addition, using a stent or flow diverter has
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Fig.2 Case 14: A 38-year-old man. (a) A ruptured right ICA top aneu-
rysm was recognized with 3D digital subtraction angiography. (b) After
coiling, a neck remnant was documented. (¢) Approximately 3 months
after the initial treatment, regrowth of the remnant neck was revealed.

Fig.3 Case 13: A 79-year-old woman. (a) A ruptured ACom aneurysm
was recognized with angiography. (b) After coiling, nearly complete
occlusion was obtained. (¢) Twenty-two days after the initial treatment,
angiography revealed a rapid aneurysmal enlargement (arrow) adjacent
to the coil-embolized section. (d) In the operative findings, embolized
coils and pseudoaneurysmal formation were observed. (e) A3-A3

(d) In the operative findings, coils and regrowth of the remnant neck
were observed. (e) Neck clipping was performed. (f) Neck clipping
without removal of previously embolized coils. (a) ICA, (b) M1 portion
of MCA, (c¢) A1 portion of ACA

bypass was performed before trapping of the aneurysm. (f) In order to
trap the aneurysm, ACom and the origin of the right A2 were occluded
(by means of two clips). (g) Trapping with bypass documented via ICG
videoangiography. (a) The right A2 portion of the ACA, (b) the left A2
portion of the ACA, (c¢) pseudoaneurysmal formation, (d) the right A1l
portion of the ACA
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Fig. 3 (continued)

expanded the indication of endovascular surgery for re-treat-
ment, although we should consider the thromboembolic
complications and the possible disadvantages of dual anti-
platelet therapy [18]. However, it is well-known that not all
configurations of recurrent aneurysms are suitable for endo-
vascular treatment. In cases unsuitable for coil embolization,
direct surgery can be an alternative option [9, 12, 19].
Herein we present a schema for surgical decision making
for managing recurrent aneurysms after coiling (not suitable
for endovascular treatment). The strategy is based on the
morphology of the remnant neck. Coils are not removed.
According to the schema presented above, Type 1 and Type 2
recurrent aneurysms are not ideal candidate for selective
clipping of the neck without removal of the coils. Type 3 and
Type 4 recurrent aneurysms are possible good candidates for
selective clipping. This strategy could reduce the need for
clipping procedures with associated coils removal, which

may be associated with high morbidity [11, 12]. Clipping for
recurrent aneurysms after coiling is performed with or with-
out removal of the coils. Removal of the coils may help to
provide enough space for clipping, but may also present dis-
advantages [11, 13, 19]. Dorfer et al. reported a case where
opening of the aneurysm and attempting coil removal
resulted in aneurysm rupture at the neck and ultimately led to
the sacrifice of the parent artery [19]. Furthermore, as the
extraction of the coils may require temporary occlusion of
the parent artery or bypass surgery, or may cause intimal
injury of the parent artery, clipping without removal of the
coils may be preferable when technically feasible [12].

In two cases of Type 4, we planned and performed partial
clipping of the non-thrombosed portion of the aneurysms in
order to avoid complications related to the extraction of the
coils. In partial clipping, it is necessary to confirm that the
border between the thrombosed and non-thrombosed portions
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is distinct before surgery, and clips should be applied as
closely as possible to the coil mass.

Predicting whether coil extraction during microsurgery
may be necessary has significant implications in preopera-
tive planning [9, 12, 13, 19-21]. For safe clipping of the
aneurysm neck without coil removal, the remnant neck
should be “tall enough” to provide space for neck clipping
[13, 20]. Waldon et al. evaluated the ratio of coil width to
compaction height (C:H ratio) at re-treatment. They sug-
gested that aneurysms with a C:H ratio greater than 2.5 or
with minimal compaction (compaction height <2 mm) were
not amenable to clipping without coil removal [13]. In our
opinion, the average height of the neck should be more than
2 mm: if not, neck clipping without coil removal should not
be performed. For instance, in Case 14 (Type 3), we planned
and accomplished selective neck clipping without coils
removal because the average height of the remnant neck was
more than 2 mm, and the C:H ratio was less than 2.5.

During surgical procedures, dissection all around aneu-
rysms is not always straightforward because the coil mass
cannot be reduced even if we use temporary occlusion of the
parent artery [12]. The difficulties associated with microsur-
gical clipping of aneurysms previously treated via endovas-
cular means were reported by several authors [9, 11-13, 19].
Tough arachnoid scarring and adhesions surrounding the
coiled aneurysms can complicate dissection, and extrusion
of the coil into the subarachnoid space and cerebral paren-
chyma is frequently observed [22]. Coiled aneurysms are
relatively immobile, making dissection and visualization in
the surrounding area more difficult [13, 19]. As neck clip-
ping without removal of coils may cause a longitudinal
stretch force along the neck, it is preferable to prepare a tem-
porary occlusion of the parent artery [12]. Additionally, a
donor artery, such as the superficial temporal artery, should
be prepared for bypass surgery in case of temporary occlu-
sion of the parent artery during coil extraction [11-13, 19].
In Case 13 (Type 4), A3-A3 bypass was required because
ACom and the origin of the right A2 of the ACA were clipped
to trap the pseudoaneurysm. Especially in the re-treatment of
recurrent ACom aneurysms after coiling, the interhemi-
spheric approach, which can provide a wide working space
and A3-A3 bypass, is considered an option. During applica-
tion of the aneurysm clip, it is not necessary to close and
release the clips many times: this may be important to pre-
vent thromboembolic events. All the recurrent aneurysms
after coil embolization are thought to be ‘“thrombosed
aneurysms.”

In this study, several limitations should be noted. First, the
number of treated aneurysms was small. Second, the diame-
ters of the aneurysms were relatively small. In large or giant

aneurysms the possibility of neck clipping without removal
of coils is thought to be low. As the choice of the re-treat-
ment greatly depends on the individual microsurgery and
endovascular surgery skills, it is desirable to establish objec-
tive criteria for the choice of re-treatment.

Conclusions

Surgical clipping of recurrent aneurysms after coiling can
compensate for the failure of the initial endovascular treat-
ment. For clipping without coil removal, a precise evaluation
of the remnant neck is required. Bypass surgery is key to
treatment in the case of aneurysm trapping.
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Complex Aneurysm: The Unpredictable Pathological Entity

L. Pescatori, M.P. Tropeano, and A. Santoro

Abstract Background. Surgical treatment of complex aneu-
rysms often requires the execution of a revascularization pro-
cedure. Even if avoiding the concomitant trapping of the
aneurysm during the bypass procedure (waiting for the subse-
quent endovascular or spontaneous closure) permits one to
verify the graft’s patency and patient’s adaptation to increased
flow, the hemodynamic changes induced by the bypass may
cause the aneurysmal rupture. Whether or not to perform the
concomitant trapping of the aneurysm still remains a dilemma.
Here we illustrate our management protocol through the criti-
cal analysis of some illustrative cases of our series.

Materials and methods. Between 1990 and 2016, 48 of
157 patients affected by complex aneurysms underwent a
revascularization procedure. In 19 cases (1990-1997) only a
bypass procedure was performed. Spontaneous or endovas-
cular closure was obtained within the first postoperative
week once the graft patency had been verified (staged revas-
cularization strategy). In the remaining 29 cases (1997-2016)
the revascularization procedure and the closure of the aneu-
rysm were performed simultaneously during the same surgi-
cal procedure (single-stage strategy).

Results. In the staged revascularization era, one patient
died because of the rupture of the aneurysm before its
closure.

In the single-stage era no further cases of rebleeding were
observed. Neurologic status of this group was unvaried or
improved.

Conclusions. Given the unpredictable response of com-
plex aneurysms to the hemodynamic changes induced by the
revascularization, in our opinion it is always preferable to
perform complete or at least incomplete trapping of the
aneurysm during the bypass procedure.

L. Pescatori (><) - M. P. Tropeano - A. Santoro
Department of Neurosurgery, Sapienza University of Rome,
Rome, Italy
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Introduction

Complex aneurysms are a particular subtype of aneurysm in
which the dimensions, the localization, the presence of col-
lateral flows, specific wall characteristics, and previous
endovascular or surgical treatment often preclude the possi-
bility of a sole endovascular closure [1, 2]. This category of
aneurysms often requires surgical therapy, including cerebral
revascularization procedures [1-3]. Such procedures require
the execution of an extra-intracranial bypass alone or in com-
bination with incomplete or complete trapping of the aneu-
rysm. In the case of bypass alone, the closure is expected to
take place at a variable time in the postoperative course
(through thrombosis or endovascularly) [1-6]. During this
period the aneurysm is at potential risk of rupture [3, 7-9]. In
the case of partial trapping, induced aneurysmal thrombosis
may take place directly after trapping or during the postop-
erative course. During this period the aneurysm remains at
risk of rupture. In the case of complete trapping, the aneu-
rysm is excluded from the intracranial circle in the same sur-
gical procedure simultaneously with the bypass and the risk
of rupture is no longer present [1-3].

In choosing one of these two surgical alternatives, neuro-
surgeons must bear in mind that the natural history of com-
plex aneurysms, as well as their response to similar surgical
strategies, is extremely heterogeneous and unpredictable and
that unpleasant events may characterize each phase of the
therapeutic course.

Through the description of some illustrative cases extrap-
olated from our series, we demonstrate how variable the
behavior of such pathological entities could be and what
rationale lies behind the surgical strategy we decided to
adopt at our Institution.
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Materials and Methods

Between 1990 and 2016, 157 complex aneurysms were

treated at our institution (Department of Neurosurgery,

Sapienza University of Rome). Among these, 119 required

surgical treatment. In 48 cases a cerebral revascularization

procedure was performed. In all but one of the other cases,
surgical treatment involved direct clipping of the aneurysm.

Hunterian ligation of the internal carotid artery (ICA) was

performed only in one case. In the first part of our experience

(1990-1997, 19 patients) revascularization was performed

according to the so-called staged revascularization strategy.

This consisted of four different Phases:

— Preoperative balloon occlusion test (BOT) to verify
patient’s toleration to the occlusion of the ICA and to
select ICA/external carotid artery (ECA) as donor vessel

— Bypass

— Postoperative angiography and BOT to verify the patency
of the graft and the patient’s adaptation to the improved
flow

— Endovascular or spontaneous closure of the aneurysm
In the second part of this series (1997-2016, 29 patients)

the strategy was shifted to the “single stage revascularization

strategy.” In this technique, BOT, EC-IC bypass, and closure
of the parent vessel were all performed during the surgical
procedure.

The results of our series are briefly summarized and four
emblematic illustrative cases (two cases treated in the “staged”
era and two other cases in the “single stage” era) are presented.

Results

Of the 48 aneurysms treated by revascularization procedures,
15 (32%) were localized in the paraclinoid region whereas
the other 33 were intracavernous aneurysms with subarach-
noidal extension.

Among the 19 patients treated in the “staged” revascular-
ization strategy era, 15 presented with an intracavernous
aneurysm with subarachnoidal extension, whereas in 4 cases
the aneurysm was in the paraclinoidal region.

Among the 29 patients treated in the “single” stage revas-
cularization strategy era, 18 were affected by an intracavern-
ous aneurysm with subarachnoidal extension, whereas the
other 11 aneurysms were localized in the paraclinoidal region.

Among the 19 patients treated by the staged strategy, at
6 months follow-up 17 patients experienced an improvement
of the neurological status or at least did not deteriorate. Two
patients died in the immediate postoperative course. In one
case death was caused by a widespread middle cerebral
artery (MCA) ischemia, probably related to the distal spread
of intra-aneurysmal thrombus. The cause of the death of the

second patient was an intraparenchymal hematoma with sub-
arachnoidal hemorrhage determined by the rupture of the
aneurysm in the postoperative course while awaiting its
spontaneous thrombosis.

At 6 months follow-up, neurological examination of the
29 patients treated in the single stage era showed no variation
or was improved. During the second part of our experience
we did not experience further cases of re-bleeding.

lllustrative Cases

Case 1

This 22-year-old man presented with sudden onset of severe
headache in April 1994. Cerebral computed tomography
revealed subarachnoid hemorrhage, and the patient therefore
underwent angiography, which detected an aneurysm of the
right internal carotid artery (ICA) (Fig. 1a). Surgical clipping

Fig. 1 (a) Angiography documenting a right ICA aneurysm. (b)
Postoperative angiography after the clipping of the aneurysm
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Fig.2 Computed tomography enhanced with contrast medium, detect-
ing a large area of hyperdensity in the area surrounding the clips previ-
ously positioned

of the aneurysm, the results of which are illustrated in the
postoperative angiograms (Fig. 1b), was performed else-
where. The postoperative period was uneventful, and the
patient was discharged on Day 7 in good neurological condi-
tion. After a period of well-being lasting 4 months, the
patient started again to complain of headache, followed by
left hemiparesis. Computed tomography with contrast
medium showed a large area of hyperdensity around the clips
(Fig. 2). A further angiographic study revealed a large, partly
thrombosed aneurysm situated in the supraclinoidal segment
of the right ICA, the formation of which was probably caused
by sliding of the clips (Fig. 3). The patient was operated on
again, but it was impossible to exclude the aneurysm because
no clear neck could be identified. Angiography was therefore
repeated, this time with a balloon occlusion test (BOT); the
balloon was deflated because it accentuated the left hemipa-
resis. Consequently, we decided to construct an extra-
intracranial bypass with a saphenous vein graft between the
ECA and the temporal branch of the MCA and then to pro-
ceed with endovascular occlusion of the aneurysm.

Five days later, control angiograms (Fig. 4) confirmed the
patency of the venous graft, good intracranial perfusion,
exclusion of the aneurysm from the arterial circulation, and

Fig. 3 A further angiographic study revealed a large, partly throm-
bosed aneurysm situated in the supraclinoidal segment of the right ICA,
the formation of which was probably caused by sliding of the clips

-

Fig. 4 Control angiograms confirming patency of the venous graft,
good intracranial perfusion, exclusion of the aneurysm from the arterial
circulation, and occlusion of the ICA just after the origin of the ophthal-
mic artery



64

L. Pescatori et al.

occlusion of the ICA just after the origin of the ophthalmic
artery. The patient was discharged on Day 10 in good neuro-
logical condition. At the 6-month clinical and radiological
follow-up examinations, the hemiparesis had completely
regressed and magnetic resonance (MR) imaging confirmed
complete thrombosis of the aneurysm.

Case2

This 45-year-old woman came to our attention because of the
progressive onset of left visual disturbances. A brain CT scan
with contrast documented the presence of a supraclinoidal
aneurysm of the left ICA (Fig. 5). Angiography confirmed the
presence of the aneurysm (Fig. 6). Electroencephalographic
(EEG) modification during BOT induced us to deflate the bal-
loon and to plan a revascularization surgical procedure con-
sisting of extra-intracranial bypass with saphenous vein graft
between the left ECA and the temporal branch of the middle
cerebral artery. Given the result of the preoperative BOT, we
decided to postpone the closure of the ICA once the patency
of the bypass was confirmed by the postoperative angiogra-
phy. An EC-IC bypass was successfully created. Intraoperative
ultrasonography confirmed the patency of the graft. Three
days later a control angiography was performed. It demon-
strated the patency of the graft and the progressive thrombo-

Fig. 5 Brain CT scan with contrast documenting the presence of a
supraclinoidal aneurysm of the left ICA

Fig. 6 Angiography confirming the presence of a paraclinoidal-
supraclinoidal aneurysm of the left ICA

Fig. 7 Postoperative angiography. After the EC-IC bypass procedure
the aneurysm partially thrombosed.

sis of the aneurysm (Fig. 7). Three days later the patient
became comatose, unresponsive, and mydriatic bilaterally. A
brain CT scan was then performed. It demonstrated the pres-
ence of a voluminous left frontal intraparenchymal hemor-
rhage (Fig. 8). Given the neurological assessment, the patient
was not operated on. She died 2 days later.
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Case 3

This 50-year-old male came to our attention because of
persistent drug-resistant headache and progressive onset of
mild right hemiparesis. A brain MRI was performed. It dem-
onstrated the presence of a left giant partially thrombosed
MCA aneurysm (Fig. 9). Cerebral angiography confirmed
the presence of the aneurysm (Fig. 10). The patient was

Fig. 8 Three days after the surgical procedure the patient became
comatose, unresponsive, and mydriatic bilaterally. A brain CT scan was
then performed. It demonstrated the presence of a voluminous left fron-
tal intraparenchymal hemorrhage

scheduled for a surgical procedure of cerebral revasculariza-
tion through an EC-IC bypass and concomitant trapping of
the aneurysm.

Intraoperative closure of the ICA was tolerated by the
patient. An EC-IC bypass through a saphenous graft connect-
ing the ICA with the temporal branch of the MCA was exe-
cuted. Intraoperative ultrasonography confirmed the presence
of flow within the graft. After the bypass procedure, the MCA
was closed with a clip as close as possible to the bifurcation,
thereby obtaining an incomplete trapping of the aneurysm. A
clip distal to the aneurysm (to obtain complete trapping) was
not placed because of the localization of the aneurysm. The
postoperative course was regular in the absence of the new
neurological deficit. CT-angiography demonstrated the
patency of the bypass (Fig. 11). Ten days after the surgical
procedure a cerebral angiography was performed. It con-
firmed the patency of the graft, the occlusion of the aneurysm,
and retrograde flow through the perforating arteries of M1
(Fig. 12a). Another angiography performed at 30 days con-
firmed the patency of the graft, the complete occlusion of the
aneurysm, and improved flow within the perforating vessels
(Fig. 12b). Neurological examination at 2 months follow-up
documented improvement of the right hemiparesis. The head-
ache disappeared.

Case 4

This 49-year-old woman came to our attention because of a
sudden onset of headache with vomiting. A brain CT scan
demonstrated the presence of a subarachnoid hemorrhage
mainly localized within the left Sylvian fissure (Fig. 13a). A
CT-angiography scan documented the presence of a left [CA
aneurysm extending from the supraclinoidal segment to the

Fig.9 Preoperative MRI, coronal, axial, and sagittal projection. It demonstrated the presence of a left giant partially thrombosed MCA aneurysm

localized at the bifurcation
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Fig. 10 Angiographic study
confirming the presence of the
partially thrombosed left MCA
aneurysm

Fig. 11 Early postoperative CT scan showing patency of the EC-IC
bypass

ICA bifurcation (Fig. 13b). The aneurysm was embolized
(Fig. 13c). A follow-up cerebral angiography 2 years later
showed the regrowth of the aneurysm (Fig. 14). A cerebral
revascularization procedure was then planned. Intraoperative
closure of the ICA was tolerated. An EC-IC bypass with
saphenous graft connecting the ICA with the temporal
branch of the MCA was constructed. Intraoperative ultraso-
nography confirmed the presence of flow within the graft.
Incomplete trapping through the closure of the ICA was also
performed. Control angiography showed the patency of the

S

graft and the exclusion of the aneurysm (Fig. 15). The post-
operative course was uneventful.

At 1 year follow-up, angiography showed a new recanali-
zation of the aneurysm (Fig. 16). This time, in awake surgery,
we closed the MCA and the ipsilateral A1 segment as close as
possible to the aneurysm. Motor and speech functions were
monitored for 40 min after the closure of the artery. During
this period the patient did not experience any neurological
deficits. Postoperative angiography documented the exclu-
sion of the aneurysm and the presence of flow within the
MCA supplied by the previous graft distally to the point of
closure (Fig. 17). The postoperative course was uneventful.

Discussion

Giant and complex intracranial aneurysms are among the
most challenging pathologies encountered in neurosurgical
practice [1-3]. Although complex aneurysms are often
assimilated to giant ones, many other characteristics contrib-
ute to define the complexity of an aneurysm. They include
the localization, previous endovascular or surgical treatment,
the presence or absence of collateral circulation, intraluminal
thrombus, and calcification of the aneurysmal wall [1-3].
The treatment of complex aneurysms requires a multidis-
ciplinary approach that includes both surgical and endovas-
cular expertise [1]. It often requires revascularization
procedures (cerebral bypass) [1-4, 8, 10-12].
Intra-aneurysmal hemodynamics is one the most accepted
factors contributing to aneurysmal formation, growth, rup-
ture, and thrombosis [4-7, 10, 13—15]. As a consequence, the
hemodynamic changes induced by the revascularization pro-
cedures represent an important element for managing com-
plex aneurysms. Since hemodynamic characteristics differs
from patient to patient, both the natural history and the
response of complex aneurysms to a similar surgical strategy
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Fig. 12 (a) Angiographic study
performed 10 days after the
surgical procedure. It shows the
patency of the graft, the exclusion
of the aneurysm, and the presence
of flow proximally and distally to
the site of the clip used placed for
the incomplete trapping. (b) Thirty
days later the angiography
demonstrates an even better flow
within the MCA

Fig. 13 (a) Brain CT scan demonstrating the presence of subarachnoid  extended from the supraclinoidal segment to the ICA bifurcation. (c¢)
hemorrhage mainly localized within the left Sylvian fissure. (b)  Cerebral angiography and embolization of the aneurysm

Angio-CT scan documents the presence of a left ICA aneurysm

Fig. 14 Follow-up angiography
demonstrating the progressive
recanalization of the aneurysm
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Fig. 15 Angiography performed
after the procedure of EC-IC
bypass and closure of the

ICA. The graft is patent and
ensures an adequate distal flow.
After closure of the ICA the
aneurysm cannot be visualized

Fig. 16 Follow-up angiography shows further recanalization of the
aneurysm

is absolutely variable and unpredictable [4—10]. The aware-
ness of this heterogeneity must inevitably influence the
choice of the most suitable and safe revascularization
strategy.

The experience gained during two decades dedicated to
the improvement of revascularization techniques induced
us to substantially modify our therapeutic strategy and
protocol [10].

