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Preface

The European-Japanese Joint Conferences for Stroke Surgery were initiated in 2001 by Prof. 
Y. Sakurai, Sendai, and Prof. Y. Yonekawa, Zürich, under the name the Swiss-Japanese Joint 
Conference. The first meeting in Zürich was dedicated to the management of subarachnoid 
hemorrhage and unruptured aneurysms. The renewed interest in bypass surgery and other tech-
nical aspects of neurovascular disease generated the need for a regular platform dedicated to 
surgical and endovascular aspects of stroke treatment and stroke prevention. The second meet-
ing was also organized in Zürich two years later. The third meeting, now under the name of the 
European-Japanese Joint Conference for Stroke Surgery, was held in 2006 in conjunction with 
the 70th Anniversary of the Neurochirurgische Universitätsklinik Zürich founded by Prof. 
Krayenbühl. The fourth meeting was organized for the first time outside Switzerland and was 
held in Helsinki, Finland, in 2008, with Prof. Hernesniemi as the congress president.

The fifth European-Japanese Joint Conference for Stroke Surgery was held from 8 to 11 
July 2010 in Düsseldorf, Germany. The main topics of the conference were the management of 
cerebral and ventricular hemorrhage, extra-intracranial bypass surgery, surgical and endovas-
cular treatment of cervical and intracranial arterial occlusive disease, and embolization and 
microsurgery of AVM and dural AV fistulas. Sessions for free topics completed the program. 
In order to strengthen the focus on upcoming new trends, open invitation for submission of 
abstracts was used to constitute the majority of the program. The resulting meeting fulfilled the 
expectations of the organizers in that a number of emerging concepts were presented and dis-
cussed. The actual volume presents the resulting original papers of the meeting.
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Endoscopic Intra-Hematomal Evacuation of Intracerebral  
Hematomas – A Suitable Technique for Patients with  
Coagulopathies

Berk Orakcioglu, Y. Uozumi, and A. Unterberg 

Abstract Objectives: To describe an endoscopic technique 
to evacuate acute intracerebral hemorrhage (ICH) using the 
balanced suction-irrigation method in patients with intrinsic 
or iatrogenic coagulopathies.

Methods: We report on our early experience with four 
patients with atypical ICH related to intrinsic and iatrogenic 
coagulopathies. In all patients, an endoscopic hematoma 
evacuation was performed using a navigated burrhole 
approach. The entry site and trajectory were planned accord-
ing to the long axis of the hematoma.

Results: Every operation was carried out with the aid of 
neuronavigation. Gross total removal of the hematoma was 
not intended as first line, especially if eloquent areas could 
be avoided. Intra-hematomal evacuation leaving minimal 
hematoma remnants was performed in three of four patients. 
We report hematoma removal rates of approximately 90%. In 
all patients, a significant hematoma reduction was achieved, 
although residues were tolerated to limit neurological dam-
age. No re-hemorrhage was observed.

Conclusion: The endoscopic technique with the aid of 
neuronavigation may be an appropriate method to safely 
evacuate ICH in the acute stage in patients with intrinsic or 
iatrogenic coagulopathies.

Keywords ICH · Endoscopy · Balanced suction-irrigation 
technique · Antiplatelet · Warfarin · Coagulopathy

Introduction

Ever since the STICH trial, neurosurgeons have had reason-
able concerns about whether to evacuate an intracerebral 
hematoma (ICH) or not [7]. Neither this randomized con-
trolled study nor the following meta-analyses have proved 
surgery to be beneficial in the acute stage [8]. However, 
refined endoscopic techniques have become available and 
recent reports show good results with this method in com-
parison to the conventional operations [11]. Due to small 
patient numbers and retrospective designs, other studies 
with promising endoscopic methods have also failed to argue 
definitively for an operation [1, 9, 12]. In light of an older 
and debated study that demonstrated a significant benefit of 
endoscopic hematoma evacuation compared to conservative 
treatment, a reevaluation of these methods seems justified.

Patients at risk for early re-hemorrhage or progressive hem-
orrhage, such as patients with intrinsic or iatrogenic coagul-
opathies, are usually treated conservatively because surgery 
may place them at even higher risk of hematoma growth and 
subsequently worse outcome. Others have reported that the 
pre- or perioperative administration of rFVIIa resulted in 
minimal residual or recurrent hematoma volume and may be 
an important adjunct to surgery in patients with intracerebral 
hemorrhage [16]. Pure systemic delivery of rFVIIa, although 
a promising medical treatment, failed to prove clinical benefit 
in the FAST trial [6]. Hematoma growth was counteracted, 
but medical complications related to thrombosis and cardio-
vascular events diluted this positive neurological effect with 
regard to outcome. On the other hand, limited tissue damage 
using endoscopic methods has the potential to safely evacu-
ate parts of an ICH and thereby reduce secondary neuron 
damage. Although endoscopes are proving to be increasingly 
useful for maximizing surgical efficacy while minimizing 
invasiveness, some doubts remain about their ability to allow 
for controlled intraoperative hemostasis and re-hemorrhage 
prevention. New techniques that have been introduced by 
others are studied in this small series of patients with coagu-
lation abnormalities [9, 11].