In the first part of our experience we used the so-called
“staged revascularization strategy” [10]. With this tech-
nique the occlusion of the aneurysm was obtained through
a “multi-step” process. After the initial angiography and

BOT performed in order to verify the patient’s toleration to
the occlusion of the ICA, the revascularization procedure
was performed through the creation of an EC-IC bypass
between the ICA/ECA (selected depending on the result of
the preoperative BOT) and the MCA. Considering the
well-known limitations regarding the predictive value of
the BOT [1, 15], we did not choose to close the parent ves-
sel intraoperatively but preferred to postpone the trapping
procedure after the patency of the graft and the patient’s
adaptation to the improved flow had been verified during
the first postoperative week. Closure of the vessel could be
obtained endovascularly or through the spontaneous
thrombosis of the aneurysm caused by local hemodynamic
changes induced by the bypass [5, 10]. The first case pre-
sented in this work is illustrative. Thrombosis of the aneu-
rysm was obtained spontaneously 5 days after the EC-IC
bypass procedure. The role of hemodynamic modification
in this case is evident. Alteration of flow, establishment of
balanced flow, and flow inversion could have redirected
blood away from the unstable inflow zone of the aneurysm.
The final outcome of this hemodynamic modification is the
decrease of flow within the aneurysm and subsequent
thrombosis. In addition, there may have also been a
decrease or balance in anterograde flow from the ipsilat-
eral carotid artery or MCA due to the opposing flow of the
bypass graft [6].

Unfortunately the hemodynamic changes induced by the
bypass could also determine the onset of turbulent flow and
redirect the flow vectors within the aneurysm toward weak-
ened areas of its wall, exceeding the rupture threshold and
causing bleeding of the aneurysm [3, 8, 9, 13, 14]. This is
what probably happened in the second case described. The
progressive thrombosis documented on postoperative angi-
ography was linked to the counterbalance of the retrograde
flow coming from the graft with the anterograde one coming
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Fig. 17 Angiographic study after
closure of the MCA (in awake
surgery). The aneurysm has been
definitively excluded

from the ICA. At the same time, these opposite forces
determined the onset of turbulent flows that exceeded the
rupture threshold of the aneurysmal wall determining the
devastating bleeding showed on the CT scan.

This significant variability in the results obtained in the
treatment of complex aneurysms with the “staged revascu-
larization strategy” convinced us that the hemodynamic
changes induced by the bypass, including the redistribution
of the vectors flows, as well as the rupture threshold of the
aneurysmal wall, were too variable and unpredictable to
take the risk of waiting for the spontaneous or endovascular
closure of the aneurysm to evaluate the patency of the graft
and the adaptation of the patient to the new hemodynamic
setting [10].

Our intuition has been confirmed by the modern studies
of computational fluid dynamics, showing that we are far
from finding a unifying theory regarding the hemodynamic
modifications induced by the bypass and their role in the pro-
cess of thrombosis or rupture of aneurysms [9, 11, 13, 15].

Given these considerations, our surgical strategy was
muted radically. We shifted from the “staged revasculariza-
tion strategy” to the so-called single stage revascularization
strategy [10]. Using this procedure we eliminated preopera-
tive and postoperative BOT and performed the closure of the
ICA immediately after the creation of the bypass during the
same surgical procedure [10].

Since this technique did not give us the possibility to ver-
ify postoperatively the patency of the graft and the patient’s
adaptation to the new hemodynamic setting, we have been
obliged to develop new methods to test the correct function-
ality of the bypass during the surgical procedure [10]. The
measurement of the flow within the graft through flowmetry

techniques gave us important information regarding the like-
lihood of the patency of the graft. Flow values greater than
40 mL/min were correlated to an increased probability of
good results [10].

Using this technique we did not experience further cases
of aneurysm rebleeding and graft closure [10].

In the third case presented, as documented by the postop-
erative angiography, it is possible to appreciate how the
intraoperative closure of the ICA after the creation of the
bypass resulted in the immediate occlusion of the aneurysm.
Although the blood flow through the graft could theoretically
determine a retrograde filling of the aneurysm, it is highly
probable that the proximal increase of resistance determined
by the closure of the ICA directed the flow mainly distally
toward the M2 segment, reducing the retrograde component
and so determining the consequent thrombosis of the
aneurysm.

However, the extent of the retrograde flow through the
bypass and toward the aneurysm does not depend only on the
values of resistance induced by the closure of the parent ves-
sel. Other factors probably influence this phenomenon. They
include the systemic blood pressure, the anatomic peculiari-
ties of the intracranial circulation, the patency and dimension
of anterior and posterior communicating arteries, the pres-
ence of collateral flows, the characteristics of aneurysmal
wall, and so on [1-15].

Considering all these variables, not even incomplete trap-
ping could be considered completely safe regarding the
capacity to determine the definitive occlusion of the aneu-
rysm. The fourth case presented is paradigmatic from this
point of view. Despite the aggressive treatment consisting in
the creation of an EC-IC bypass accompanied by the closure
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of the parent vessel, the retrograde flow from the graft was
still strong enough to determine the recanalization of the
aneurysm. Because of this, we needed to trap the aneurysm
completely. The procedure was performed in awake surgery
in order to verify the neurological integrity of motor and
speech functions.

Conclusion

Complex aneurysms represent one of the most challenging
pathologies neurosurgeons have to face. On the basis of our
experience, we can state that the only common feature char-
acterizing these lesions is their complete unpredictability.
The cases presented demonstrate how, at least nowadays, it is
still impossible to foresee the natural history as well as the
response of this subcategory of aneurysm to similar thera-
peutic strategies. This heterogeneous behavior reflects the
complexity of the hemodynamic changes induced by the cre-
ation of an EC-IC bypass. Until new technologies are able to
predict the peculiar response of each aneurysm to a specific
treatment, we believe that the creation of the bypass should
be always accompanied by complete or at least incomplete
trapping of the aneurysm. In our opinion the single-stage
revascularization strategy currently represents the safest and
most efficient therapy available for the successful treatment
of complex aneurysms not amenable to endovascular thera-
pies or selective clipping reconstruction.
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Abstract Background and aims. Cerebral bypasses are cat-
egorized according to function (flow augmentation or flow
preservation) and to characteristics: direct, indirect or com-
bined bypass, extra-to-intracranial or intra-to-intracranial
bypass, and high-, moderate- or low-capacity bypass. We
critically summarize the current state of evidence and grades
of recommendation for cerebral bypass surgery.

Methods. The current indications for cerebral bypass are
discussed depending on the function of the bypass (flow
preservation or augmentation) and analyzed according to
level of evidence criteria.

Results. Flow-preservation bypass plays an important role
in managing complex intracranial aneurysms (level of evi-
dence 4; grade of recommendation C). Flow-preservation
bypass is currently only very rarely indicated in the treat-
ment of cerebral tumors involving major cerebral arteries
(level of evidence 5; grade of recommendation D). The trend
has evolved in favor of partial resection and radiotherapy. To
preserve the flow, the bypass is always a direct bypass.

Flow-augmentation bypass is currently recommended for
Moyamoya patients with ischemic symptoms and compro-
mised hemodynamics (level of evidence 4; grade of recom-
mendation C) and patients with hemorrhagic onset (level of
evidence 1B; grade of recommendation A). Flow-
augmentation bypass is currently not recommended for
patients with recently symptomatic carotid artery occlusion,
even in the setting of compromised cerebral hemodynamics
(level of evidence 1A; grade of recommendation A), but may
be considered in patients with hemodynamic failure and
recurrent medically refractory symptoms as a final resort
(level of evidence 5; grade of recommendation D).
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Conclusions. The results of recent randomized clinical
trials narrow the indication for cerebral bypass in the set-
ting of ischemic cerebrovascular disease. However, cerebral
bypass is still very useful for managing complex intracranial
aneurysms (not amenable to selective clipping or endovas-
cular therapies) and is the only treatment option for manag-
ing symptomatic patients with Moyamoya vasculopathy and
impaired brain hemodynamics.

Keywords Cerebral bypass - Cerebral revascularization -
Evidence-based medicine - Grades of recommendation -
Indications - Level of evidence

Background

In current neurosurgical practice, different types of bypasses
can be distinguished. According to their function, cerebral
bypasses can be classified into “flow-augmentation” and
“flow-preservation” [1, 2] (Table 1).

The aim of a flow-augmentation bypass is to restore blood
flow to a hypoperfused brain territory in order to avoid
strokes in patients with symptomatic steno-occlusive dis-
eases of major cerebral arteries [2, 3].

The aim of a flow-preservation bypass is to replace blood
flow to a brain territory previously perfused via a major ves-
sel, the sacrifice of which is necessary to treat an underlying
disease (such as an aneurysm) [2, 4, 5].

Bypass surgery is categorized into direct, indirect, and
combined procedures. A direct bypass consists of a direct
microvascular anastomosis between a donor artery (for
instance the superficial temporal artery [STA]) and an intra-
cranial recipient artery, and instantly delivers blood flow to
the brain [2—4, 6, 7]. Depending on the choice of the donor
artery, direct bypass is classified as extra-to-intracranial (EC-
IC) or intra-to-intracranial (IC-IC). Furthermore, the donor
and the recipient artery can be anastomosed with or without
graft interposition, depending on the interposition or not of a
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Table 1 Bypass types

Function of Flow-augmentation

bypass Flow-preservation
Type of Direct bypass EC-IC No graft
revascularization bypass interposition
Graft
interposition
IC-1C No graft
bypass interposition
Graft
Interposition
Indirect bypass EMS
EDMS
EAS
EMAS
EDAMS
EDAS
EDPS
Multiple burr-holes
Omental transplantation
Combined bypass Direct + indirect bypass
procedures
Characteristics Type Occlusive (conventional)
of the . Non-occlusive (ELANA)
anastomosis
Anatomy End-to-side
End-to-end
Side-to-side
Capacity Low (<50 mL/min)
Intermediate
(50-100 mL/min)
High (>100 mL/
min)
EAS  encephalo-arterio-synangiosis, EC-IC  extra-to-intracranial,

EDAMS encephalo-duro-arterio-myo-synangiosis, EDAS encephalo-
duro-arterio-synangiosis, EDMS  encephalo-duro-myo-synangiosis,
EDPS encephalo-duro-periosteal-synangiosis, ELANA excimer laser
assisted non-occlusive anastomosis, EMAS encephalo-myo-arterio-syn-
angiosis, EMS encephalo-myo-synangiosis, /C-IC intra-to-intracranial

vascular graft (arterial or venous) [2]. The bypass is tradition-
ally named according to the donor and the recipient vessels
(e.g., STA to middle cerebral artery [MCA] bypass) [2, 4, 8].
Direct bypass procedures can be further categorized accord-
ing to the amount of flow (capacity) provided: low (<50 mL/
min), intermediate (50—100 mL/min) or high (>100 mL/min)
capacity (see Table 1) [2, 5]. It is important to match the flow
to demand, that is, the bypass must supply adequate flow for
the needs of the vascular territory that is revascularized.
Indirect bypasses rely on the overlay of vascularized tis-
sue (e.g., muscle, dura, pericranium, omentum) onto the

cerebral cortex. The aim is to promote neoangiogenesis over
time and achieve delayed revascularization [2, 7, 9, 10].

Combined bypass consists of the “combination” of direct
and indirect bypass in the same surgical session [2, 3].

To preserve flow, the bypass must be a direct bypass and
needs to be performed before permanent occlusion of the
vessel. To augment flow, direct, indirect, and combined tech-
niques can be applied.

Herein we summarize the current state of evidence and
discuss the grades of recommendation for cerebral bypass
surgery, using the “Oxford Centre for Evidence-Based
Medicine (OCEBM) Levels of Evidence” for grading levels
of evidence and recommendations (http://www.cebm.net).

Flow-Preservation Bypass

Bypass surgery plays an important role in managing com-
plex intracranial aneurysms not amenable to endovascular
therapy or selective clip reconstruction [4]. The treatment of
such lesions may in fact require vessel occlusion or “trap-
ping,” which involves sacrifice of the artery bearing the
aneurysm and/or efferent arteries [2, 4, 11]. The goal of any
aneurysm treatment is, however, both aneurysm exclusion
and preservation of blood flow to the brain. Therefore,
bypass is essential to replace the flow provided by the sacri-
ficed artery [4, 11]. In flow-preservation bypass surgery, a
key point is that the bypass has to match the flow of the sac-
rificed artery: intraoperative quantitative flow measurements
allow confirmation of flow matching [2, 4, 12].

The type of bypass performed in this setting is always a
direct bypass in order to deliver the flow instantly to the
involved territory. By varying the bypass construct (i.e., end-
to-side, end-to-end, or side-to-side anastomosis or single or
double bypass), the bypass can be customized to the intracra-
nial angioanatomy [2, 4, 5, 11, 13, 14]. Complex aneurysms
are rare lesions and their variety and heterogeneity do not
lend themselves to randomized clinical trials (RCTs) [2].
The utility of the bypass for managing complex intracranial
aneurysms has been demonstrated primarily by many case
series (level of evidence 4; grade of recommendation C—see
Table 2) [4, 5, 14, 15].

Radical removal of cerebral tumors involving the proximal
brain vasculature may be impossible without sacrificing a
major artery and replacing it with a bypass [2, 16]. The risk-
benefit ratio for complete tumor resection combined with a
bypass or partial resection has evolved toward partial resec-
tion and adjuvant therapy (radiotherapy or chemotherapy) [2,
16, 17]. The flow-preservation bypass for tumors has substan-
tially declined in frequency during the past few decades.
Bypass surgery can be considered only in very select cases,
and has to be balanced against whether the benefit of radical
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Table 2 Current indications for cerebral bypass: level of evidence

Bypass Level of Grade of
Bypass role Indication indicated evidence recommendation RCT
Flow-preservation Complex Aneurysms® Yes 4 C N.A.
Tumors Rarely 5 D N.A.
Flow—augmentation Moya ischemic Yes 4 C /
Moya hemorrhagic Yes 1B A Yes
Symptomatic cerebrovascular atherosclerotic No® 1A A Yes

steno-occlusive disease

The “Oxford Centre for Evidence-Based Medicine (OCEBM) Levels of Evidence” has been used for grading levels of evidence and recommenda-

tions (http://www.cebm.net)
N.A. not applicable

*Complex aneurysms not amenable to direct clipping or definitive endovascular therapy
"May be indicated in select cases presenting with ongoing hemodynamic symptoms (postural or with blood pressure variations) despite maximal
medical management or patients having acute stroke with evidence of persistent oligemic brain tissue at risk of infarction (penumbra)

resection plus arterial sacrifice and bypass outweighs the
risks in terms of improving survival with good quality of life.
Cerebral tumors involving the proximal brain vasculature
(e.g., skull base tumors) are also rare: the variety and hetero-
geneity of these lesions preclude RCTs. Only a few case
series and expert opinions are available (level of evidence 5;
grade of recommendation D—see Table 2) [2, 15, 18, 19].

Flow-Augmentation Bypass

Bypass surgery is the only effective treatment for managing
patients with symptomatic Moyamoya vasculopathy and
impaired brain hemodynamics. Bypass surgery has been
shown to decrease both ischemic and hemorrhagic stroke
rates [2, 3, 10, 20].

Direct, indirect, and combined bypass procedures are used
for treating Moyamoya [10, 21]. There is no definitive con-
sensus on which procedure is superior [9, 10]. Traditionally,
direct or combined bypass is used in adults, while indirect or
combined bypass is applied in children [2, 10, 21].

The most common direct bypass is the STA-MCA
bypass [2, 3, 21]. Among the indirect techniques, the fol-
lowing can be considered: encephalo-myo-synangiosis
(EMS) [2, 3], encephalo-duro-myo-synangiosis (EDMS)
[3], encephalo-arterio-synangiosis (EAS) [22], encephalo-
myo-arterio-synangiosis (EMAS) [23], encephalo-duro-
arterio-myo-synangiosis (EDAMS) [24], encephalo-duro-
arterio-synangiosis (EDAS) [25], encephalo-duro-perios-
teal-synangiosis (EDPS) [3], multiple burr-holes [26], and
omental transplantation [27].

Combined bypass offers the advantages of direct and indi-
rect methods. However, the procedures are somewhat more
complex and time-consuming [2, 3, 10].

There are no RCTs on the value of bypass surgery for
prevention of ischemic stroke and cognitive deterioration in

Moyamoya patients. However, there are a number of obser-
vational studies which strongly indicate that bypass bene-
fits these patients [10, 28, 29] compared to natural history;
there is an unfavorable annual ischemic stroke rate in
untreated patients (up to 13.3%) [30] and a high rate of dis-
ease progression with subsequent symptom occurrence in
non-surgically treated hemispheres [2, 31]. In light of exist-
ing data, an RCT to test bypass surgery efficacy for preven-
tion of ischemic stroke recurrence and cognitive
deterioration in symptomatic Moyamoya patients is
unlikely be performed [2, 10, 28, 29] because of a lack of
equipoise. Based on existing observational studies, surgery
is routinely recommended for children and adults with
ischemic symptoms and compromised hemodynamics
(level of evidence 4; grade of recommendation C—see
Table 2) [2, 3, 10, 15, 28, 29, 32].

As for hemorrhagic Moyamoya disease (MMD), bypass
surgery has RCT evidence demonstrating its efficacy in pre-
venting recurrence of hemorrhagic stroke in patients with
MMDs [20]. Although statistically marginal, the Japanese
Adult Moyamoya Trial showed that direct (or combined)
bypass surgery for adult patients with hemorrhagic MMD
reduces the rebleeding rate and improves patient prognosis
during the 5 years following enrollment (level of evidence
1B; grade of recommendation A — see Table 2) [15, 20].
Bypass is thought to improve cerebral hemodynamics, and
reduce the hemodynamic stress on, the rupture-prone fragile
Moyamoya collateral vessels [20].

The topic of flow-augmentation bypass in patients with
symptomatic cerebrovascular atherosclerotic occlusion of
extracranial or intracranial major arteries has been exten-
sively debated in the past [33-35]. The main question has
been whether STA-MCA bypass (plus medical therapy) ben-
efits patients with symptomatic cerebrovascular atheroscle-
rotic occlusion in comparison to medical therapy.

To answer this question, RCTs have been conducted. The
“EC-IC Bypass Trial” [33], the first prospective RCT in this
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field, published in 1985, showed no significant advantage of
bypass surgery in reducing the incidence of fatal and non-
fatal ischemic strokes [33, 36]. This study was hotly debated
[37]: among the various criticisms, the most important
related to the lack of hemodynamic criteria used to identify
and select high-risk patients who might benefit from a
bypass [2].

A Cochrane review [38], published in 2010, reported the
results of 21 trials (2 randomized and 19 non-randomized
studies) for patients with symptomatic carotid occlusion.
Bypass was shown to be neither superior nor inferior to med-
ical care alone [2, 38].

The “Carotid Occlusion Surgery Study (COSS)” [35] is an
RCT whose results were published in 2011. In this study,
patients were selected based on very strict hemodynamic cri-
teria, to identify those high-risk patients who might benefit
most from bypass [36, 39, 40]. However, STA-MCA bypass
(plus medical therapy) was shown to provide no clinical ben-
efit over medical therapy alone [2, 35].

An ancillary study to COSS, the “Randomized Evaluation
of Carotid Occlusion and Neurocognition” (RECON) Trial
[41] tested neurocognition at 2 years in COSS patients and
was unable to identify a benefit of bypass when compared to
medical therapy alone [41].

Both EC-IC Bypass Trial and COSS have generated
level I evidence indicating no benefit of bypass for
patients with recently symptomatic carotid artery occlu-
sion (in comparison to medical therapy alone) [33, 35,
36]. Bypass failed to show benefit both because medical
therapy performed better than in the past and because of
the relatively high complication rate in the perioperative
period (most of which was non-bypass related) poten-
tially due to the fragility of these flow-compromised
patients [2]. Bypass is therefore currently not indicated
for these patients (level of evidence 1A; grade of recom-
mendation A) [2, 15, 35, 41].

However, there are subcategories of patients not included
in these RCTs (EC-IC Bypass trial and COSS) for whom
flow-augmentation bypass could still be of benefit and may
be used as a last resort to avoid disabling strokes despite opti-
mal medical and interventional management [2, 42]: (1)
patients presenting with ongoing hemodynamic symptoms
(postural or with blood pressure variations) and (2) patients
having acute stroke with evidence of persistent oligemic
brain tissue at risk of infarction (penumbra).

Currently, two other studies are underway. One, “Carotid
and Middle Cerebral Artery Occlusion Surgery Study”
(CMOSS) in China (ClinicalTrials.gov NCT01758614), and
the other, “EDAS (Surgical) Revascularization in patients
with Symptomatic Intracranial Arterial Stenosis (ERSIAS)”
in the USA. Both may give new insights into the role of
direct and indirect bypass, respectively (ClinicalTrials.gov
NCTO01819597).

Conclusion

Cerebral bypass still represents an important treatment
option for managing specific cerebrovascular conditions.

Flow-preservation bypass plays an important role for
managing complex intracranial aneurysms (level of evidence
4; grade of recommendation C). Flow-preservation bypass is
only very rarely indicated in the treatment of cerebral tumors
involving major arteries (level of evidence 5; grade of rec-
ommendation D), where the trend has evolved in favor of
partial resection and radiotherapy. To preserve flow, the
bypass is always a direct bypass.

Flow-augmentation bypass is currently recommended for
Moyamoya patients with ischemic symptoms and compro-
mised hemodynamics (level of evidence 4; grade of recom-
mendation C) and Moyamoya patients with hemorrhagic
onset (level of evidence 1B; grade of recommendation A).
Flow-augmentation bypass is currently not recommended
for patients with recently symptomatic carotid artery occlu-
sion failure of cerebral hemodynamics (level of evidence 1A,;
grade of recommendation A), but may be considered in
select patients with refractory hemodynamic symptoms
(level of evidence 5; grade of recommendation D).

Disclosures The authors report no conflicts.
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Abstract Background and aims. The superficial temporal
artery to middle cerebral artery (STA-MCA) bypass proce-
dure has continually evolved and new strategies have been
advocated to reduce anesthetic or surgical mortality and
morbidity. Further simplifying and decreasing the invasive-
ness of STA-MCA bypass by performing this operation
without endotracheal general anesthesia was deemed feasi-
ble in certain subsets of patients.

Methods. We performed STA-MCA bypass using local
anesthesia using a sedative in 45 patients with hemodynami-
cally compromised cerebrovascular occlusive disease as well
as multiple comorbidities in the period between February
2010 and April 2016. The technique is based on preoperative
identification of the point at which the donor and recipient
vessels are in closest proximity. The preoperative use of
computed tomography angiography allowed us to identify
the target point precisely and use a minimally invasive proce-
dure. All patients received dexmedetomidine as the sole sed-
ative agent, together with scalp block local anesthesia with
an unsecured airway.

Results. Successful STA-MCA bypass surgeries were
achieved via a preselected minimally invasive approach in all
cases. There was good hemodynamic stability throughout
surgery. No airway/ventilation complications occurred and
no patient was converted to general anesthesia. The patients
subjectively tolerated this technique well with a high rate of
satisfaction. Postoperative magnetic resonance angiography
confirmed patent bypass in 44 of 45 patients (patency rate of
97.8%). There were two postoperative hyper-perfusion syn-
dromes and one cerebral ischemia with transient neurologi-
cal symptoms (postoperative complication rate of 6.3%). No
recurrence of ipsilateral cerebral ischemia was observed dur-
ing the follow-up periods. There was one contralateral
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cardiogenic cerebral embolism during the follow-up period.
The overall stroke rate was calculated as 1%/patient/year.

Conclusions. Our initial experience confirms the feasibil-
ity of performing STA-MCA bypass under local anesthesia
without endotracheal general anesthesia.

Keywords Local anesthesia - Minimally invasive technique -
STA-MCA bypass

Introduction

The superficial temporal artery to middle cerebral artery
(STA-MCA) bypass is an established cerebral revasculariza-
tion procedure. It has continually evolved, and new strategies
have been advocated to reduce anesthetic or surgical mortal-
ity and morbidity [1-4]. Further simplifying and decreasing
the invasiveness of STA-MCA bypass by performing this
operation without endotracheal general anesthesia was
deemed feasible in certain subsets of patients [5]. Since 2010
we have conducted STA-MCA bypass with mini-targeted
craniotomy under local anesthesia.

Methods

Patient Selection

The patient selection criteria included (1) non-Moyamoya
adult patients (> 20 years of age) who had ischemic neuro-
logical symptoms (transient ischemic attack or minor com-
pleted stroke); (2) patients who had hemodynamically
significant cerebrovascular occlusive disease in the middle
cerebral artery territory (resting regional cerebral blood flow
<90% of the normal value and cerebrovascular reserve capac-
ity <15% upon diamox challenge '*’I-iodoamphetamine
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single-photon emission computed tomography (IMP-
SPECT); (3) patients who had no cognitive deficits and were
cooperative; and (4) patients who had pulmonary dysfunc-
tion, such as chronic obstructive pulmonary disease (COPD)
or other multiple systemic comorbidities.

A total of 45 patients, including 6 with impending stroke
were enrolled in this study and underwent an STA-MCA
bypass using local anesthesia and a sedative in the period
between February 2010 and April 2016. All patients were
symptomatic, and had a mean age of 74.3 years, including 14
cases over 80 years. Forty patients had multiple systemic
comorbidities, including 10 with COPD and 15 with coro-
nary heart disease.

Preoperative Examinations

We selected patients as candidates for STA-MCA bypass
using MRI/A, 3D CT angiography (3D CTA) and SPECT
with acetazolamide challenge. Conventional angiography is
not routinely used for preoperative evaluation.

A 3D CTA used for preoperative planning of a craniot-
omy was obtained with a 256-channel multi-detector row
spiral CT scanner (Revolution: GE medical systems,
Milwaukee, WI, USA) and a slice thickness of 0.6 mm to
target recipient and donor arteries. On the original images of
3D CTA, the closest point of the appropriate donor branch of
the STA and the most suitable recipient M4 having a diame-
ter of approximately 1 mm could be identified within the
scalp and on the brain surface, respectively (Fig. 1). This
segment provided both the donor (Fig. 1, arrow) and recipi-
ent arteries (Fig. 1, arrowhead) for STA-MCA bypass. The
afore-mentioned segment could be considered as the center
of a mini-craniotomy, and the distance between the afore-
mentioned segment of the donor artery and the rostral attach-
ment of the ear was calculated (Fig. 2).

Sedation, Local Anesthesia, and Monitoring

All patients received dexmedetomidine as the sole sedative
agent, together with scalp block local anesthesia and intrave-
nous bolus administration of buprenorphine (0.4 mg) as the
analgesic. Dexmedetomidine was started with an initial dose
of 1 pg/kg in 10 min and followed by infusions of 0.2-0.7 pg/
kg/h, which were continued throughout the procedures.
Spontaneous ventilation was preserved, and no endotracheal
tube or laryngeal mask airway was used. Oxygen (50%) was
administered via a facial mask at 4—5 L/min. The ECG, heart
rate (HR), systolic and diastolic blood pressure (BP),
respiratory rate, pulse oximetry (Sp0O2), and end-tidal CO2

Fig. 1 The original image of a 3D CTA demonstrates a parietal branch
of the STA within the scalp and a cortical artery on the brain surface.
The most suitable segments of both the artery provided as the donor
(arrow) and the recipient arteries (arrowhead) for EC-IC bypass are
demonstrated. The distance between the above-mentioned segment of
the donor artery and the superior border of the helix can be calculated

were monitored. Systolic and diastolic BP, HR, SpO2, and
end-tidal CO2 were recorded every 5 min. No pin fixation
was applied, but the head of the patient was fixed with an
adjustable pillow for the shape of the individual patient’s
head (Fig. 2a). All patients received local anesthetic infiltra-
tion immediately after induction of the sedative before sur-
gery, first to a superficial layer of the preselected scalp
incision line on the superficial temporal artery (STA), then as
a circular scalp block around the scalp incision line through-
out the entire thickness of the scalp, and finally to the tempo-
ral muscle, using approximately 35—-40 mL of a combined
solution of 2% lidocaine and 0.25% bupivacaine (Fig. 3b).

Surgical Technique

The surgical technique used was as follows: a 5-cm linear
skin incision on the preselected segment of the parietal or
frontal branch of the STA (Fig. 3a, c), the center of which
was the point measured on preoperative 3D CTA, was made.
The temporal muscle was divided in the same fashion, and a
2.5- to 3-cm small craniotomy was made. The dura was
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Fig.2 The image of the craniotomy superimposed on the skull and the brain surface images of the preoperative 3D CTA. The red line indicates

the scalp incision and the black circle indicates the bone window

Fig.3 (a) The head of the patient is fixed with an adjustable pillow for
the shape of the individual patient’s head with an unsecured airway. (b)
A sufficient amount of local anesthesia infiltrates to superficial layer of
the preselected scalp incision line on the superficial temporal artery and

opened in a cruciate fashion in the center of the craniotomy.
The recipient artery could be identified on the center of the
craniotomy (Fig. 3d). End-to-side anastomosis was per-

around the scalp incision line throughout the entire thickness of the scalp,
and finally to the temporal muscle. (¢) The donor artery (parietal branch
of the STA) is dissected. (d) The recipient artery can be identified at the
center of the craniotomy. (e) The end-to-side anastomosis is completed

formed in the usual fashion. Two anchoring sutures at the
apices of the incision and an additional 10 interrupted sutures
were placed with 10-0 nylon sutures (Fig. 3e).
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Results

Successful STA-MCA bypass surgeries were achieved via a
preselected minimally invasive approach in all 45 patients.
Subsequent enlargement of the craniotomy was not neces-
sary. All operations were performed by the same surgeon
(Y.K.). The patients tolerated this procedure well. There
were good hemodynamic stabilities throughout the surgery.
The patients’ BP and HR were maintained within 20% of the
initial values. There were no episodes of bradycardia (defined
as less than 40 bpm) or hypotension (defined as systolic arte-
rial pressure of less than 80 mmHg). No airway/ventilation
complication occurred and no patient was converted to gen-
eral anesthesia. Oxygen saturation levels were maintained
between 99 and 100% in all patients throughout the proce-
dure. The ETCO2 was maintained within 25% of the initial
value, although a mild accumulation of carbon dioxide was
noted. The duration of the whole procedure ranged from 87
to 151 min (mean 126 min) with minimal blood loss. The
lack of endotracheal general anesthesia and muscle paralysis
did not compromise the quality of the anastomoses.

Postoperative MRA confirmed patent bypass in 44 of 45
patients (patency rate of 97.8%). There were two postopera-
tive hyper-perfusion syndromes and one cerebral ischemia
due to low cardiac output with transient neurological symp-
toms (periprocedural complication rate of 6.3%). All of the
patients had no permanent neurological deterioration. No
recurrence of ipsilateral cerebral ischemia was observed dur-
ing the follow-up period. There was one contralateral cardio-
genic cerebral embolism during the follow-up period. The
overall stroke rate was calculated as 1%/patient/year.

lllustrative Case

This 80-year-old male patient had esophageal cancer. During
radiation and chemotherapy he had a minor completed
stroke. MRA revealed occlusion of the left internal carotid
artery (Fig. 4) and SPECT demonstrated misery perfusion in
the territory of left MCA (Fig. 5). According to his strong
request we decided to perform STA-MCA bypass under
local anesthesia. STA-MCA bypass was performed through
a target mini-craniotomy using the afore-mentioned tech-
nique. He tolerated the bypass surgery well, but the day after
the operation he became confused. IMP-SPECT demon-
strated 118% of hyper-perfusion in the territory of the left
MCA (Fig. 6) and MRA demonstrated the widely patent
bypass (Fig. 7). A strict control of blood pressure was initi-
ated. He recovered in the following 2 weeks and there were
no ischemic episodes thereafter. He maintained or somewhat
gained preoperative activity.

Fig.4 Preoperative MRA demonstrating an occlusion of the left inter-
nal carotid artery

Discussion

STA-MCA bypass has continually evolved and new strategies
have been advocated for reducing anesthetic or surgical mor-
tality and morbidity [1-4]. Although STA-MCA bypass is an
established cerebral revascularization procedure, Carotid
occlusion surgery study (COSS) study demonstrated that it
was not superior to medical treatment in a 2-year follow-up
[6]. Those unfavorable results depend on the perioperative
complications. After the perioperative period, bypass surgery
might have a preventive effect for cerebral ischemia. Therefore,
if we could reduce the perioperative complications, STA-
MCA bypass might be meaningful for stroke prevention.

The conventional STA-MCA bypass technique, however,
cannot solve the problems associated with general anesthe-
sia and positive pressure ventilation. Patients with severe
systemic diseases such as pulmonary dysfunction are pre-
dicted to be at high risk of postoperative complications asso-
ciated with general anesthesia and positive pressure
ventilation. For these high-risk cases, avoiding general anes-
thesia and mechanical ventilation seems to be another way
to decrease the invasiveness and risk of the STA-MCA
bypass [5].

It has been suggested that performing the operation under
local anesthesia, rather than general anesthesia, may be safer
[7]. The potential benefits of local anesthesia in a wider
range of surgical procedures are supported by an overview
of randomized trials of spinal and epidural anesthesia vs
general anesthesia [8, 9]. The overall mortality was reduced
by about one-third in the patients allocated to a neuraxial
blockade. Furthermore, neuraxial blockade reduced the odds
of deep vein thrombosis by 44%, pulmonary embolism by
55%, pneumonia by 39%, and respiratory depression by
59% (all P < 0.001). There was also reduction in myocardial
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Fig. 5 Preoperative IMP-SPECT demonstrating a resting CBF decreased to 85% of the normal value (Left) and a decreased cerebrovascular

reserve capacity (CVR) to less than10% in the left MCA territory (Right)

infarction and renal failure. The benefits seen for local anes-
thesia may be conferred by multifactorial mechanisms,
including an improved ability to breath, altered coagulation,
increased blood flow, and a reduction in surgical stress
responses.

We performed our minimally invasive STA-MCA bypass
under local anesthesia for patients with hemodynamically
compromised cerebrovascular occlusive disease as well as
multiple comorbidities. The procedure was performed using
a local anesthetic agent in combination with a sedative.
Spontaneous respiration was preserved, no endotracheal
tube or laryngeal mask airway was used, and no skull fixa-
tion was adopted. The patients received dexmedetomidine
as the sole sedative agent, together with the scalp block.
Dexmedetomidine is a lipophilic imidazole derivative
which acts as an «-2 agonist. It can induce anesthesia via its
effect on the a-2a receptor subtype and has analgesic prop-
erties as well. Dexmedetomidine has little to no effect on
respiration at clinically relevant doses, and allows arousal
from a state mimicking sleep. It has been used in a wide

variety of clinical situations including the provision of seda-
tion in awake craniotomies [10, 11]. Other beneficial quali-
ties of dexmedetomidine were the effect on hemodynamic
stability and its anxiolytic effect. As dexmedetomidine pro-
vides sedation which resembles natural sleep and a certain
extent of analgesia without respiratory depression, this sed-
ative may be a suitable agent for STA-MCA bypass under
local anesthesia.

In our initial clinical experience, there was good hemody-
namic stability throughout surgery, and no airway/ventila-
tion complications developed in any of our patients. The
patients subjectively tolerated this technique well, with a
high rate of satisfaction. This procedure did not compromise
the quality of the anastomoses. Our initial experience con-
firms the feasibility of performing STA-MCA bypass under
local anesthesia with a sedative, thereby representing an
alternative to the procedure under endotracheal general anes-
thesia. These results might also encourage the wider applica-
tion of this technique to include patients without significant
comorbidities.
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Fig. 7 Post-operative MRA demonstrating the widely patent bypass
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Conclusions
11.

Avoiding general anesthesia and mechanical ventilation
seems to be another way to decrease the invasiveness and
risk of the STA-MCA bypass.
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There was good hemodynamic stability throughout surgery,
and no airway/ventilation complications developed in any of our
patients. The patients tolerated this technique well, with a high
rate of satisfaction. This method could be recommended, espe-
cially for patients with systemic comorbidities such as COPD.
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Role of Indocyanine Green Videoangiography in Identification
of Donor and Recipient Arteries in Cerebral Bypass Surgery
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Abstract The identification and preparation of a very good
quality donor artery is a crucial step in every superficial tem-
poral artery to middle cerebral artery (STA-MCA) bypass.

For flow-preservation bypass performed for trapping of
complex MCA aneurysms, the key element is the correct tar-
get of the recipient artery. When a cortical recipient artery
(M4 segment of the MCA) is selected, this vessel must be a
terminal branch of the artery whose sacrifice is necessary for
definitive aneurysmal treatment.

In this chapter we report on two techniques for (1) intra-
operative mapping and preparation of good quality STA
branch as the donor artery for STA-MCA bypass (mostly in
the case the frontal branch of the STA needs to be used) and
(2) selective identification of the correct superficial (M4 cor-
tical) “recipient” artery in flow-preservation STA-MCA
bypass performed for managing complex MCA aneurysms.

Both techniques are based on the use of microscope-inte-
grated indocyanine green videoangiography (ICG-VA), an
intraoperative tool allowing observation and real-time
assessment of blood flow in large and small vessels, with
distinct evaluation of arterial, capillary, and venous phases.

The two techniques contribute, respectively, to (1) reduce
the risk of erroneous identification or injury of the donor
artery in STA-MCA bypass procedures and (2) eliminate the
risk of erroneous revascularization of a non-involved arterial
territory in flow-preservation bypass surgery for managing
complex MCA aneurysms.
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Abbreviations

DSA Digital subtraction angiography

EC-IC Extracranial to intracranial

ICGVA Indocyanine green videoangiography

MCA Middle cerebral artery

STA Superficial temporal artery

STA-MCA  Superficial temporal artery to middle cerebral
artery

Introduction

A crucial step in every STA-MCA bypass procedure (both
flow-preservation and flow-augmentation) is the reliable
identification and safe dissection of the donor artery, namely
the superficial temporal artery (STA) [1].

For flow-preservation bypass performed to trap complex
aneurysms of the middle cerebral artery (MCA), a key ele-
ment is the correct target of the recipient artery [2—8]. The
bypass must supply adequate blood flow to the brain per-
fused by the trapped vessel [2—4, 6, 7, 9—11]. When a cortical
recipient artery (M4 segment of the MCA) is selected, this
vessel must be a terminal branch of the artery whose sacrifice
is necessary for definitive aneurysm treatment [3, 6].

Microscope-integrated indocyanine green videoangiogra-
phy ICGVA) allows intraoperative and real-time assessment
of blood flow in large and small vessels, with distinct evalu-
ation of arterial, capillary, and venous phases [12, 13].

With this work, we present the way we use ICGVA to (1)
intraoperatively map and prepare good-quality STA branch as
the donor artery for STA-MCA bypass (mostly in cases when
the frontal branch of the STA needs to be used) and (2) selec-
tively identify the correct superficial (M4 cortical) “recipient”
artery in flow-preservation STA-MCA bypass performed to
manage complex MCA aneurysms. These two techniques have
been separately reported by us in the past few years [1, 3].
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ICGVA-Assisted Identification of Bypass
Donor Artery

The STA divides into two branches: an anterior frontal
branch and a posterior parietal branch [14]. If only the pari-
etal branch needs to be prepared, a linear incision above this
parietal branch allows its dissection under the microscope
[1]. In the case the frontal branch of the STA has to be used
(for instance, in the case of an absent/hypoplasic parietal
branch as well as for double-barrel STA-MCA bypass), the
surgeon usually dissects the frontal branch from the under-
side of a fronto-temporal scalp flap [1]. This dissection can,
however, be difficult because of the additional skin retraction
required to expose the artery and dissection through the fat
plane, as well as variability in the anatomy of the STA
branches [1].

The ICGVA-assisted technique described here allows
intraoperative mapping and preparation of a good quality
STA branch as the donor artery for STA-MCA bypass: the
technique is useful mostly in the case where the frontal
branch of the STA needs to be dissected [1].

This technique is based on the analysis of the difference
in time of filling of scalp vessels illuminated via ICG-VA
from the underside of a scalp flap [1].

ICG-VA is performed using a commercially available
surgical microscope (OPMI® Pentero™, The Carl Zeiss
Co, Oberkochen, Germany). A standard dose of 25 mg
ICG is dissolved in 5 mL of water and injected into a cen-
tral vein as a bolus. The underside of the fronto-temporal
scalp flap is illuminated with near-infrared light and the
anatomy of the visualized vasculature studied. ICG-VA
videos are analyzed on a video screen and recorded for
further analysis [1].

ICG-VA allows one to visualize the whole pattern of
the STA at once before preparation (Fig. 1a), differentiate
the STA-branches running parallel (Fig. la), map pre-
cisely the donor in the case of serpiginous STA (Fig. 1b),
localize the bifurcation-points of the STA branches
(Fig. la), and precisely define the location of all the
branching points in the late arterial phase (Fig. 1a, b).

This technique is very effective for mapping and prepar-
ing a very good quality donor artery [1]. It may reduce the
risk of erroneous identification or injury of the donor artery,
mainly in the case of anatomical variations of the STA, such
as changes in main bifurcation site (over or below the zygo-
matic arch), absence of bifurcation, hypoplasia or absence
of one of the branches, double parietal branches, further
bifurcation along the branches, and a serpiginous course
[1]. The technique presented is not intended to substitute for
the use of intraoperative Doppler for identification of the
STA branches, but rather as an alternative/complementary
tool [1].

Fig. 1 (a) Left: Preoperative DSA with selective injection of the left
external carotid artery showing the frontal and parietal branches of the
left STA. Right: ICG-VA demonstrating the course of the frontal (yel-
low star) and parietal (light blue star) branches of the STA from the
underside of the left fronto-temporal scalp flap. ICG-VA differentiates
the STA branches running parallel (light blue and red stars) and shows
(in the late arterial phase of the angiography, 8 s) all the branching
points of the STA. The red star indicates a subbranch of the frontal STA.
(b) Left: Preoperative DSA with selective injection of the left external
carotid artery demonstrating a serpiginous course of the frontal branch
of the STA (blue star). Right: ICGVA shows the frontal branch has a
serpiginous course and all the branching points of the STA (Modified
from Esposito et al., Acta Neurochir, 2016) [1]

ICGVA-Assisted Identification of Bypass
Recipient Artery

For flow-preservation bypass performed for trapping com-
plex MCA aneurysms, the selection of the correct recipient
artery is an essential step. When microsurgical dissection of
the Sylvian fissure and of the aneurysmal angioanatomy is
safe, the selection of an M2-M3 segment of MCA as recipi-
ent is a valid choice. When microsurgical dissection is con-
sidered more risky or when avoiding a deep site for the
anastomosis is preferred, a cortical recipient artery (M4 seg-
ment of MCA) can be selected [3, 6]. It is essential that this
recipient artery indeed represents a distal branch of the artery
whose sacrifice is needed to treat the aneurysms (by aneurys-
mal trapping). Because each M2 segment feeds several corti-
cal (M4) arteries, there is the risk of revascularization into a
wrong territory despite the use of anatomical landmarks,
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Fig.2 Flowchart illustrating the strategy in serial ICG-VAs performed for selective-targeted identification of the cortical recipient artery in flow-
preservation EC-IC bypass surgery (Modified from: Esposito et al., Neurosurgery, 2012) 3]

preoperative neuroimaging, neuronavigation, and stereotac-
tic techniques) [3, 6].

The ICGVA-assisted technique presented allows selec-
tive identification of the correct superficial (M4 cortical)
“recipient” artery in flow-preservation STA-MCA bypass
performed to manage complex MCA aneurysms by using
trapping strategies. In this way it eliminates the risk of
erroneous revascularization of a non-involved arterial
territory.

The possibility of selecting a superficial recipient (M4)
artery makes the bypass easier and less invasive. Furthermore,
tolerance to ischemia is better during temporary occlusion of
a cortical M4 artery as compared to occlusion of a more
proximal M2 or M3 branch [3, 6].

ICG-VA is performed as described above. This time,
however, the cortex around the Sylvian fissure is illuminated
with near-infrared light: the difference in the direction and
in the time of filling of M4 cortical arteries is analyzed [3].
In fact, ICGVA allows one to assess a delayed or reversed
arterial filling, as well as delayed capillary/venous filling [3,
6, 13].

As schematized in the flowchart in Fig. 2, a delay in corti-
cal M4 arteries filling may be seen in two different circum-
stances. The first is primarily on a baseline ICG-VA without
any temporary occlusion of arteries. Such a delay can be
caused by any increased resistance to flow (e.g., stenosis/
occlusion of an aneurysmal branch, intra-aneurysmatic turbu-
lent flow, serpiginous aneurysm). We define this as primary
identification (Fig. 2) [3]. The second circumstance is the
detection of delayed flow secondarily, after provocative tem-
porary occlusion of an artery. This implies temporary test-
occlusion (via application of a temporary clip) of any MCA
branch that may need to be occluded for final aneurysm treat-
ment. We define this as secondary identification [3] (Figs. 2
and 3). These two conditions are defined as primary identifica-
tion and secondary identification, respectively (Fig. 2) [3].

Any primary or secondary delayed fluorescence of M4
branches (fluorescence is visualized during the capillary/
venous phases of ICG-VA) defines a cortical area around the
Sylvian fissure with delayed vascular filling. The most suit-
able cortical artery within this cortical area can be targeted as
bypass recipient artery (Figs. 2 and 3) [3].
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Pre-treatment (baseline) ICG-VA

Provocative ICG-VA after
temporary clipping of a M3
branch of the MCA

Post-treatment (final) ICG-VA

Angioanatomy and
surgical strategy
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ICG-VA
view
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Fig. 3 (Patient 2)—secondary identification. (a) Drawing: partially
thrombosed aneurysm of the right M1 bifurcation. (b) Baseline
ICG-VA: simultaneous filling of all the exposed cortical (M4) arteries.
(¢) Intraoperative microscopic view of the ICG-VA field shown in (b).
(d) Drawing: a temporary clip on the M3 segment of the MCA is placed
to perform a provocative ICG-VA. (e) Provocative ICG-VA: an area
presenting a delayed filling is evident. A suitable artery in this territory
is then selected as recipient (yellow asterisk). (f) Intraoperative micro-
scopic view of the ICG-VA field shown in (e) (yellow asterisk repre-

ICG-VA can be repeated as many times as needed; it is
important to remain within the daily dose limit of ICG (5 mg/
kg) and to wait at least 10 min between two consecutive
intravenous ICG injections (to allow washout of the previ-
ously administered ICG).

The possibility of repeating ICGVA enabled us to study
the cortical filling before (baseline ICG-VA), as well as dur-
ing temporary occlusion of MCA branches (provocative
ICG-VA), and after bypass construction and aneurysm treat-
ment (final ICG-VA) (Fig. 2) [3].

sents the recipient artery). (g) Drawing: final aneurysm treatment:
trapping + flow-preservation bypass. (h) Final (post-bypass) ICG-VA:
the bypass is patent and the cortex takes fluorescence simultaneously.
(i) Intraoperative microscopic view of the ICG-VA field shown in (h).
(Asterisk) White triangles indicate surgery-related decreased fluores-
cence on ICG-VA. DSA: digital subtraction angiography; ICG-VA:
indocyanine green videoangiography (Modified from: Esposito et al.,
Neurosurgery, 2012 and Esposito et al., Neurosurgery, 2014)

Conclusions

The two reported ICGVA-assisted techniques allow (1) map-
ping and preparation of very good quality donor vessel in
STA-MCA bypass (mostly if the frontal branch of the STA
has to be used) and (2) reliable and accurate identification of
the cortical recipient artery and elimination of the risk of
erroneous revascularization of a non-involved arterial terri-
tory in flow-preservation bypass surgery performed to man-
age complex MCA aneurysms.
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Incidence of Moyamoya Disease in Denmark: A Population-Based m)

Register Study

Peter Birkeland and Jens Lauritsen

Abstract In this first population-based study of moyamoya
disease (MMD) in Europe, the authors identified 56 patients
with MMD in Denmark during the period 1994-2015 using
nationwide registers. The overall incidence was 0.047 per
100,000 person-years, which is about one-tenth that reported
in Japan. Otherwise the epidemiological features were com-
parable: there was a bimodal age distribution with peaks in
the age groups 0-9 years and 30-39 years, with twice as
many females as males.

Keywords Moyamoya disease - Epidemiology - Stroke -
Cerebrovascular - 1994-2015 - Scandinavian

Introduction

Moyamoya disease (MMD) is an idiopathic cerebrovascular
disease characterized by progressive stenosis of the internal
carotid arteries and their proximal branches. Reduced blood
flow to the anterior circulation of the brain leads to the
development of compensatory collaterals at the base of the
brain. The disease predisposes affected patients to stroke
[1]. When the characteristic vasculopathy is seen with rec-
ognized associated conditions such as neurofibromatosis
type 1, Down syndrome, and sickle cell disease [1, 2],
patients are classified as having moyamoya syndrome
(MMS). First described in Japan and originally considered
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to affect mainly persons of Asian heritage, MMD is now
recognized as an unusual cause of stroke in people of many
ethnic backgrounds around the world, including in Denmark
[3, 4]. The incidence in Japan is in the range 0.34-0.94 per
100,000 person-years, with peaks in two age groups:
5-9 years and 45-49 years, and it is about twice as common
in females as in males [5-7]. A case series [8] and a recent
review [9] indicate that MMD in Europe may have distinct
characteristics, although population-based data are scarce
[10]. By taking advantage of Danish nationwide registers,
this study investigated the epidemiology of MMD in a
European population.

Materials and Methods

This study was based on data from three nationwide regis-
ters: the Danish National Patient Register, the Danish Central
Person Register, and the Danish Mortality Register.
Information on essentially all discharges from Danish hospi-
tals has been recorded in the Danish National Patient Register
since 1977, and information on outpatient clinic visits has
also been included since 1994. Recorded data include the
patient’s unique civil registration number, the dates of admis-
sion and discharge, discharge diagnoses, hospital and depart-
ment codes, and any surgical or diagnostic (from 1999)
procedure(s) performed [11]. For this study the civil registra-
tion numbers were encrypted. MMD first appeared as a diag-
nostic code in Denmark in the International Classification of
Diseases 10th Revision (ICD-10) in 1994 (diagnoses had
previously been coded according to ICD-8), although ICD-
10 does not distinguish between MMD and MMS. Thus,
patients with other diagnostic codes suggesting an underly-
ing condition (such as MMS) were excluded from further
analysis.

We identified patients with a diagnosis of MMD (ICD-10
code 1675) in the Danish National Patient Register from 1
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January 1994 to 31 December 2015 and retrieved data on all
hospitalizations or clinic visits registered with a diagnosis of
MMD. An incident case was defined as the first registered
admission or clinic visit to a hospital with a diagnosis of
MMD. For the calculation of incidence, person-years were
approximated by the number of persons on 1 January in any
given calendar year. These data are accessible on Statistics
Denmark (www.statistikbanken.dk). We also looked at
whether the diagnosis had been made in a specialist depart-
ment and what diagnostic procedures had been performed in
the workup.

From the Central Person Register we obtained informa-
tion on date of birth, sex, residency, date of immigration or
emigration, and date of death (if applicable) for identified
cases. For each individual the civil registration numbers of
the parents are also recorded, allowing us to identify familial
cases (adopted children are recorded under their adoptive
parents). From the Mortality Register we collected data on
cause of death.

Analyses were performed using STATA (version 14,
College Station, TX, USA) and the OpenEpi software (www.
openepi.com). For statistics we used the Fisher exact test
with significance level P < 0.05. The study was approved by
The Danish Data Protection Agency.

Results

Overall, 64 patients were identified with the ICD-10 diag-
nostic code for MMD between 1994 and 2015. Digital sub-
traction angiography (DSA) and/or magnetic resonance
imaging and angiography (MRI/MRA) were recorded in the
register for 31 patients (48%). All but one diagnosis was
made in specialist departments (pediatrics, neurology, and/or
neurosurgery). The one patient diagnosed outside this setting
was admitted to a medical ward in a hospital with a neuro-
logical service. Four patients died during the study period,
three being females. In one case the cause of death was neu-
rovascular disease, namely intracerebral hemorrhage.

A further eight patients had other diagnostic codes, sug-
gesting an underlying disease: four had neurofibromatosis,
two congenital heart disease, one thalassaemia minor, and
one Down’s syndrome, leaving 56 patients for further
analysis.

Thirty eight of the 56 patients were females. Thus, the
female:male ratio was 2.1. The overall incidence was 0.047
per 100,000 person-years (95% confidence interval, 0.035—
0.061 per 100,000 person-years). Of note, from 1994 until
2008, 1 or 2 cases were diagnosed most years, and this num-
ber rose to 5—10 cases from 2009 (see Fig. 1). There was a
bimodal age distribution at presentation with peaks in the
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Fig.2 Onset age distribution of moyamoya disease

age groups 0-10 years and 30-39 years (Fig. 2). There were
four cases of familial MMD (7.1%): siblings and a parent
and child.

Discussion

In this Danish register study we found an incidence of MMD
that was about one tenth of that reported in Japan, but the sex
and age distribution at presentation and proportion of famil-
ial cases were comparable. Thus, our preliminary data do not
indicate that MMD has distinct epidemiological characteris-
tics in Scandinavia.

When comparing incidence data with that of other popu-
lations, part of the discrepancy may be attributable to differ-
ent case finding methods, as has been discussed previously
[10]. Using hospital discharge databases and a somewhat
similar approach to ours, an incidence of 0.086 per 100,000
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person-years has been reported in the U.S. [12]. The authors
of a survey from French neuropediatric centers found an inci-
dence of 0.065 per 100,000 person-years in children [13].
Both studies included both MMS and MMD in their analyses
and this may account for the higher incidences reported. For
research purposes it would be useful if future disease classi-
fication distinguished between MMD and MMS.

By assuming that the first hospitalization/clinic visit in
the study period was the incident event, we may have missed
earlier events. This could lead to a higher number of incident
cases during the first years of analysis. However, incidence
has risen during the study period. The register data do not
provide us with an explanation for this trend. Rather than a
true increase, it may reflect a higher detection rate because of
an increased index of suspicion for this disease and increased
availability of magnetic resonance angiography. Our data
show that in Europe MMD should be considered in the dif-
ferential diagnosis of stroke in children and in adults, par-
ticularly females in the age group 30-49 years.

It should be noted that DSA and/or MRI with MRA were
only recorded in the register for about half of the patients.
These are investigations that are considered essential in
MMD diagnosis [14]. However, more patients may have
been investigated than those recorded, particularly in the first
years of the study period. In 2000, register data became the
basis of hospital reimbursement in Denmark and the registra-
tion is assumed to be complete only after that date [11].
Interestingly, in the U.S. study a similar proportion of the
patients had appropriate investigation recorded [12].

The strength of the study is that it provides the first popu-
lation-based data on MMD from a European country.
However, this study has limitations. First, the sensitivity and
specificity of the ICD-10 diagnostic code to identify MMD
are unknown. It was not possible to validate the diagnosis
according to the definition of MMD [14] because of the ano-
nymity of the data. Similar studies of other neurological dis-
orders may reveal the extent of this problem. For example, in
a study of Parkinson’s disease, a primary diagnosis of
Parkinson’s disease in the Danish National Patient Register
could be confirmed in 82% of patients based on established
criteria [15]. Second, the registers do not contain data on race
and ethnicity and one should bear in mind that some of the
cases may not be Caucasians. Denmark’s population is
diverse and. for example, also comprises Asians (e.g.,
adopted children) and Inuits. Third, the data do not provide
information on the clinical and radiological presentation of
MMD. To gain more insight on MMD in Denmark and
address the shortcomings of this preliminary study, we have
requested access to individual patient charts.
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Carotid Endarterectomy and Carotid Artery Stenting in the Light m)

of ICSS and CREST Studies

V. Benes and O. Bradac

Abstract Objective. We analyzed the results of internal
carotid artery (ICA) stenosis treatment at our institution
according to the treatment modality—carotid endarterec-
tomy (CEA) vs. carotid artery stenting (CAS).

Methods. During 2003-2015, a total of 1894 procedures
were performed for ICA stenosis. CEA was done in 1064
cases and CAS in 830 cases.

The primary outcome was disabling stroke (mRS > 2) or
myocardial infarction within 30 days of treatment. Secondary
outcomes were transitory ischemic attacks (TIAs), minor
strokes (stroke without impaired activities of daily living),
and any other significant complications.

Results. Major mortality and morbidity were divided
according to their treatment groups; this reached 0.9% in the
CEA and 2.5% in the CAS group (p = 0.007). Minor stroke
was recorded at 1.5% and 2.7% in the CEA and CAS groups
(p=0.077), TIAs in 1.0% (CEA) and 4.0% (CAS) (p <0.001),
and any complication in 12.4% (CEA) and 13.0% (CAS)
(p =0.694).

Conclusions. CEA is a safe procedure in patients who
meet the correct treatment indications. In all subgroup analy-
ses CEA proved to be equal to or better than CAS. This study
supports the idea of CEA being the preferred treatment and
CAS being reserved for selected cases only.

Keywords Carotid artery stenting (CAS) Carotid
endarterectomy (CEA) - Complication - Outcome - Stroke
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Introduction

Internal carotid artery (ICA) stenosis is one of the most
thoroughly studied cerebrovascular diseases [1]. The effec-
tiveness of carotid endarterectomy (CEA) in preventing
stroke has been seen in many studies. Modern indications
for CEA in symptomatic and asymptomatic patients were
shown in the NASCET [2-5], ECST [6-9], ACAS [10, 11],
and ACST [12, 13] studies. Following the publication of
these studies, the indications altered slightly compared with
those seen in the American Heart Association guidelines.
During the 1990s, carotid artery stenting (CAS) came into
routine practice and is nowadays used very frequently. The
indications for CAS developed to be basically the same as
those for CEA, although this move occurred for no specific
reason. Some randomized studies showed noninferiority of
CAS against CEA [14-21]. After recent publication of
long-term results from ICSS [22] and CREST [23], the
question of preferred treatment modality arose again. We
decided to evaluate our results of ICA stenosis treatment
and compare the results of each of the treatment
modalities.

Materials and Methods

During 2003-2015, a total of 1894 internal carotid stenosis
procedures were performed. Of these, 1064 were CEA and
830 were CAS. Patients were prospectively followed by neu-
rologists not performing treatment procedures, and data were
retrospectively evaluated. Baseline characteristics of all the
patients was divided according to treatment method and the
proportion of patients with two or more vascular risk factors
(hypertension, ischemic heart disease, hyperlipidemia, dia-
betes mellitus, tobacco smoking), and are detailed in Table 1.
Initial symptoms of patients divided according to treatment
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Table 1 Baseline characteristics of patient population

CEA CAS p value
No. of procedures 1064 (100%) 830 (100%)
Male 740 (70%) 606 (73%) 0.099
Age 67+9 70 £ 10 <0.001
2+ Risk factors 666 (63%) 713 (86%) <0.001

Bold values are significant with p below 0.05

Table 2 Presenting symptoms according to treatment groups

CEA CAS p value
Symptomtic patients 843 (100%) 605 (100%)
TIA 182 (21.6%) 59 (9.8%)  <0.001
Repeated TIA 149 (17.6%) 112 (18.5%)  0.683
Minor stroke 276 (32.7%) 293 (48.4%) <0.001
Major stroke 58 (6.8%) 49 (8.1%) 0.382
Diffuse + other symptoms 178 (21.1.7%) 92 (152%)  0.004

Bold values are significant with p below 0.05

Table 3 Number of CEA vs. CAS procedures per year of study

Year CEA CAS Total
2003 80 63 143
2004 87 64 151
2005 72 99 171
2006 99 80 179
2007 100 96 196
2008 69 56 125
2009 73 57 130
2010 74 50 124
2011 71 43 114
2012 89 48 137
2013 75 57 132
2014 92 38 130
2015 83 79 162
Overall 1064 830 1894

modalities are shown in Table 2. Number and ratio of CEA
vs. CAS procedures per year of the study are depicted in
Table 3.

All CEA procedures were carried out on patients taking
antiplatelet monotherapy (Aspirin or Clopidogrel) under
general anesthesia with SSEPs and EEG monitoring.
Shunting was used selectively and was performed in 28
(2.6%) procedures. All CAS procedures were performed
under local anesthesia on patients taking dual antiplatelet
therapy (Aspirin + Clopidogrel in the vast majority of cases),
and subsequently dual antiplatelet therapy was administered
for 30 days, all done using a distal protection device.

Treatment results of CEA and CAS in the whole group
were compared and subgroup analyses were performed on
the following patient subgroups: those with contralateral

ICA stenosis/occlusion, those with symptomatic/asymptom-
atic ICA stenosis, and those aged 75 years or above.

Primary Outcomes

Major morbidity and mortality were defined as a new severe
neurological deficit, increasing modified Rankin scale (mRS)
score above 2 or MI within 30 days after the procedure.

Secondary Outcomes

These were TIAs, minor strokes (without consequence as
impaired ADL) within 30 days of the intervention, and any
marked complication during the early posttreatment period (cra-
nial nerve deficits, wound hematomas, groin hematomas, wound
swelling, hyper-perfusion syndrome, seizures, a prolonged
length of stay—defined as more than 2 days in CAS or more
than 4 days in CEA patients—for any medical reason).

Statistical Processing

All statistical computations were performed using
STATISTICA 10 software (StatSoft, Tulsa, OK, USA, dis-
tributed by StatSoft CR s.r.o., Prague, Czech Republic).
Categorial variables were assessed using chi-square or Fisher
exact test as appropriate. Continuous variables were com-
pared using a two-sided t-test. As a level of statistical signifi-
cance, a p-value of 0.05 was used.

Results

Severe morbidity and mortality, divided by treatment group,
reached 0.9% (10 patients, one of them experienced severe
MI after treatment) in CEA group and 2.5% (21 patients, two
of them experienced severe MI after treatment) in CAS
group, p = 0.007. Minor stroke was recorded in 1.5% (16
patients) after CEA and 2.7% (22 patients) after CAS,
p = 0.077. TIAs occurred in 1.0% (11 patients) after CEA
and 4.0% (33 patients) after CAS, p < 0.001. Other compli-
cations were encountered in 12.4% (132 patients) after CEA
and 13.0% (108 patients) after CAS, p = 0.694. The results
divided by treatment group, together with the results of the
subgroup analyses, are shown in Table 4.

Overall results (CEA and CAS counted together) showed
a major morbidity and mortality was recorded in 31 patients
(1.6%), minor stroke in 38 procedures (2.0%), TIA after 44
(2.3%), and any other complication after 240 (12.7%)
procedures.
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Table 4 Whole cohort results and subgroup results according to
treatment modality

CEA CAS p value
No. of procedures 1064 (100%) 830 (100%)
Whole cohort
Major M/M 10 (0.9%) 21 (2.5%) 0.007
Minor stroke 16 (1.5%) 22 (2.7%) 0.077
TIA 11 (1.0%) 33 (4.0%) <0.001
Any complication 132 (12.4%) 108 (13.0%)  0.694
Contralateral stenosis 379 (35.6%) 99 (11.9%) <0.001
Major M/M 3 (0.8%) 3 (3.0%) 0.075
Minor stroke 7 (1.9%) 3(3.0%) 0.464
TIA 1(0.3%) 4 (4.0%) 0.001
Any complication 48 (12.7%) 18 (18.2%)  0.157
Contralateral occlusion 92 (8.6%) 87 (10.4%)  0.178
Major M/M 0 (0.0%) 2 (2.3%) 0.144
Minor stroke 0 (0.0%) 1(1.2%) 0.302
TIA 1(1.1%) 4 (4.6%) 0.154
Any complication 6 (6.5%) 8 (9.2%) 0.506
Symptomatic vessel 513 (48.2%) 419 (50.5%)  0.327
Major M/M 6 (1.2%) 13 (3.1%) 0.038
Minor stroke 13 (2.5%) 14 (3.3%) 0.465
TIA 9 (1.8%) 20 (4.8%) 0.008
Any complication 77 (15.0%) 61 (14.6%) 0.847
Asymptomatic vessel 551 (51.8%) 411 (49.5%) 0.327
Major M/M 4 (0.7%) 8 (2.0%) 0.092
Minor stroke 4 (0.7%) 8 (2.0%) 0.092
TIA 1(0.2%) 13 (3.2%) <0.001
Any complication 55(10.0%) 47 (11.4%)  0.469
Elderly patients (>75 years) 220 (20.7%) 324 (39.0%) <0.001
Major M/M 3(1.4%) 6 (1.9%) 0.661
Minor stroke 2 (0.9%) 10 (3.1%) 0.090
TIA 2 (0.9%) 16 (4.9%) 0.001
Any complication 26 (11.8%) 50 (15.4%)  0.233
2+ Risk factors 666 (62.6%) 713 (85.9%) <0.001
Major M/M 8 (1.2%) 18 (2.5%) 0.071
Minor stroke 12 (1.8%) 19 (2.66%)  0.280
TIA 5(0.8%) 30 (4.2%)  <0.001
Any complication 90 (13.5%) 98 (13.7%)  0.900

Bold values are significant with p below 0.05

Discussion

Recently published results of the long-term follow-up of
CREST [23] and ICSS [22] studies also concluded that the
long-term functional outcome is similar for patients under-
going CEA and CAS. This interpretation could lead us to

conclude that CEA and CAS are interchangeable procedures,
but this would be an inappropriate conclusion as there were
definite differences between CEA and CAS subgroups in
both studies.

The ICSS study was based in 50 centers worldwide ran-
domizing a total of 1713 patients with symptomatic ICA ste-
nosis; 855 underwent CAS and 858 CEA. The median
follow-up was 4.2 years. The number of disabling strokes
was similar in both branches (52 vs. 49 in CAS and CEA
subgroups). However, the number of patients suffering from
any type of stroke was significantly higher in the CAS group
(119 vs. 72 in CEA group). The majority of these events hap-
pened in the periprocedural period. In the further follow-up,
the frequency of any type of stroke was similar in both
studies.

The CREST study was performed in 117 centers in the
United States and Canada, where a total of 2502 patients
with symptomatic or asymptomatic ICA stenosis were ran-
domized. The authors found a significantly higher frequency
of periprocedural strokes—4.1% in the CAS group com-
pared to 2.3% in the CEA group. This difference was out-
weighed by the higher frequency of myocardial infarctions
in the CEA group (2.3% in CEA vs. 1.1% in the CAS group),
which produced a similar rate of primary endpoints
(stroke + MI + death)—5.2% in CAS vs. 4.5% in the CEA
group in the periprocedural period and 11.8% in CAS vs.
9.9% in the CEA group when periprocedural period is
counted together with 10 years follow-up. Again, the fre-
quency of strokes during the follow-up period was almost
identical in both groups. However, the initial difference in
periprocedural stroke frequency resulted in borderline sig-
nificance (p = 0.07) in the Kaplan—-Meier analysis of CEA vs.
CAS regarding stroke occurrence.

The ICSS study authors published a subanalysis of 1036
patients concerning MR findings of white-matter brain
lesions before the procedure [24]. They conclude that
patients presenting with more extensive white-matter lesions
had a three times higher risk of periprocedural stroke during
stenting than patients with less extensive white-matter
changes. Similar dependence was not observed in patients
undergoing endarterectomy.

Kuliha et al. [25] studied silent infarction frequency in
150 patients after CEA and CAS in a prospective random-
ized setting. New infarctions were found significantly
more frequently after CAS (49%) than CEA procedures
(25%). The lesion volumes were significantly greater after
CAS than CEA. However, no significant differences were
found between groups with regard to cognitive testing
results.

Our institutional results agree well with published data
regarding periprocedural morbidity and mortality.
Furthermore, our results suggest that the traditional risk
factors for CEA such as contralateral stenosis or occlusion
are in fact negligible when adequate measures, such as



98

V. Benes and O. Bradac

intraoperative neuromonitoring, are performed. Similarly,
CEA seems to be safer than CAS even in the elderly, who
are deemed to be high-risk patients in terms of vascular
events.

It is obvious that CAS carries higher risk of ischemic
periprocedural complications (either silent or manifested
stroke) compared to CEA, suggesting CEA as the method of
choice for the treatment of carotid stenosis, although during
long-term follow-up, stenting was proven to be stable and
effective.

Randomized trials and subsequent recommendations are
necessary for the recent philosophy of evidence-based medi-
cine. However, it must be appreciated that all the recommen-
dations are nothing better than maps or traffic signs. They
have general implications, are internationally understood,
allow the individual results to be compared to them, and give
general directions. However, they can never be applied
blindly to individual patients, who always have specific and
local particularities and individual features. Under local con-
ditions, it is the art of medicine to follow the rules but accept
the exceptions. On the other hand, individual results should
always be compared to those of randomized trials. Freedom
of exceptions is granted if single institution results compare
favourably with those of randomized trials. Even in this rela-
tively common diagnosis, a concentration of care should be
achieved. However it should be mentioned that patients with
carotid steno-occlusive disease should not be concentrated in
centers that only offer one treatment modality, even with
excellent results. Centers offering both treatment modalities
on a daily basis are strongly recommended.

A part of the results of this study was published previ-
ously in Acta Neurochirurgica [26].

Conclusions

In all subgroup analyses, CEA fared better or at least as well
as CAS.

Carotid endarterectomy should still be considered as the
preferred procedure over carotid artery stenting. Only in
carefully selected cases such as re-stenosis after a previous
carotid procedure, carotid dissection, ICA stenosis after
radiotherapy, previous major neck surgery, and contralateral
cranial nerve palsy or tandem stenosis should stenting be the
preferred treatment modailty.
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Abstract Carotid artery stenting (CAS) has been widely
accepted as a valuable therapeutic alternative to carotid end-
arterectomy (CEA) for high-grade carotid stenosis. Because
carotid revascularization including CAS is usually performed
in patients with minimal or no neurological deficits, utmost
care should be taken to avoid periprocedural complications.
The major concerns associated with CAS are embolic stroke,
hyperperfusion syndrome (HPS), and perioperative myocar-
dial infarction.

Plaque characteristics, cerebral blood flow (CBF) in the
affected cerebral hemisphere, and concomitant coronary
artery disease prior to CAS are all important to assess the
risks of these complications and are routinely evaluated.

Tailored CAS is planned based on findings of preopera-
tive evaluation, as follows. (1) If the plaque component is
thought vulnerable, proximal embolic protection methods,
use of a closed-cell-type stent, or referral to CEA should be
considered to avoid embolic complications. (2) If patients
have severe CBF impairment, staged angioplasty is an effec-
tive strategy to prevent postoperative HPS. (3) If concomi-
tant cardiac diseases are present, the optimal treatment
sequence should be discussed between cardiologists and
neurointerventionalists.

These tailored strategies based on preoperative risk evalu-
ations may lead to safer procedures and better clinical out-
come in CAS patients.
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Abbreviations

CAS Carotid artery stenting

CBF Cerebral blood flow

CEA Carotid endarterectomy

CVR Cerebrovascular reserve

HPS Hyperperfusion syndrome

MRA Magnetic resonance angiography
MRI Magnetic resonance imaging

PTA Percutaneous transluminal angioplasty
SAP Staged angioplasty

SPECT Single-photon emission computed tomography
TOF Time-of-flight

Introduction

Recent evidence demonstrates that carotid artery stenting
(CAS) is a valuable therapeutic alternative to carotid endar-
terectomy (CEA) for high-grade carotid stenosis [1, 2].
Hence, the application of CAS instead of CEA is steadily
increasing in Japan [3]. Carotid revascularization including
CAS is usually performed to prevent stroke, and patients
present minimal or no neurological deficits. Thus, utmost
care should be taken to avoid periprocedural complications
when attempting CAS. The major concerns are embolic
stroke, postoperative hyperperfusion syndrome (HPS), and
perioperative myocardial infarction. Herein, we present a
“tailored strategy” for CAS to avoid these complications,

Department of Neurosurgery, Hyogo College of Medicine, and emphasize the importance of preoperative risk
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Preoperative Risk Evaluation

Plaque Characterization

Time-of-flight magnetic resonance angiography (TOF-MRA)
is a simple and reliable method to determine whether the
plaque represents a high risk for embolic complications dur-
ing CAS [4]. A high-intensity signal visualized in the carotid
plaque on TOF-MRA indicates vulnerable plaque characteris-
tics such as intraplaque hemorrhage or severe inflammation.
Furthermore, plaques with a high-intensity signal on TOF-
MRA are significantly associated with new ischemic lesions
detectable by diffusion-weighted magnetic resonance imag-
ing or with postoperative ischemic symptoms [4]. According
to these findings, we select CEA rather than CAS when plaque
is visualized as a high-intensity lesion on TOF-MRA [5].

Measurement of Cerebral Blood Flow

123 N-isopropyl-p-iodoamphetamine single-photon emission
tomography ('**I-IMP SPECT) with an acetazolamide chal-
lenge is performed on all patients who are scheduled for
CAS to measure cerebral blood flow (CBF) and cerebrovas-
cular reserve (CVR) in the affected cerebral hemisphere.
Patients with decreased resting CBF (below 80%) relative to
the contralateral hemisphere and those with impaired CVR
below 20% measured by quantitative '2’I-IMP-SPECT are
considered high risk for postoperative HPS, according to the
SPECT performed after CAS [6].

Screening of Concomitant Cardiac Disease

All patients possibly receiving CAS undergo simultaneous
coronary angiography and cerebral angiography before
CAS, with collaboration between the cardiologist and
the neurointerventionalist [7]. Cardiac ultrasonography
is also performed in all patients who are scheduled for CAS.

Tailored CAS Procedures

Algorithm of Treatment Selection

The algorithm used to select the treatment in carotid stenosis
is shown in Fig. 1. As previously mentioned, all patients
scheduled for CAS undergo quantitative CBF evaluation. In
our institution, if the CVR value is less than 10%, then staged

Carotid stenosis

PTA
(SAP)

High-risk
plaque*

*HIS on TOF-MRA

CEA CAS

Fig. 1 Algorithm used for the selection of treatment in carotid steno-
sis. CVR cerebrovascular reserve on quantitative single-photon emis-
sion computed tomography, PTA percutaneous transluminal angioplasty,
SAP staged angioplasty, HIS high-intensity signal, TOF-MRA time-of-
flight magnetic resonance angiography, CEA carotid endarterectomy,
CAS carotid artery stenting

angioplasty (SAP) is considered. High-risk plaque, visual-
ized by TOF-MRA, is the most important surrogate marker
for predicting perioperative embolism. These cases are sub-
jected to CEA, and CAS should be avoided if the patients
have minimal or no surgical risks.

Selection of Embolic Protection Devices
and Stents to Avoid Embolic Complication

Several kinds of embolic protection devices such as the filter,
distal balloon, proximal protection device, and stents are cur-
rently available. Several randomized-controlled trials have
compared the efficacy of each embolic protection method,
revealing significantly fewer embolic complications when
proximal protection devices were used compared to distal
filter protection devices [8—10]. In contrast to embolic pro-
tection devices, a few reports have investigated the relation-
ship between stent design and embolic complications [11].
Although little empirical evidence is available, embolic com-
plications tend to be less frequent when a closed-cell stent is
used. We present the following suggestions for performing
CAS more safely, especially in cases involving high-risk
plaques. (1) Proximal protection is considered better than
distal filter protection to avoid embolism during CAS proce-
dures. (2) The closed-cell stent design enables better plaque
coverage than open-cell design, which may lead to a reduced
risk of embolism. (3) Modest pre- and postdilatation may be
atraumatic procedures for fragile plaque.
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Fig. 2 A 71-year-old male presented with recurrent stroke caused by
right carotid stenosis. (a) Antero-posterior view of preoperative right
carotid angiogram (CAG) showed NASCET 75% stenosis at the origin
of right internal carotid artery. (b) The plaque was visualized as high
intensity by time-of-flight magnetic resonance angiography. Under
proximal protection using Mo.Ma system with flow reversal, (¢) percu-

Staged Angioplasty to Prevent
Postoperative Hyperperfusion Syndrome

Despite the low incidence of this complication, HPS includ-
ing potential risk of subsequent intracranial bleeding is rec-
ognized as the most serious complication following carotid
revascularization. Even in patients without subsequent intra-
cranial bleeding, the prognosis worsens significantly after
HPS. We previously reported the efficacy of SAP using
undersized percutaneous transluminal angioplasty (PTA)
followed by CAS to prevent postoperative HPS [12].
Technical tips for staged angioplasty are as follows: (1) In
the first session, it would be ideal to use a PTA balloon with
a diameter <3.0 mm. (2) The appropriate interval between
PTA and CAS seems to be 1-3 weeks. (3) CAS should be
performed in the usual manner. (4) CBF measurements must
be performed immediately after each procedure to detect
cerebral hyperperfusion phenomenon.

Representative Cases

Case 1

A 71-year-old male presented with recurrent stroke resulting
from right carotid stenosis defined as NASCET 75%
(Fig. 2a). He had concomitant unstable angina requiring
intervention and was referred to our institution for CAS. TOF-
MRA clearly demonstrated a high-intensity plaque at the ste-
notic site (Fig. 2b). We used Mo.Ma Ultra proximal protection
device (Medtronic Inc., Santa Rosa, CA, USA) with a flow

taneous transluminal angioplasty, followed by (d) Carotid Wallstent®
placement. (e) Postoperative CAG showed no abnormalities within the
stent, although small residual ulceration was noted outside the stent.
(f) Intravascular imaging using optical coherent tomography revealed
no abnormalities within the stent

reversal method. Predilatation was performed using a 3.5 mm
diameter PTA balloon, after which a 10 x 31 mm Carotid
Wallstent® (Boston Scientific Corp., Natick, MA, USA), a
closed-cell stent, was placed. The stenotic site was adequately
dilated, and a postoperative angiography showed no abnor-
malities within the stent (Fig. 2c—e). Intravascular imaging
using optical coherent tomography also detected no abnor-
malities within the stent (Fig. 2f). This intravascular imaging
can be very helpful to detect in-stent plaque protrusions or a
thrombus [13]. These procedures yielded a successful course
of treatment and no perioperative complications occurred.

Case 2

An 84-year-old female suffered recurrent transient ischemic
attacks of right hemiparesis and aphasia despite maximal
medical treatment, including dual antiplatelet agent and
statin. She was referred to our institution for CAS. Her left
carotid angiogram showed severe stenosis defined as
NASCET 90% (Fig. 3a). TOF-MRA revealed no evidence of
high-risk plaque at the stenotic site. CVR value estimated by
quantitative SPECT with acetazolamide was —2.6% in the
left frontal region after administration of acetazolamide
(Fig. 3b). As she was considered to be at risk for HPS after
CAS, we selected SAP. She underwent PTA first. We created
proximal protection using a 9-French guiding catheter with
an occlusion balloon (Optimo; Tokai medical products,
Aichi, Japan) and another occlusion balloon (Guardwire
Plus; Medtronic Inc.) with a flow reversal system. Then, a
2.5-mm semicompliant PTA balloon was inserted into the
stenotic lesion and inflated (Fig. 3c). Following angioplasty,
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Fig. 3 An 84-year-old female presented with recurrent transient isch-
emic attacks caused by left carotid stenosis. (a) Lateral view of preop-
erative left carotid angiogram (CAG) showed NASCET 90% stenosis at
the origin of the internal carotid artery. (b) The cerebrovascular reserve
(CVR) value estimated by quantitative single-photon emission com-
puted tomography (SPECT) with acetazolamide challenge was —2.6%
in the left hemisphere. (¢) Under proximal protection with flow rever-
sal, percutaneous transluminal angioplasty (PTA) was performed using
a 2.5 mm diameter semicompliant balloon. (d) The SPECT taken

the stenosis improved from 90% to 75%. The SPECT
acquired immediately after the procedure revealed improve-
ment of the CBF in the left hemisphere and no hyperperfu-
sion (Fig. 3d). Thirteen days later, '*I-IMP SPECT with
acetazolamide showed improvement of the CVR in the
affected hemisphere (Fig. 3e). CAS was performed under
the same protection system 2 weeks after the first session
(Fig. 3f, g). The 'I-IMP SPECT obtained immediately after
CAS showed no hyperperfusion phenomenon (Fig. 3h). She
did not develop HPS or any symptoms from ischemia in
each periprocedural period, and was discharged with no
neurological deficits.

immediately after the PTA revealed improvement of the CBF in the left
hemisphere and no hyperperfusion. (e) The SPECT obtained 13 days
after PTA showed normalization of the CVR in the affected hemi-
sphere. Carotid artery stenting (CAS) was performed 2 weeks after
PTA. Pre-CAS (f) and post-CAS (g) left CAG showed that the complete
dilatation of stenotic site was obtained after CAS. (h) The SPECT

obtained immediately after CAS showed no hyperperfusion

phenomenon

Discussion

The major concerns associated with carotid revascularization
are neurological complications such as embolic infarction or
cerebral HPS. Thus, the evaluation of the CBF in the affected
hemisphere and the analysis of the characteristics of the
plaque are key elements to assess the risks for these compli-
cations. We believe that a tailored strategy (for CAS) based
on risks evaluation may contribute to improve CAS safety.
The reported incidence of development of new ischemic
lesions (detectable through diffusion weighted-MRI) is more
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than five times higher after CAS than after CEA [14].
Vulnerable plaque characteristics including intraplaque hem-
orrhage or lipid-rich core are associated with an increased
number of emboli after CAS [15]. Tailored CAS strategies,
such as use of proximal protection devices or closed-cell
stents, may help reduce the incidence of periprocedural
embolism, especially in patients with high-risk plaques.
Indeed, the concept of tailored CAS is widely accepted in
Japan, and is considered to contribute to excellent treatment
results [3, 16].

Cerebral HPS is the most serious potential complication
after carotid revascularization. The prognosis of this condi-
tion is poor although the incidence of intracranial hemor-
rhage caused by HPS is relatively low [17]. Development
of HPS is also associated with the risk of persistent cogni-
tive impairment. In our experience, SAP by undersized
PTA followed by regular CAS is an effective method to pre-
vent HPS, although it does require multiple sessions.

Screening for concomitant cardiac disease prior to CAS is
essential, as patients with severe aortic valve stenosis must
be excluded from CAS. Approximately half of the patients
who schedule a CAS have concomitant coronary artery dis-
ease [7]. Thus, screening of concomitant cardiac disease by
cardiac US and coronary angiography and consultation with
a cardiologist prior to CAS is of importance.

Conclusion

The proposed tailored strategy for CAS is based on preop-
erative risk evaluation. Plaque characterization, CBF evalua-
tion, and screening for concomitant cardiac diseases prior to
CAS are critical, whose pretreatment analysis is important to
avoid periprocedural complications.

Conflict of Interest We declare that we have no conflict of interest.
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Abstract Preoperative embolization is complementary to
surgery for large brain arteriovenous malformations (AVMs).
From January 2005 to December 2015, 69 patients harbor-
ing an AVM were managed in our department by the same
surgeon (RG). Forty one were ruptured and 65 were supra-
tentorial. Thirty nine smaller AVMs were treated with sur-
gery stand-alone, whereas, for 30 larger malformations,
surgery was combined with adjuvant treatment involving
preoperative staged embolization and/or, less frequently,
radiosurgery. In all patients treated with surgery alone, com-
plete resection of AVM was achieved. A successful preop-
erative partial endovascular obliteration of AVM was
obtained in 24 out of 27 more complex cases, with a zero
mortality rate and a very low morbidity. Here, embolization
was of a certain utility in the handling of deeper feeders and
nidus excision, also facilitating intraoperative hemostasis. In
three cases of residuals, radiosurgery was performed. In
those patient treated with a combined approach, a good
overall outcome, 0—2 modified Rankin Scale (mRS), was
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achieved in 25 cases. Preoperative embolization proved to
be a reasonable option complementary to high-grade AVMs
surgery, reducing the frequency of breakthrough hemor-
rhages, aiding the elimination of deep feeders, and making
the nidus dissection easier.

Keywords AVMs embolization - AVMs surgery - Brain
AVMs - Intracranial arteriovenous malformations - Onyx
embolization

Introduction

Brain arteriovenous malformations (AVMs) are complex,
dynamic structures composed of a network of abnormal
arteries and veins lacking a capillary bed and eventually
resulting in high-flow arteriovenous shunts. Each AVM is
different in location, size, involvement of eloquent areas,
angio-architecture, and flow characteristics and so always
represent challenging lesions. AVMs are congenital and
most often nonfamiliar. Clinical onset is usually related to
seizures and/or spontaneous cerebral hemorrhage; head-
ache and focal neurological deficit may also be seen. It has
been estimated that the yearly risk of hemorrhage related
to an untreated AVM ranges between 2 and 4%, with a
mortality of 18% [1, 2]. Nowadays, treatment options for
AVMs include microsurgical resection, endovascular
embolization, and radiosurgery. These modalities may be
used alone in smaller lesions or in various types of combi-
nations for high-grade ones. The literature indicates that
an incomplete treatment of an AVM is not only unhelpful
but also increases the risk of bleeding up to four times [3,
4], and therapy must aim for a complete exclusion of the
lesion. This study report experience gained over 10 years
in the surgical management of this complex pathology,
focusing on the combined endovascular-surgical treatment
of high-grade AVMs in the brain in terms of usefulness and
limits.
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Materials and Methods

Between 2005 and 2015, a cohort of 83 patients harboring an
AVM were managed in our department and retrospectively
reviewed. All AVMs were classified according to the Martin—
Spetzler classification system [5] and AVM volume was
calculated with the method described by Pasqualin et al.
(V = width x height x length x 0.52) [6]. All the patients
underwent four vessels brain digital subtraction angiography
(DSA) and, in selected cases of cortical AVM, a further
detailed study of both external carotid arteries was carried
out. T1- and T2-weighted conventional MRI with angio-
MRI sequences was obtained in all patients. Functional MRI
was performed on all patients harboring lesions in eloquent
areas. A preoperative neurophysiological baseline assess-
ment was also performed on all patient candidates for neuro-
physiological intraoperative monitoring with evaluation of
motor evoked potentials (MEP) and somatosensory evoked
potential (SSEP). All endovascular procedures were per-
formed using ethylene-vinyl alcohol copolymer (Onyx) with
a viscosity index of 18 cP [centipoise]. In multistaged embo-
lizations, the time interval between each was 10—15 days and
the surgical step was carried out after 7-10 days from the last
embolization. Surgical approaches were tailored for each
lesion according to site, size, and AVM architecture. Outcome
evaluation was expressed as modified Ranking Score (mRS).

Results

Out of 83 AVMs, 69 patients were surgically managed. In 27
selected cases, a single or multistaged preoperative emboli-
zation was performed. Eighteen patients were males and 9
females, age between 16 and 55 years (mean 34 years). All
27 AVMs were supratentorial. Three patients harbored a
Spetzler—Martin (SM) grade V AVM, 8 patients grade I'V, 13
patients grade III, and 3 patients grade II. The volume of the
malformations ranged between 5.3 and 29.6 mL (mean
14 mL). Hemorrhagic onset was seen in 14 cases (52%). In
the remaining 13 cases of unruptured AVMs, epilepsy was
the only symptom in 6 cases and headache in 4 cases. In
three cases the AVM was an incidental finding. One patient
was pretreated 2 years before with partial embolization of a
left frontotemporal SM IV AVM and was admitted to our
department because of a left frontotemporal intraparenchy-
mal hemorrhage. The mean number of embolizations was
1.6 (range 1-3), thus achieving an obliteration rate ranging
between 35 and 90%. Angiographic results showed an aver-
age obliteration rate of 61% of the entire volume of the
AVMs (range 20-90%). After the last endovascular stage but
before surgery, three minor neurological deficits, consisting
of a slight nondisabling hemiparesis, were observed. In the
remaining 24 patients, neurological status was unchanged.

The overall mortality related to the embolization was zero.
As planned, all 27 patients underwent surgery, achieving a
complete excision in 24 AVMs. Postoperative angiography
was performed in all patients at 6-month follow-up. Ten
patients with SM IV-V grade underwent an early postopera-
tive angiography during the same recovery, before discharge.
No relapsed AVMs were evident. During surgery, preopera-
tive embolization proved very useful to manage the deeper
feeders of the AVM, made nidus excision easier, and, finally,
facilitated the hemostasis leading to a reduced blood loss
(explicative cases are reported in Figs. 1 and 2). In three
cases of residuals, documented by angiography, patients
were referred to radiosurgery. A good overall outcome, 0-2
modified Rankin Scale (mRS), was achieved in 25 patients,
14 of whom suffered from intraparenchymal hemorrhage. A
moderate disability (3 mRS) was seen in two hemorrhagic
patients. Improved outcomes were especially evident for
ruptured AVMs. Two patients with grade IV SM AVM suf-
fered from a worsening, and one patient with a grade V AVM
improved (Table 1).

Discussion

Treatment for a patient diagnosed with an AVM must be tai-
lored according to the natural history of this complex pathol-
ogy, considering several factors such as patient’s age,
comorbidities, neurological status, site and size of lesion,
involvement of eloquent areas, and presence of symptoms
attributable to the AVM. Another factor to consider is the
intrinsic complexity of the proposed treatment option that,
especially for high-grade AVMs, frequently consists of com-
bined approaches. Suppression of seizures and the elimination
of the bleeding risk are the main goals of the treatment,
achievable only with the complete excision of the
AVM. Despite the evolution of endovascular techniques, now-
adays microsurgery still plays the most important role in the
management of these lesions, because embolization has not
gained for AVMs the same role achieved for aneurysms.
Surgery is considered the best treatment for small and
medium-sized AVMs, especially when superficial and located
in noneloquent areas (SM grades I and II). Surgery is also the
best treatment option for low-grade ruptured or symptomatic
lesions in eloquent areas. For high-grade AVMs (SM grade
MI-IV-V), a multidisciplinary approach based on microsur-
gery, embolization, and radiosurgery is often chosen. In 1990,
Taki and Terada first proposed embolization of an intracranial
AVM with ethylene vinyl alcohol containing embolic agents
(Onyx), thus starting the modern era of neuroradiological
intervention for brain AVMs [7, 8]. Although some series
claim Onyx embolization alone to be a curative option for
low-grade brain AVMs (SM I-II) [9-11], it has been shown
that the sole endovascular approach is frequently ineffective
and even associated with increased morbidity [12—14].
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Fig. 1 Male, 43 years old, with history of seizures. Anterior and lateral
projections of a four-vessel DSA showing a left fronto-parietal SM grade
V, unruptured AVM (a). Patient underwent three consecutive procedures
of embolization with Onyx (b—d). Preoperative DSA showed an oblitera-

Fig.2 Male, 52 years old, with history of headache. Anterior and lateral
projections of a four-vessel DSA on admission showing a left mesial pari-
etal lobe SM grade 1V, unruptured AVM (a). Patient underwent two con-
secutive procedures of embolization with Onyx, achieving an obliteration

tion percentage of 70% (e). Intraoperative pictures showing the superficial
aspect of the lesion (f), its removal (g), and the surgical field at the end of
the procedure, with the complete excision of the AVM (h). Sixth-month
post-operative DSA documented the complete removal of the lesion (i)

rate of 50% (b, ¢). The lesion was exposed through a right posterior inter-
hemispheric trans-falcine approach (d) and the nidus was isolated and
completely removed (e, f). Postoperative anterior and lateral projection of
a four-vessel DSA documented the removal of the lesions (g)
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Moreover, a partial palliative treatment of an AVM with
embolization alone should always be avoided because it seems
to increase the early and long-term risk of bleeding [3, 4].

In the authors’ experience, embolization can be consid-
ered as complementary to surgery for high-grade AVMs. It
should be noted that the unique on-label indication of approval
by the Food and Drug Administration for Onyx, in the United
States is, indeed, for the preoperative embolization of these
lesions [15]. The rationale for its use is the ability to avoid, or
at least reduce, the frequency of breakthrough phenomena
and the hyperemic complications that may follow the single-
stage excision of large high-flow malformations [16, 17]. The
major benefit of embolization is the elimination of deep feed-
ing arteries thought to be the limiting factor in the morbidity
and surgical resectability of large AVMs [17, 18]. It also facil-
itates hemostasis, reducing intraoperative blood loss and
making nidus dissection easier [19]. Some drawbacks must
also be considered. First, preoperative embolization may
increase the risk of hemorrhage and further hemodynamic
complications. These complications can be avoided if the
obliteration of the AVM is pursued with a progressive decrease
of the flow inside the AVM by means of two or more different
procedures (staged embolization). Besides, the effects of pre-
operative embolization do not last both because the feeders
may reopen and because new feeders can be recruited. This
aspect reveals a scheduled, not long-lasting window between
the embolization procedures (no more than 2-3 weeks) and
between the last embolization and surgery (no more than
7-10 days). Finally, the embolization of large superficial
feeders may cause the recruitment or enhancement of the
deeper feeders, eventually making surgery more difficult.

The authors reserved radiosurgery to two cases of grade
IV and one case of grade III AVM characterized by a small
postoperative residual of nidus.

The herein presented data suggest that staged preopera-
tive embolization is a safe and useful adjunct tool in the sur-
gical management of both ruptured and unruptured
high-grade AVMs.

Conflict of Interest Statement The authors have no conflict of interest.
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Abstract Background. This study aimed to evaluate the
selection and outcomes of multimodal interventional treat-
ment for unruptured brain arteriovenous malformations
(uAVMs) in ARUBA-eligible patients in a single
institution.

Methods. We retrospectively reviewed the data of 94
patients with uAVMs treated between 2002 and 2014. They
were divided into an intervention group and a conservative
group. The primary outcome was defined as the composite of
death or symptomatic stroke. Functional outcome was
assessed using the modified Rankin Scale (mRS).

Results. The intervention and conservative groups
included 75 and 19 patients, respectively, with mean follow-
up periods of 59.2 +41.6 and 72.8 + 39.2 months (P = 0.20),
among whom the primary outcome occurred in 9 (12.3%)
and 3 (17.6%) patients, respectively (P = 0.91). The propor-
tion of patients with an mRS score > 2 at last follow-up was
not significantly different between the two groups (6.9% vs.
11.7%). In the intervention group, the incidence of death or
stroke was lower and functional outcomes were better among
patients with grade I/Il AVMs than among patients with
grade III AVMs.

Conclusion. For patients with uAVMs, interventional
treatment is not inferior to medical treatment alone, and
careful selection should be made for patients with grade III
AVMs.
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management - Stroke - Unruptured brain arteriovenous
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Introduction

The optimal management of unruptured arteriovenous mal-
formations (uAVMs) is controversial. Currently, A
Randomized trial of Unruptured Brain Arteriovenous
Malformations (ARUBA) is the only prospective random-
ized controlled study concerning this issue, which concluded
that medical management alone is superior to medical man-
agement with interventional therapy for the prevention of
death or stroke [1]. Several reports have documented the
problems of this study, such as inappropriate study design,
recruitment bias because of the low enrollment rate, short
follow-up period, and inadequate surgical strategy [2, 3].

In our institution, interventional treatment of AVMs, includ-
ing surgical resection, embolization, and radiosurgery, is car-
ried out in a single neurosurgical department. Our therapeutic
principles for uAVMs are as follows: (1) Younger patients or
symptomatic cases with uAVMs are thought to be candidates
for intervention. (2) Radiosurgery is primarily considered for
eloquent lesions. (3) Surgical resection is considered in cases
of superficial lesions distal to, or sometimes near or within,
eloquent areas. (4) Transarterial embolization is either a presur-
gical or a preradiosurgical option to obliterate deep feeders dif-
ficult to reach surgically, to utilize embolization materials as
intraoperative landmarks, or to reduce volume.

This study aimed to evaluate the selection and outcomes
of multimodal interventional treatment for uAVMs in
ARUBA-eligible patients in a single institution.

Materials and Methods

Study Population

This was a single-center, retrospective cohort study. Among
consecutive patients who were admitted to our institute with
a diagnosis of AVMs between April 2002 and March 2014,
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ARUBA-eligible patients were enrolled. ARUBA inclusion
and exclusion criteria were used to define ARUBA eligibil-
ity. Inclusion criteria were patients aged 18 years or older
and uAVMs diagnosed by standard neurovascular imaging
protocols with a modified Rankin Scale (mRS) score of 0 or
1 at examination [1]. Exclusion criteria were the same as
those used in the ARUBA study. Patients’ baseline character-
istics, therapeutic strategies, and clinical outcome were
obtained by reviewing medical records. Patients were divided
into two groups—intervention group or conservative group.
Interventional therapy was defined as microsurgical resec-
tion, transarterial embolization, or radiosurgery. Conservative
treatment included medical treatment for seizure or other
comorbidities.

Outcomes and Follow-Up

The primary outcome was time to the composite event of
death from any cause or symptomatic stroke. Stroke was
defined as a clinically symptomatic event associated with
imaging findings, hemorrhage, or infarction and poor func-
tional outcome as clinical impairment at last follow-up with
an mRS score of 2 or higher. The follow-up period was
counted from the day of last elective surgery in the interven-
tion group and at discharge from the hospital for observation
in the conservative group.

Therapeutic Procedures

Microsurgical resection was performed with neurophysio-
logical monitoring, indocyanine green videoangiography
[4], or intraoperative cerebral angiography. Endovascular
embolization was conducted using two liquid embolic
agents, Onyx (ev3 Neurovascular, Irvine, California), and
N-butyl-2 cyanoacrylate. Single or multiple sessions of
embolization were conducted before surgical resection or
radiosurgery. The final session was performed within 48 h
before surgery. Radiosurgical treatment was performed with
the Gamma Knife (Elekta, Stockholm, Sweden).

Statistical Analysis

Continuous variables are presented as mean + standard devi-
ation. Categorical data are reported as frequencies (percent-
ages). Categorical variables were compared by Fisher’s exact
test. The two-sided unpaired t-test and Mann—Whitney U test

were used to analyze normally and nonnormally distributed
continuous variables, respectively. The rates of stroke or
death in the intervention and conservative groups were com-
pared using Kaplan—Meier survival analysis and the log-rank
test. Cox proportional-hazards regression models were used
to estimate hazard ratios (HR), adjusting for size of nidus,
eloquence, venous drainage, patient age, and sex. We com-
pared the proportion of patients with mRS score of 2 or
higher at last follow-up in the intervention and conservative
groups with Fisher’s exact test. In the intervention group, a
subgroup analysis was carried out to compare the outcome
between Spetzler—Martin grades I/IT and III cases. Statistical
significance was defined as a P values <0.05. Analyses were
performed with the JMP software package (version 11.0.0;
SAS Institute, Cary, NC).

Results

Between April 2002 and March 2014, 270 patients aged
18 years or older with suspected AVMs were admitted to
our institute. Among them, 94 patients with uAVMs were
included in this study (Fig. 1). Seventy-five patients
(79.8%) were assigned to the intervention group, and 19
patients (20.2%) to the conservative group. Table 1 sum-
marizes the baseline characteristics of the study cohort.
The mean age was significantly younger (40.8 + 13.9 vs.
48.4 = 18.4, P = 0.049), the frequency of females was sig-
nificantly higher (41.3% vs. 15.7%, P = 0.02), and the pro-
portion of eloquent lesions was significantly lower (42.7%
vs. 68.4%, P = 0.044) in the intervention group than in the
conservative group.

Clinical Outcomes

The mean follow-up period was 65.9 + 40.1 months in the
entire study cohort, 64.2 + 40.4 months in the intervention
group, and 72.8 + 39.2 months in the conservative group
(P =0.20). A total of 12 patients had a stroke or died during
the follow-up period (12.8%). This primary outcome was
observed in nine patients (12.3%) in the intervention group,
all with intracranial hemorrhage, three of whom died, and
in three patients (17.6%) in the conservative group, all with
intracranial hemorrhage. Using Kaplan—-Meier survival
analysis and the log-rank test, there was no significant dif-
ference in the rate of death or stroke, either in the first
5 years (P = 0.18) or over the entire follow-up period
(P =0.91) between the two groups (Fig. 2). Cox regression
analysis revealed that the HR of the intervention group
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Fig. 1 Participant flow. AVM arteriovenous

malformation 270 Patiens, aged > 18 years

admitted with suspected AVMs
April 2002-March 2014

149 Ruptured AVMs

121 Unruptured AVMs

27 Excluded
6 Prior interventional therapy
4 Insufficient medical record
3 Not diagnosed as AVM
6 Follow-up period of <30 days
2 Multiple-foci AVMs
6 Baseline mRS score of >2
94 Enrolled
Y Y
Intervention group Conservative group
75 19
Table 1 Baseline clinical characteristics of the study cohort
Total N =94 (%) Intervention group N =75 (%) Conservative group N = 19 (%) P value
Age 423 +15.1 40.8 +13.9 484+ 184 0.049
Female sex 34 (36.1) 31 (41.3) 3(15.7) 0.029
Clinical presentations 0.91
Seizure 24 (25.5) 19 (25.3) 5(26.3)
Focal deficits 1(1.1) 1(1.3) 0
Asymptomatic 69 (73.3) 55(73.3) 14 (73.6)
Modified Rankin score 0.16
0 53 (56.3) 45 (60.0) 8 (42.1)
1 41 (43.6) 30 (40.0) 11(57.9)
Spetzler—Martin grade 0.47
1 23 (24.4) 19 (25.3) 4(21.1)
11 37 (39.4) 32 (42.7) 5(26.3)
I 27 (28.7) 19 (25.3) 8 (42.1)
v 6(6.4) 4(5.3) 2 (10.5)
v 1(1.1) 1(1.3) 0
AVM morphology
Maximum size >3 cm 32 (34.1) 24 (32.0) 8 (42.1) 0.40
Eloquent location 44 (46.8) 32 (42.7) 13 (68.4) 0.044
Deep venous drainage 32 (34.4) 26 (35.1) 6(31.6) 0.77
Lobar 83 (88.3) 67 (89.3) 16 (84.2) 0.31

Infratentorial 8 (8.5) 5(6.7) 3(15.7) 0.26
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Fig.2 Kaplan-Meier survival 1.0
estimates of any death or Intervention group
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compared with the conservative group was 2.34 (95% con-
fidence interval [CI], 0.59-11.9) in the entire follow-up
period (P = 0.23). Poor functional outcome at last follow-up
was observed in five patients (6.9%) in the intervention
group and two patients (11.7%) in the conservative group
(P =0.50) (Table 2).

Subgroup Analysis in the Intervention Group

In the intervention group, 14 patients (18.7%) underwent
resection and 61 (81.3%) radiosurgery. Pretreatment emboli-
zation was conducted in ten of the patients who underwent
resection (71.4%) and two who underwent radiosurgery
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Table 2 Proportion of patients who had a stroke, died, or had poor
functional outcome

Intervention Conservative
Total group groupN=19 P
N=9%4 (%) N=75%) (%) value
Mean follow-up 0.20
period (months) 659 +40.1 642+404 72.8+39.2
Symptomatic 12 (12.8) 9(12.3) 3(17.6) 0.91
stroke or death
Hemorrhagic 12 (12.8) 9(12.3) 3(17.6)
stroke
Death 3(3.2) 1(4.0) 0
mRS > 2 atlast 7 (7.4) 5(6.9) 2(11.7) 0.50
follow-up

(3.3%). There were no cases of embolization alone. Surgical
resection was performed on 21.6% of patients with Spetzler—
Martin grade I/Il AVMs and 15.8% with grade III AVMs. By
contrast, all the patients with grade IV/V AVMs were treated
with radiosurgery. The incidence of death or stroke was
lower and functional outcomes were better among patients
with grade I/Il AVMs than among patients with grade III
AVMs (4.1% vs. 20%, log-rank P = 0.007; HR 0.12, 95% CI
0.01-0.65, P =0.014, and 2.0% vs. 15.7%, P = 0.04, respec-
tively) (Fig. 3).

Complete AVM obliteration was documented by catheter
angiography in 92.9% of cases after resection. One patient
had incompletely resected AVM. Regarding radiosurgery,
complete obliteration at 3 years was documented by either
catheter angiography or MR angiography in 72.3%.

Discussion

This study demonstrated the following in 94 ARUBA-eligible
patients with uAVM. (1) Interventional treatment was
selected in almost 80% of cases, with 20% involving surgical
resection and 80% gamma-knife radiosurgery. (2)
Interventional treatment was not inferior to medical treatment
alone, either in the incidence of any death or symptomatic
stroke followed up for 66 months or in the proportion of
patients with a mRS score > 2 at last follow-up. (3) In the
intervention group, the incidence of death or stroke was
lower and functional outcomes were better among patients
with grade I/II AVMs than among those with grade III AVMs.

In this study, the incidence of any death or stroke in the
intervention group was 12.3%, which dropped to 4.1% in
patients with Spetzler—Martin grade I/Il AVMs. These rates
appear to be superior to those of the ARUBA interventional
therapy group, and relatively comparable to those of the
ARUBA medical management group (36.7 and 30.8%, 8.0
and 4.2%, as treated, respectively) [1], in spite of the longer

follow-up. Our surgical results for ARUBA-eligible patients
are comparable with those of other institutions [5, 6], and not
in conflict with the recent reports of good surgical outcomes
for AVMs of Spetzler—Martin grades I/II [7, 8]. As reflected
in our therapeutic principles, correct choice of resection or
radiosurgery with curative intent and adjunctive use of trans-
arterial embolization are considered key factors for a good
surgical outcome. Based on this study, careful selection
should be made for patients with grade III AVMs to optimize
the surgical outcomes.

This study has several limitations. First, selection bias
may exist because of the nonrandom choice of treatment and
the retrospective nature of the study. The length of the study
may also have influenced selection bias. However, a unified
treatment strategy was adopted throughout the study, and
long-term follow-up was achieved in a single institution.
Second, the study population was small, especially for the
conservative group, and there were significant differences in
age and sex between the intervention and conservative
groups. These factors may have reduced the statistical power
to analyze the differences between therapies, but it reflects
the results of our therapeutic selection over a 10-year period
in Japan.

The ARUBA study was important for demonstrating the
medical outcomes of uAVMs, with a spontaneous rupture
rate of 2.2% per year not predicted by Spetzler—Martin grade.
With appropriate selection of patients and low surgical mor-
bidity, multimodal interventional treatment for uAVMs could
overcome those outcomes of long-term management.

Conclusion

This study found that for patients with uAVMs, interven-
tional treatment is not inferior to medical treatment alone
over a long-term follow-up. Multimodal interventional treat-
ment exhibited good outcomes, especially in patients with
Spetzler—Martin grade I/Il AVMs. However, careful selec-
tion is required for patients with grade III AVMs. With
appropriate selection of patients and low surgical morbidity,
multimodal interventional treatment for uAVMs might be an
optimal therapy for long-term management.
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Falcotentorial Location of Dural Arteriovenous Fistulas
Derived from the Neural Crest as a Risk Factor for Aggressive

Clinical Course

Michihiro Tanaka

Abstract The topographical distribution of dural arteriove-
nous fistulas (DAVFs) was analyzed based on the embryologi-
cal anatomy of the dural membrane. Sixty-six consecutive
cases of intracranial and spinal DAVFs were analyzed based
on the angiography, and each shunt point was identified
according to the embryological bony structures. The area of
dural membranes was categorized into three different groups:
a ventral group located on the endochondral bone (VE group),
a dorsal group on the membranous bone (DM group), and a
falcotentorial group (FT group) in the falx cerebri, tentorium
cerebelli, falx cerebelli, and diaphragma sellae. The FT group
was derived from the neural crest and designated when the
dural membrane was formed only with the dura propria (men-
ingeal layer of the dura mater) and not from the endosteal dura.
Olfactory groove, falx, tent of the cerebellum, and nerve sleeve
of spinal cord were categorized in the FT group, which pre-
sented later in life and which had a male predominance, more
aggressive clinical presentations, and significant cortical and
spinal venous reflux. The FT group was formed only with the
dura propria that was considered as an independent risk factor
for aggressive clinical course and hemorrhage of DAVFs.

Keywords Dorsal mesoderm - Dura propria - Dural arterio-
venous fistulas - Endochondral bone - Membranous bone -
Neural crest - Paraxial mesoderm
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Introduction

The most popular classifications of dural arteriovenous fistu-
las (DAVFs) in the literature are hemodynamic classifica-
tions based on angiographic findings [1-3]. Geibprasert
et al. [4] reported a new classification for DAVFs based on
craniospinal epidural venous anatomy and that significant
differences existed between groups with regard to biological
and/or developmental characteristics according to the epi-
dural region [4]. They suggested that DAVFs had heteroge-
neous pathology and that susceptibility to shunt formation
on the surface of dura mater varied according to this classifi-
cation. The shunt point of DAVFs is usually located on a
certain area of dural membrane, such as the transverse sig-
moid sinus, carotid cavernous sinus, cribriform plate of the
olfactory groove, falcotentorial surface, and anterior condy-
lar confluence; these areas are vulnerable to DAVF forma-
tion [4—14].

Embryologically, the intracranial dural membrane is
derived from two types of bony structures—endochondral
bone with cartilaginous ossification and membranous
bone based on the intramembranous ossification [6, 7,
13-19].

By contrast, the falcotentorial dural membrane is inde-
pendent from bony structures [13]. This means several dif-
ferent anatomical domains of dural membrane exist. This
study retrospectively analyzed the topographical features of
shunt points on DAVFs in terms of embryological domains
of bony structures corresponding to these two different dural
compartments derived from neural crest and paraxial
mesoderm.

G. Esposito et al. (eds.), Trends in the Management of Cerebrovascular Diseases, Acta Neurochirurgica Supplement, Vol. 129, 121
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Materials and Methods

Sixty-six consecutive DAVFs (32 men and 34 women; age

range 38-80 years; mean age, 68.4 years) were analyzed

with selective and superselective digital subtraction angi-
ography, three-dimensional (3D) rotational angiography,
and high-resolution cone beam computed tomography

(CT). Based on these imaging modalities, each shunt point

was identified and categorized into one of three different

dural compartments related to the embryologic bony
structures:

1. Ventral group of endochondral bone from the dura pro-
pria and osteal dura (VE group)

2. Dorsal group of membranous bone from the dura propria
and osteal dura (DM group)

3. Falx and tent of the cerebellum group only from the dura
propria (FT group)

Patients were diagnosed in our hospital between January
2006 and December 2014. All patients underwent digital
subtraction angiography with selective catheterization to
identify the shunt points. 3D rotational angiography and/or
high-resolution cone beam CT were performed when it was
difficult to identify the precise location of the shunt point.
Each shunt point was plotted on the map of the dural mem-
brane to define the anatomical distribution on its surface. In
the cases of multiple shunts of DAVFs, superselective angi-
ography from the dominant feeder was performed, and the
highest flow compartment was defined as the primary shunt
point.

The topographical distribution was then categorized into
three different domains on the surface of the dural membrane
derived from three different embryological structures, as
follows:

1. VE group: ventral group on the surface of endochondral
bone

The carotid cavernous sinus, sigmoid sinus, and ante-
rior condylar confluence belong to the VE group. This
dural membrane consists of the osteal dura and the dura
propria. (Fig. 1, red area)

2. DM group: dorsal group on the surface of membranous
bone

The transverse sinus, confluence (torcular Herophili),
marginal sinus (dorsal portion), medial occipital sinus,
and accessory epidural sinuses on the dorsal surface of
posterior fossa belong to the DM group. This dural mem-

brane consists of the osteal dura and dura propria (Fig. 1,

yellow area)

3. FT group: falx and tent of the cerebellum group were
defined as the dural membrane that was apart from the
bony structures (Fig. 1, green area)

The olfactory groove (paramedian surface of crista
galli), superior sagittal sinus, tent of the cerebellum,

@ FT group: Falx and Tent of y 7
the cerebellum group derived /,
from neutral crest cells '/

f

® VE group: Ventral
group on the surface \| >
of Endochondral \\ /)
bone

DM group: Dorsal
group on the surface 2 ;
of Membranous bone —

Fig. 1 Embryological classification of DAVFs. FT group is derived
from neural crest. VE group is derived from paraxial mesoderm associ-
aed with endochondral bone. DM group is derived from dorsal meso-
derm associated with membranous bone

cerebral falx, falcine sinus, and inferior sagittal sinus

belong to the FT group. They are derived from part of the

neural crest cells and form the dural membrane that is

apart from the skull base and cranial vault [13-16,

18, 20].

Based on anatomical considerations, the falx and tent of
the cerebellum arise from two folding layers of the dura pro-
pria, distinguishing this group from the other two groups [6,
13, 15]. Spinal cord DAVFs are also categorized in this
group. The shunt point of spinal DAVF is located on the
nerve sleeve that corresponds to the border zone between the
vertebral body (endochondral bone) and the paired laminae
of the vertebra arch (membranous bone). As the FT group is
formed relatively apart from the major bony structures dur-
ing the embryological stage and consists of dura propria
alone, the FT group is independent from both the VE and
DM groups in terms of embryological domain on the dural
membrane. In fact, the spinal dura mater consists only of
dura propria and lacks the periosteal layer of the cranial dura
(Fig. 2).

Clinical manifestations, existence of cortical venous
reflux, angioarchitecture of the terminal feeding arteries,
initial venous outlet, and types of Borden’s classification
were investigated retrospectively. Sixty-two of 66 patients
underwent management via the endovascular approach.
The other four patients underwent only diagnostic angiog-
raphy, which showed no indication for intervention
(Fig. 3).

Statistical data were processed with Stat Plus Rsoftware
(a free statistical analysis application for the Macintosh
operating system). A p-value of less than 0.05 was used to
indicate statistical significance.
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Fig.2 The topographical
character of FT group that
consists only from the dura
propria. Olfactory groove, falx,
tent of the cerebellum, and lateral
spinal dura are derived from
neural crest. Spinal cord is
covered with only dura propria
and there is no periosteal dura in
the spinal canal

Periosteal dura
r 4

Dura -~
propria |

V(i

‘ Falx cerebri

Transverse
sinus
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'« Spinal canal is covered f
with only dura propria

8 FT group: Falx, tent of the cerebellum and lateral surface of
spinal canal group derived from neural crest cells
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Borden I Borden I

B FT (Falx and tent group derived from neural crest cells)
B VE (Ventral group of endochondral bone)
DM (Dorsal group of membranous bone)

Fig. 3 Correlation between the anatomical location of DAVFs and
Borden classification. All of FT group presented with aggressive clini-
cal course

Results

Thirty patients (45.5%) had lesions classified in the VE
group. This group consisted of 8§ men and 22 women, indi-
cating a female predominance (22 of 30 [73%]; P < 0.001).
Mean age was 72.1 years. Shunt points were at the carotid
cavernous sinus in 19 patients, the sigmoid sinus in 8, and
the anterior condylar confluence in 3.

For carotid cavernous lesions, the majority of shunt points
were located at the level of the posterior clinoid processes
that belonged to the endochondral bony structure of clivus.
All these shunt points were localized at the paramedian uni-
lateral posterior compartment of the cavernous sinus rather
than at the midline.

Twenty-one patients (31.8%) had lesions classified to the
DM group. These included 16 patients with transverse sinus
DAVFs and 5 with confluence DAVFs. There was no marked
sex predominance (male: female ratio = 13:8; P = 0.383),
and mean age was 54.5 years.

There were 15 patients (22, 7%) who had lesions classi-
fied to the FT group. These included three patients with
olfactory groove DAVFs, three with cerebellar tentorium
DAVFs, five with superior sagittal sinus DAVFs, and four
with spinal cord DAVFs. There was a strong male predomi-
nance (13 of 15 [87%]; P < 0.001), and mean age was
75.2 years, which was significantly older than the other two
groups (Table 1).

Clinical Manifestations and Cortical Venous
Reflux in Terms of Angiosemiology

In the FT group, 12 of 15 (80%) patients presented with
aggressive clinical symptoms (P < 0.001). There were five
patients with neurological deficit associated with perifocal
edema caused by the cortical venous reflux, three with intra-
cerebral hemorrhage, and four with spinal cord DAVFs who
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Table 1 Correlation of each group and population, cortical venous
reflux, clinical manifestation as the semiology

FT: Falx and
tent of the
cerebellum VE: Ventral group DM: Dorsal
derived from derived from group derived
neural crest paraaxial from dorsal
cells associated  mesoderm mesoderm
with dura associated with associated with
propria endochondoral membranous
(olfactory bone. (cavernous  bone
groove, falx, sinus, anterior (transverse
tentorium condylar sinus, occipital
cerebelli, lateral confluence, sinus,
spinal) sigmoid sinus) confluence)

N (male/ 15 87%/13%) 30 (27%/73%) 21 (62%/38%)

female)

Mean age  65.1 78.4 59.8

(years)

Cortical 93% 37% 52%

venous

reflux

Major Headache, Diplopia, Headache,

symptoms  neurological chemosis, bruit tinnitus
deficit

associated with
venous
infraction,
hemorrhage,
paraplegia
(central
myelopathy)

FT group represented aggressive clinical course

presented with progressive myelopathy. Regarding the
angioarchitecture of this group, the venous outlet of the arte-
riovenous (AV) shunts was independent from the main sinus
and, therefore, 100% of shunt flow created reflux directly
into the pial vein of the brain or spinal cord.

This was the main reason the FT group showed an aggres-
sive clinical course (i.e., Cognar types III, IV, and V, and
Borden’s classification type 3) (Fig. 3).

Discussion

Dural membrane is formed by the following two layers:

1. Dura propria: inner meningeal layer, forming falx cerebri,
tentorium cerebelli continuous inferiorly with the dural
sac of the spinal cord

2. Endosteal dura: outer endosteal layer, continuous via
sutures and foramina with the periosteum
The dural membrane is the outermost tough connective

tissue covering the arachnoid membrane, and it attaches to

the inner surface of the cranial vault and skull base. The dura

mater, arachnoid mater, and pia mater develop from the
meninx primitive, which is one of the meningeal mesen-
chymes containing the mesodermal and neural crest [13, 16,
18, 20]. At the level of the skull, the outer dural layer forms
the inner periosteum of the skull, and the inner dural layer
forms the dural folds (falx and tentorium) containing the
dural sinuses [9, 10, 13, 15]. The cranial dura mater is a
tough, fibrous membrane consisting of two connective tissue
layers: an external periosteal layer and an inner meningeal
layer. These are fused together, except for where the dural
venous sinuses are located (e.g., superior sagittal sinus). The
periosteal layer of the dura mater adheres to the inner surface
of the skull bone and is highly vascular and innervated. The
dura propria (meningeal layer of the dura) is smooth and
avascular and is lined by mesothelium (a single layer of
squamous-like, flattened cells) on its inner surface. At the
foramen magnum (a large opening at the base of the occipital
bone through which the medulla is continuous with the spi-
nal cord), the dura propria joins the spinal dura. The spinal
dura mater consists of only the dura propria and lacks the
osteal dura (periosteal layer of the cranial dura). At the level
of the spinal cord, the dura mater is separated from the peri-
osteum of the vertebral canal by an epidural space. This
means there is no interdural space at the spinal cord level. In
fact, there are no dural sinuses in the spinal canal. The defini-
tion of the craniospinal epidural venous system by
Geibprasert is the venous structures locating in the epimen-
ingeal layer of dural membrane that corresponds to dura pro-
pria [4, 13, 15].

The histology of the dural membrane is affected by the dif-
ferences of bony structures. Both mesenchymal and neural-
crest-derived cells appear to be involved in the formation of
the primary meninx that differentiates during embryonic
development [4, 13, 15, 17, 20]. The tent of cerebellar and
falcine sinus (FT group) is formed in this early stage, but these
develop relatively independently from the bony structure
because the topographical location of the FT group is apart
from the bony structures. The vulnerability of the dural mem-
brane can be presumed and predicted from the process of
development in the early stage of embryo in terms of shunt
formation [13, 18].

Geibprasert et al. reported a new classification of DAVFs
according to the craniospinal epidural venous anatomical
bases and clinical correlations [4]. These investigators intro-
duced three different types of epidural spaces at which the
shunt points are located, the groups of ventral epidural shunts,
of dorsal epidural shunts, and of lateral epidural shunts. They
showed that ventral epidural shunts were linked to the verte-
bral body, basioccipital, sigmoid sinus, petrous pyramid,
basisphenoid (cavernous sinus) and adjacent sphenoid wings,
and related dural structures. Dorsal epidural shunts were
associated with the transverse sinus, occipital sinus, and
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superior sagittal sinus. Lateral epidural shunts were related to
spinal dural AV shunts, marginal sinus (lateral portion of the
foramen magnum) with the emissary-bridging vein to the
condyloid vein, falcotentorial (vein of Galen), petrosal and
basitentorial, sphenoparietal sinus, paracavernous region
(embryonic tentorial sinus remnants), intraorbital shunts, and
lamina cribriformis. Their ventral epidural shunts corre-
sponded to our VE group, and their dorsal epidural shunts
partly corresponded to our DM group. Their ventral epidural
group included the sigmoid sinus, but the sigmoid sinus was
surrounded with membranous bone and was therefore cate-
gorized in the DM group in our classification.

The main difference between their classification and ours
was with regard to lateral epidural shunts. There was some
controversy in that anterior condylar confluence DAVFs
were defined as lateral epidural shunts despite the fact that
the hypoglossal canal belongs to the basioccipital bone that
was categorized as a ventral epidural shunt. We categorized
the anterior condylar confluence DAVFs within the VE group
simply because the shunt points were located at the level of
the hypoglossal canal from endochondral bony structures.
Additionally, there were some common characteristics
between anterior condylar confluence DAVFs and carotid
cavernous DAVFs. Both DAVFs had meningeal dural supply
and intraosseous terminal feeding arteries not usually
observed in the FT group [5, 10-14].

The FT group was defined as an embryological domain of
the dural membrane that consisted of only dura propria and
that was considered as the structures derived from neural
crest cells. This topographical area contained the entire falx,
the tent of the cerebellum, and the dural membrane covering
the nerve sheaths of the spinal cord. The olfactory groove
(lamina cribriformis) also belongs to this system as the most
anterior part of the falx. This concept is consistent with there
being a strong male predominance and symptoms presenting
later in life in patients with spinal cord, olfactory groove, falx
and tent of cerebellum DAVFs among this FT group (Table 1).

Because of the aggressive clinical presentations, it was
evident that transarterial embolization is indicated for the
management of patients in the FT group [2, 5, 8, 12-14].

There are three major weak points of this study. First is
that the vulnerability of dural membrane at the level of inter-
dural space has not yet been proven histologically. Second is
that the initial trigger of shunt formation and its mechanism
are still unknown. Third is that the reason for male predomi-
nance with elder generations in the FT group cannot be
explained. Regardless, characteristics of angioarchitecture
and the natural history of DAVFs could be predicted accord-
ing to classification based on the embryological domains of
intracranial and spinal cord dural membrane. Further investi-
gation of this concept may provide additional information to
clarify the pathoetiology of DAVFs.

Conclusions

The classification presented based on the concept of embryo-
logical domain is useful to clarify the pathoetiology and epi-
demiology of DAVFs. Segmental vulnerability of the dural
membrane might be related to the biological and/or hor-
monal differences influenced by the embryological bony
structures associated with neural crest and paraxial meso-
derm. The falcotentorial location of DAVFs was considered
as an independent risk factor for an aggressive clinical course
and hemorrhage of DAVFs.
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Training of Cerebrovascular Specialists: The Surgeon’s View

Hans-Jakob Steiger

Abstract The key to becoming an expert in a surgical field is
mainly practice and perseverance. The old-fashioned system
of teaching from one older person to a younger one, by sim-
ple demonstration, imitation, and practice, cannot be replaced
in the surgical field by more modern didactic tools. Structured
and explicit concepts, however, can accelerate the learning
process. Structured concepts consist of a system of specif-
ics—for example, types of aneurysms in the field of vascular
pathology—and standard operating procedures. It is impor-
tant to realize that the teaching requirements of the surgical
disciplines differ substantially from those of the conservative
disciplines. The number of procedures performed is probably
the most critical factor for competence. At our center we have
used the target number of 100 microsurgical aneurysm cases
treated under supervision before sufficient competence is
considered to have been achieved for independent surgery.
Following initial training a certain amount of practice is
required to remain current or competent. The proficiency
requirements accepted in aviation could be seen as a guide for
proficiency requirements in neurosurgery. In aviation, a mini-
mum of 12 per year is specified for most critical procedures.

Keywords Cerebrovascular surgery - Training - Teaching -
Training curriculum

Introduction

The key to becoming an expert is—according to Malcom
Gladwell (in Outliers) and Daniel Levitin (in This Is Your
Brain on Music)—perseverance [1, 2]. They propagated the
“10,000-Hour Rule,” claiming that the key to achieving
world-class expertise in any skill is, to a large extent, a matter
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of practicing the correct way, for a total of around 10,000 h.
This perspective puts weight much more on perseverance
than on talent as critical factor for success. As provocative as
the rule may look at first sight, the study of multiple biogra-
phies of successful personalities in all fields—be it arts, sci-
ence, or politics—obviously supports this view. It is, however,
simplistic. There are multiple examples of people doing the
same things for years and remaining at a low level—for
example, a school rock band performing popular songs at the
level of three chords. Ten thousand hours of practice may be
the most important factor, but it is not enough. Just doing
it—unguided practice—Ileads to flat improvement and an
early plateau. Good technical and conceptual guidance accel-
erates progress and improves the final level.

The Master-and-Apprentice Concept

Old-fashioned teaching has always conveyed knowledge and
competence from one generation to the next, frequently from
an older person to a younger one, by simple demonstration,
imitation, and practice (Fig. 1). The advancing complexity of
our world calls for an improved didactic concept to make
learning more efficient. The didactic concepts developed for
teaching knowledge are not sufficient for teaching practical
skills. Here, modern concepts have, rather, emerged from
findings in neuroscience and rehabilitation medicine. A sur-
geon can, by demonstration of a procedure, convey more
technical details than he or she may actually realize.
Correspondingly, the resident may adopt skills by observa-
tion more than he or she cognitively realizes. The concept of
mirror neurons in our brains is an attractive explanation for
these phenomena. These cells were first described in
macaques by the Italian Giacomo Rizzolatti and his cowork-
ers in 1992 [3]. In these investigations it was noticed that
neurons in field F5c of the cerebrum reacted both when cer-
tain target—motor—hand—object interactions were carried out
by the monkey and when the monkey observed the same
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Fig. 1 The traditional tandem
approach to teaching is still the
mainstay of conveying surgical
technique to the next generation.
Not everything conveyed can be
framed in words and sentences,
but a logical framework with
explicit concepts helps to teach
more efficiently

interaction in another animal—or even in a human being.
In 2002 the possibility of a mirror neuron system in
Brodmann’s area 44 was discussed in humans, which was
supposed to be associated with recognition of actions and
imitation. More recently the function of these mirror neurons
has been judged a bit more critically. It is important, at this
point, to note that the teaching requirements of the surgical
disciplines differ substantially from those of the nonsurgical/
noninvasive disciplines—a fact that does not always receive
the necessary consideration.

The Need for Structured Teaching

Just watching an “expert” can teach us to recognize common
events and learn common procedures and manipulations.
There is, however, little doubt that clearly defined learning
objectives and content can accelerate the learning process.
For common procedures, structured concepts probably
accelerate learning, but without such concepts the learning
process also advances, though more slowly and arguably pla-
teauing at a lower level than within a structured teaching
environment.

While they are helpful to teach reactions to common
events, structured concepts are absolutely necessary to convey
recognition of, and responses to, rare events, i.e., emergency
processes. As an illustration, let us consider the following sce-
nario. An apprentice in customs control at the airport learns to
identify smugglers. Illegal importation of cigarettes, alcohol,
and other banned or restricted goods appears to be common
and is done by around 20% of travelers, according to a recent

UK report [4]. Just accompanying an experienced customs
officer may teach the apprentice to identify the look, the gait,
etc., of the most likely smugglers. The smugglers identified
by the experienced officer are the training data set for the nov-
ice. If the problem of terrorism at the airport is considered, the
situation looks entirely different. Terrorists are still extremely
rare. Therefore, the knowledge to identify them cannot be
learned in the same way as that used to identify smugglers.
This situation calls for definition of a risk score based on cer-
tain characteristics. In neurosurgery the same is true for rare
events, including emergencies and disasters.

Teaching Issues

The following three factors are the cornerstones of a frame-
work for effective teaching:

e The training environment

e Teacher dedication

* A structured syllabus (standard operating procedures

[SOPs])

The training environment—also meaning the training cul-
ture or training tradition—is a central aspect. For neurosur-
gery this means essentially that it is acceptable that a
procedure done by a resident under supervision may take
longer, provided that the result is the same as, or better than,
the result achieved by a more experienced surgeon.
Furthermore, teaching must be accepted as important by
staff members. Although teaching dedication varies widely
between hospitals and individuals, once established, a teach-
ing environment survives when faculty members realize the
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mutual benefit of the teaching environment, such as accom-
panying scientific studies and publications.

The question of the need for SOPs has undergone signifi-
cant variations in perspective during the last two decades.
SOPs have appeared progressively since the beginning of the
millennium. They have usually been written after discussion
with the involved parties and review of the evidence. After
publication they have usually been—and still are—put in
some sort of archive, with the implicit expectation that every-
body knows and follows the rules. With the increasing num-
ber of SOPs it has become very clear that this is an illusion.
SOPs cannot replace continuing oral teaching—the teaching
culture. SOPs have some value and should be maintained. In
my experience, SOPs are more important for the people who
have written them than they are for novices. It turns out that
routine procedures tend to drift over the years. This is par-
ticularly common regarding aspects of care where no clear
evidence exists and where no national or international guide-
lines have been formulated. Let us consider the following
example. Our standard initial procedure to treat a cranial
cerebrospinal fluid (CSF) leak is use of spinal drainage for
5 days, except in the presence of accepted contraindications
such as occlusive hydrocephalus. I recently realized that
drainage was prescribed for only 3 days, and I was uncertain
for a second whether we had written “3 days” or “5 days” in
the SOP. The SOP reads “Following CT to exclude occlusive
hydrocephalus and subdural hygroma, a lumbar CSF drain-
age is inserted for 5 days and 6 to 20 mL are drained six
times per day.” Therefore, the SOPs may be, in the end, more
important for the teacher than for the trainee. Oral teaching
during rounds cannot be replaced by SOPs.

Despite the limitations, SOPs are important to establish a
general concept of care beyond the available evidence. Many
things can be written in SOPs that we do not have evidence for
and where multiple ways of doing things may be acceptable.
Here, SOPs help to standardize processes and prevent chaos.

In order to illustrate the value of written standards,
Richard Sennet presented, in his book The Craftsman, the
example of Antonio Stradivari (1648—1737) [5]. Stradivari
had elaborated ingenious techniques to create his violins,
involving special methods of tarnishing, etc. The culture was
lived daily in the atelier, but SOPs were never written up.
After Stradivari’s death the special techniques resulting in
exceptional acoustic quality were forgotten, which is the rea-
son why these violins are still highly valued today.

Regarding Conceptual Structure

In conservative medicine, everything is about decision
making. In a surgical field, half of it is about decision mak-

ing and half is about how to do things. Both scenarios
require analysis and consequences. Analysis requires a
series of criteria—an ontology or classification of situa-
tions and constellations. Therefore, it is important to clas-
sify surgical pathology and intraoperative situations. As an
example, our classification of aneurysm projections will be
considered briefly [6]. On the basis of hemodynamic con-
cepts, we have defined four main projections of the aneu-
rysm dome with regard to the afferent artery. The projection
of the dome determines, to a large degree, specific prob-
lems with the approach and also the manner of clip applica-
tion. For an anterior communicating artery aneurysm, the
classification is as follows (see Fig. 2): type 1 aneurysms
project downward to the optic chiasm and often adhere to
this structure. This is important, since elevation of the
orbital cortex with a brain retractor during the approach
may lead to traction on the aneurysm dome and premature
intraoperative rerupture. Type 2 aneurysms project essen-
tially forward as an elongation of the dominant Al seg-
ment. Although they do not adhere to the chiasm, they lie
within the interhemispheric fissure, and formal splitting of
the fissure between the gyri recti is therefore hazardous
with these aneurysms. The dome of type 3 aneurysms lies
approximately within the plane of the A2 segments.
Although the initial approach is less problematic than with
type 1 and 2 projections, type 3 aneurysms require more
upward dissection and retraction because of the higher
position of the aneurysm neck. Furthermore, type 3 aneu-
rysms are in close vicinity to the perforators originating
from the distal A1 and proximal A2 segments. Type 4 aneu-
rysms lie above the plane of the Al segments and behind
the plane of the A2s. These aneurysms require access to the
neck above the Als, which is between the perforators.
Type 4 aneurysms are also in close vicinity to the hypo-
thalamus, and this structure is hurt by aneurysmal hemor-
rhage and surgical manipulations more easily than with the
other projections. Therefore, type 4 projections are associ-
ated with a less favorable functional outcome than the other
projections.

Because the pre- and intraoperative decisions become
intelligible for the trainee, teaching on the basis of structured
concepts, such as the example mentioned above, is more
efficient.

Cerebrovascular Subspecialty Training
Curricula

In contrast to residencies, for which exact numbers of per-
formed procedures are defined in many countries, the curri-
cula of fellowships most often represent only a list of
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Regarding conceptual structure

Classification of anterior com. artery aneurysms

Fig. 2 Development of explicit criteria for pre- and intraoperative
decisions is necessary for efficient neurosurgical teaching. The exam-
ple here is our classification of anterior communicating artery aneu-
rysms. The classification is based on hemodynamic concepts of

learning objectives. The typical example of a cerebrovascular

fellowship curriculum illustrates this issue. Its learning

objectives are as follows:

e Achievement of competence with treatment decisions for
neurovascular disease

e Familiarization with current guidelines and pertinent key
literature on neurovascular pathology and treatment

e Exposure to a large number of microsurgical vascular
procedures

e Proficiency in interdisciplinary treatment decision mak-
ing with neuroradiological and neurological vascular
specialists

» Participation in laboratory and clinical research

» Participation in undergraduate training together with staff
and fellows from neurosurgery, neurology, neuroradiol-
ogy, and intensive care
It must be assumed that the resulting competence varies

widely from fellowship to fellowship. Although some fel-

lows certainly learn more quickly than others, a framework

with regard to the number of procedures necessary to gain

sufficient competence should be mandatory.

From:
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aneurysm development, suggesting that there are principally dominant
projection angles with regard to the afferent artery. Each of these angles
is associated with specific caveats and details of the approach and clip-
ping method

The Learning Curve of Aneurysm Surgery

Several studies have shown that procedural outcomes are
better at high-volume institutions, possibly because of
greater physician experience (learning) or practice (repeti-
tion). However, there are no reliable numbers with regard to
the personal learning experience necessary to achieve an
acceptable level of competence. Singh and coworkers tried to
analyse the learning curve for endovascular treatment of
unruptured aneurysms [7]. They found that complications
occurred in 53% of the first five cases that each physician
treated, and in 10% of later cases. After adjustment for all
other predictors, the odds of a complication decreased with
increasing physician experience, with an odds ratio of 0.69
for every five cases treated. This would imply that after
20-30 cases an acceptable level of competence is achieved;
that is, the risk associated with personal competence becomes
small compared with aneurysm- and patient-related factors.
Most of us would agree that microsurgical treatment
requires a larger number of procedures than endovascular
therapy to achieve an acceptable level of competence. At our
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Fig. 3 Empirical correlation between the level of competence and the
performed number of microsurgical procedures for brain aneurysms.
The learning curve has the typical characteristics, with a steep initial
phase, followed by a longer period of increasing perfection. The num-
ber needed to achieve sufficient competence depends on the specific

center we have been using the target number of 100 cases
done under supervision before microsurgical aneurysm pro-
cedures are performed independently. At first glance this
number appears high, but since the specific anatomic condi-
tions differ substantially between individual locations, suffi-
cient experience must be gained at all common aneurysm
sites. We estimate that 100 cases are necessary to reach some
80% of the possible competence (Fig. 3).

What to Do with Orphan Procedures

The learning curve to achieve initial competence is one
aspect of practical proficiency. Continuing practice is the
other side. Here, “scientific” analysis is even scarcer than
with regard to the learning curve. Therefore, I have person-
ally used the proficiency requirement accepted in aviation.
Here, for most critical procedures—such as total annual
flight hours as a pilot in command, takeoff and landing car-
rying passengers during the night, instrument approaches,
etc.—a number of 3 per 3 months or 12 annually has been
specified [8]. These numbers for currency are generally con-
sidered low in the community, and it is well known that
higher numbers are necessary for proficiency. Translated to
neurosurgery this would mean that a dozen aneurysm proce-
dures per neurosurgeon and year are necessary, or a dozen
operations for cavernomas or arteriovenous malformations
or dural fistulas or extracranial-intracranial (EC-IC)
bypasses. Here, things get more complicated, since fewer

\ \ \
600 800 1000

procedure. The higher the number of anatomic and technical variables,
the higher the number needed for for competence. Experience with
some 100 cases, on average, appears to result in a sufficient level of
competence for trainees to be allowed unsupervised performance of
procedures

than a dozen arteriovenous malformations and dural fistulas
per year are encountered at many neurosurgical centers—not
to mention bypass surgery. In these situations the only solu-
tion is to allocate all procedures to one person. Nonetheless,
if the number of procedures is single-digit per year, these
rare procedures finally tend to become obsolete procedures.
For example, at our center we do not perform surgical treat-
ment of basilar artery aneurysms anymore; therefore, we no
longer teach the relevant techniques to the younger
generation.

Postmortem: Can We Learn from Mistakes?

Regular morbidity and mortality (M&M) conferences are
firmly established in training programs in the USA and
Europe. The initial aims were obviously to learn from mis-
takes and specifically to prevent similar occurrences in the
future. The efficacy in this respect, however, is difficult to
prove. Following the introduction of regular M&M confer-
ences at our center in 2003, we have tracked the frequencies
of the typical neurosurgical complications up to the present.
At the time of an interim analysis the spectrum of complica-
tions was as follows [9]: postoperative hemorrhage requiring
surgical revision and additional neurological deficits were
the most common adverse events (23% and 25%, respec-
tively). Other complications accounted for some 10% each.
They were incomplete result of surgery, CSF fistula, implant
misplacement, infection of implants, and other infections.



134

H.-J. Steiger

Fig.4 Spectrum of complications for
all neurosurgery at Heinrich Heine
University (HHU) from 2003 to the
present. In an HHU retrospective
subanalysis (2003-2009), the human
factor played the dominant role in
complications. Fifty-eight percent of
mistakes were classified as unconscious
mistakes and 40% as proficiency
failures. Just 2% of all mishaps were
classified as “ill fate.” No mishaps had
to be considered a consequence of
willful deviation or a consequence of
physical incapacitation

There was no definitive trend toward lower complication
rates over the years (Fig. 4).

A secondary analysis regarding the human factor involved
showed that 60% of complications were due to unconscious
mistakes and 40% to lack of proficiency. Conscious mistakes
and physical incapacitation did not play a role. Just 2% of
complications were attributed to “ill fate.”

The stable rate of complications over the years should not
lead to the conclusion that M&M conferences are devoid of
any effect. Regular discussion of typical complications is
probably necessary to control complications at a given level.
The M&M conference must therefore be seen mainly as a
teaching forum for residents and fellows.

Conclusions

» For neurosurgeons, teaching should be an art rather than a
science.

¢ The master-and-apprentice concept remains the mainstay
of the teaching of surgical procedures.

* Formalization of concepts accelerates learning.

* Microsurgical experience in treating some 100 aneurysms
is a good rule of thumb for “sufficient” competence.

e Rare procedures done only a few times per year tend to
disappear completely.

] Haemorrhage

[ | Neurological deficit

O Surgical aim not achieved
[ csF fistula

[ | Wrong implant position
E implant infection

B Other infection
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Potential of Hybrid Assistive Limb Treatment for Ataxic Gait
Due to Cerebellar Disorders Including Hemorrhage,

Infarction, and Tumor

Check for
updates

Hiroshi Abe, Takashi Morishita, Kazuhiro Samura, Kenji Yagi, Masani Nonaka, and Tooru Inoue

Abstract Cerebellar hemorrhage (CH) is a severe life-
threatening disorder, and surgical treatment is often required
in an emergency situation. Even in cases in which the surgi-
cal procedure is successful, functional recovery is likely to
be delayed because of cerebellar symptoms such as ataxia
and gait disturbance. Here, we briefly review the efficacy of
hybrid assistive limb (HAL) treatment in neurosurgical prac-
tice and propose a new comprehensive treatment strategy for
CH to facilitate early neurological recovery. We have experi-
enced cases of ataxic gait due to various etiologies, treated
with rehabilitation using the HAL, and our data showed that
HAL treatment potentially improves ataxic gait and balance
problems. HAL treatment seems to be an effective and prom-
ising treatment modality for selected cases. Future studies
should evaluate gait appearance and balance, in addition to
walking speed, to assess improvement in cerebellar
symptoms.

Keywords Hybrid assistive limb - Cerebellar hemorrhage -
Neurorehabilitation - Ataxic gait

Introduction

Cerebellar hemorrhage (CH) is a severe life-threatening disor-
der, and surgical treatment is often required in an emergency
situation. CH is frequently associated with hypertension in
elderly patients. In surgical cases of CH, the conventional
approach is suboccipital craniotomy (or craniectomy) for evac-
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uation of the hematoma. However, suboccipital craniotomy
may be too time consuming in an emergency situation and too
invasive for elderly patients. On the other hand, a recent devel-
opment in neuroendoscopy has enabled a burr-hole approach
to CH [1], and we use this approach in our practice.

Even following a successful surgical procedure, functional
recovery is likely to be delayed because of cerebellar symp-
toms such as ataxia and gait disturbance. Early initiation of
high-quality rehabilitation is essential for preservation and
recovery of brain functions [2, 3]. Among various treatment
modalities, robotic rehabilitation has attracted increasing
attention in the field of neurorehabilitation [4, 5]. In recently
published stroke rehabilitation guidelines, the American
Heart Association/American Stroke Association stated that
“robot-assisted movement training to improve motor function
and mobility after stroke in combination with conventional
therapy may be considered” [6]. Therefore, we considered
that the combination of minimally invasive endoscopic sur-
gery and robotic rehabilitation may be a desirable approach to
CH treatment. We compared activities of daily living scores
(the Barthel Index and the Functional Independence Measure)
and walking speed (10 m walking test) pre- and post-HAL
treatment. The outcomes are summarized in Table 1.

Among various robots, the hybrid assistive limb (HAL,;
Cyberdyne Inc., Tsukuba, Japan) has the potential to change
the rehabilitation approach to stroke. The HAL is an exo-
skeleton-type robot developed by Sankai and colleagues for
neurorehabilitation based on the “interactive biofeedback
(iBF)” theory [6, 7]. The HAL is designed to detect bioelec-
trical signals (BESs) to predict and assist in the movement
produced by the muscles of affected limbs. This system
makes the HAL robot unique among various rehabilitation
robots, as most robotic ambulation trainers allow passive
movements for patients. According to the iBF theory, the
motor signals are generated in the central nervous system
(CNS) and conducted via peripheral nerves to initiate mus-
cle activity; these BESs then trigger the motion through
interaction with the HAL supporting the paretic limb.
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Fig. 1 Conceptualization of the a
closed-loop system formed by
interactive biofeedback. (a) The
bioelectrical signal from the
impaired corticospinal tract is
detected and the voluntary
muscle movement is assisted by
the hybrid assistive limb (HAL).
(b) Then, the sensory signal is
sent back to the brain. (¢) The
brain—machine interaction
strengthens the signal from the
corticospinal tract. (Adapted

from Morishita and Inoue [19],

with permission) Peripheral

Nerve

b Interaction c

Spinal u Spinal
Bio- Cord
Feedback
Y| Peripheral
Nerve

Fig.2 Overview of rehabilitation of the representative case. (a) Single-joint (SJ) version of hybrid assistive limb (HAL) for upper extremity train-
ing. (b) Bilateral-leg (BL) version of HAL. (¢) Single-leg (SL) version of HAL. (Adapted from Morishita and Inoue [19], with permission)

Sensory input is then sent back to the CNS to activate the
impaired neuronal networks (via biofeedback), and the CNS
in turn enhances motor output. The formation of this closed
loop is believed to activate the brain and facilitate recovery
(Fig. 1). Currently, the following three types of HAL robot
are available for rehabilitation: a bilateral-leg type (BL), a
single-leg type (SL), and a single-joint type (SJ) (Fig. 2) [7,
8].

The HAL has been widely applied to various neurological
disorders and shown to be effective. HAL therapy has been
approved for medical use in patients with gait disability due
to spinal cord injury in Germany since 2013. It should be

noted that the use of the HAL was approved for national
insurance coverage to treat rare neurological disorders on the
basis of the favorable outcomes of a clinical trial (study
NCY-3001; Japan Medical Association Center for Clinical
Trials [JMACCT] ID: JMA-ILA00156); these disorders
include spinal muscular atrophy, spinal and bulbar muscular
atrophy, amyotrophic lateral sclerosis, Charcot—Marie—Tooth
disease, distal myopathy, inclusion body myositis, congeni-
tal myopathy, and muscular dystrophy. Additionally, a ran-
domized controlled trial to test the efficacy of gait training
using the HAL for stroke patients is now under way in Japan
(HIT-2016 trial).
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In these proceedings, we briefly review the efficacy of
HAL treatment in neurosurgical practice and present an idea
for a new comprehensive treatment strategy for CH to facili-
tate early neurological recovery.

Stroke Rehabilitation Using Hybrid Assistive
Limb Therapy

The size and location of the stroke lesion determines the
severity of neurological deficits, and medical and surgical
interventions in the acute phase seek to minimize damage to
the brain. Motor paresis following a stroke is thought to
result from damage to the corticospinal tract (CST), and the
preservation of motor performance depends on CST integrity
[9]. Another factor preventing motor recovery is related to an
interhemispheric imbalance of excitability due to maladap-
tive compensatory changes in the contralesional hemisphere
[10, 11]. Increased excitability in the contralesional somato-
sensory cortex has been demonstrated following induction of
small ischemic lesions in several animal studies of acute and
chronic stroke [12, 13]. In addition, hyperactivity of the con-
tralesional hemisphere after a stroke has recently been shown
by functional magnetic resonance imaging (fMRI) studies,
and these studies suggested that the hyperactive contrale-
sional hemisphere might inhibit the activities of the lesional
hemisphere [10]. Another fMRI study also showed increased
functional connectivity between the bilateral primary motor
cortices following a stroke [14]. Interhemispheric imbal-
ances may be aggravated by nonuse of the paretic limb as
well [11].

After the limb is paralyzed because of the stroke lesion,
neuroplasticity is induced use-dependently in the process of
motor recovery [11]. The potential for rehabilitation using
the HAL has been shown by several studies since the first
feasibility study evaluating the risks associated with HAL-
supported rehabilitation in acute stroke cases using the HAL
was undertaken [15]. We also retrospectively reviewed the
clinical data of acute stroke patients who underwent neurore-
habilitation using either the HAL-BL or HAL-SL to deter-
mine the cases where HAL treatment was effective for
ambulatory training [16]. For patients with mild to moderate
hemiparesis, improvements were seen in activities of daily
living scores. Additionally, we recently published a paper
reporting favorable outcomes of rehabilitation for acute
stroke, using multiple types of HAL robot [8].

Cerebellar symptoms following hemorrhage can manifest
as ataxia, dysmetria, and balance problems, rather than pare-
sis. The cerebellum contributes to various functions associ-
ated with tactile sensations and processing of sensory events.
In this context, sensory feedback from HAL therapy may
promote neuroplasticity in the cerebellum and neural net-

work reorganization. The HAL may be a promising treat-
ment tool for cerebellar symptoms. We have recently
published three cases where HAL treatment was effective for
ataxic gait due to brain stem infarction [17]. In addition, we
have successfully performed HAL therapy in cerebellar
ataxia cases due to brain tumor and stroke, including three
CH cases (Table 1).

To maximize the clinical outcomes of HAL rehabilitation,
patient selection is important [16, 18]. Intact cognitive func-
tion is important for treatment efficacy, as the patient is
required to follow commands given by the therapist. A recent
report emphasized the importance of evaluating cognitive
function prior to the initiation of HAL rehabilitation from the
perspective of HAL suitability as defined by clinical efficacy
[18]. Secondly, it should be noted that patients with complete
paralysis are unable to use the HAL system, as the HAL
requires BESs generated by voluntary muscle movement
[16]. The same study demonstrated that intracerebral hemor-
rhage cases with severe hemiplegia were at higher risk of
orthostatic hypotension, despite the fact that HAL therapy
was performed safely [15].

Rehabilitation Protocol

The full details of our rehabilitation protocol have been
described elsewhere [8, 19]. Briefly, for upper extremity
training, elbow extension and flexion exercises are repeated
100-150 times during each session. Concerning gait disabil-
ity, we perform rehabilitation step by step according to the
severity. For lower extremity training, we start with the
HAL-SJ at the bedside to facilitate knee joint movement
prior to ambulation training. Once the patient achieves a sit-
ting position, we begin using the HAL-BL for gait training.
When the HAL-BL supports both legs, the patient learns
how the robot supports the paretic limb, by moving the non-
paretic limb. In addition to ambulation training, the patient
practices the extension and flexion of the paretic leg in a
seated position and repeats the exercise in standing and
seated positions.

Case Presentation

This patient was a 68-year-old man brought to the emergency
department with complaints of nausea, vomiting, and ver-
tigo. He was alert and oriented to time, place, and name but
had slurred speech and right cerebellar ataxia (Fig. 3a). He
was diagnosed with CH and subsequently underwent a small
craniotomy for endoscopic evacuation of a hematoma
(Fig. 3b). A conventional rehabilitation program was started
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Fig. 3 Computed tomography (CT) image showing pre- (a) and postevacuation (b) of a hematoma in the representative case

on postoperative day (POD) 1, and HAL training was started
on POD 4. The patient completed five and seven sessions of
upper and lower extremity training, respectively, using the
HAL. The patient returned to work on POD 42 without per-
manent neurological deficits.

Conclusions

In this chapter, we have presented the concept and our pre-
liminary experience of HAL therapy for CH. iBF therapy
using the HAL system seems to be an effective and promis-
ing treatment modality for selected cases, as our data have
shown improvements in ataxic gait and balance problems
due to cerebellar disorders. However, since clinical evidence
for the use of the HAL after stroke currently consists only of

case series [19], randomized controlled trials with larger
samples are warranted. Formation of a multicenter registry
for stroke cases managed with HAL rehabilitation may also
help improve our understanding of its mechanisms of action
and clinical outcomes, as suggested in our previous paper
[19]. In future studies, we advocate assessment of walking
appearance and balance ability, rather than mere measure-
ment of walking speed, in cases with cerebellar symptoms.
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