B. Orakcioglu (*) 
Department of Neurosurgery, Ruprecht Karl University,  
Heidelberg, Germany and 
Department of Neurosurgery, University Hospital Heidelberg,  
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Methods

The endoscope used for surgery is rigid, measuring 0° and 
2.7 mm in diameter (Richard Wolf GmbH, Knittlingen, 
Germany). The Nagasaka combined irrigation-coagulation 
suction cannula (Fujita Medical Instruments, Tokyo, Japan) 
was used to evacuate the hematomas within a transparent 
sheath (Neuroport, Olympus, Tokyo, Japan) that is used as 
the working channel to the core of the hematoma positioned 
along its long axis. For accurate preoperative planning, a 
thin-sliced CT scan was obtained immediately before sur-
gery. This CT was used for neuronavigation with the Brainlab 
(BrainLab AG, Feldkirchen, Germany) system. Entry site 
and trajectory plans were prepared for each patient in order 
to avoid eloquent brain regions to reduce approach-related 
morbidity. If more than one plausible entry site existed, the 
less eloquent track was chosen, even though the hematoma 
may have extended less superficially.

Results

Patient characteristics are presented in Table 1. One patient 
presented with a left frontal lobar hematoma after aspirin 
use. Another patient was treated with warfarin and had an 
INR of 4.3 on presentation. A patient with  trauma-associated 

ICH had a coagulopathy due to chronic alcoholism, and 
another patient harbored an atypical right temporo-parietal 
ICH due to sinus-vein thrombosis. He received continuous 
i.v. heparin with a prolonged activated partial thromboplastin 
time (APTT). After sequential proof of progressive hema-
toma growth, an endoscopic intra-hematomal evacuation 
was performed in order to limit tissue damage. In summary, 
all patients either received anticoagulants (n = 3) or suffered 
from intrinsic coagulopathies (n = 1). Every operation was 
carried out with the aid of neuronavigation. Gross total 
removal of the hematoma was not intended as first line, espe-
cially if eloquent areas could be avoided. Consequently, we 
report hematoma removal rates of approximately 80–90%, 
which are less than previously reported elsewhere [10]. Mean 
operation times were 58 ± 12 min from skin incision to clo-
sure. Trajectory and entry site planning cost approximately 
5 min of additional preoperative time, but clearly enhanced 
safety and accuracy to conform to the optimum trajectory. As 
a primary goal for surgery in this special selection of poten-
tially complicated patients, aggressive evacuation of all 
hematoma components was avoided. Intra-hematomal evac-
uation leaving minimal hematoma remnants was performed 
in three of four cases. During the operation, minor bleedings 
were sufficiently dealt with using the multifunctional 
Nagasaki instrument. Finally, burr holes were sealed with 
bone dust after dural closure. We did not observe any postop-
erative re-hemorrhage, CSF or wound infection, neurologi-
cal worsening or hydrocephalus.

Table 1 Patient characteristics

Case Age Location Etiology Volume 
(mL)

Neurological 
deficit

Evacuation 
rate (% of 
intended 
volume)

Postoperative 
volume (mL)

GCS 
preoperative

Best GCS 
postoperative

Rebleeding

1 45 Left 
frontal, 
cortical

INR 4.3 71 Hemiparesis, 
global 
aphasia

>90 6.5 15 15 No

2 66 Right 
fronto-
temporal, 
cortical, 
trauma 
related

Chronic 
alcohol 
abuse, 
liver 
dysfunc-
tion

108 Hemiparesis 80 20  7 15 No

3 71 Right 
fronto-
parietal, 
cortical, 
IVH

Aspirin 152 Hemiparesis >95  7 10 15 No

4 62 Right 
temporo-
occipital, 
cortical

Sinus-
vein 
thrombo-
sis, i.v. 
heparin

 82 Hemianopia, 
hemiparesis

>85 13  8 15 No

GCS Glasgow coma score, INR international normalized ratio, IVH intraventricular hemorrhage
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Case Illustration

A 71-year-old woman was transferred to our hospital 
because of left-sided hemiparesis. On admission, her 
Glasgow Coma Scale (GCS) score was 15. A computed 
tomographic scan of the head revealed right frontoparietal 
ICH with a moderate space-occupying effect. She reported 
daily aspirin use for unspecific reasons. After neurologi-
cal deterioration and drowsiness (GCS 10), a repeat spiral 
CCT showed hematoma progression, the volume of which 
was estimated to be 151.5 mL (Fig. 1a) using the a*b*c/2 
method described elsewhere [5]. Moderate ventricular 
involvement with progressive clinical signs of hydroceph-
alus had developed within 12h of onset (Fig. 1b). These 
image sets were fused with the BrainLab neuronavigation 
system (BrainLab AG, Feldkirchen, Germany). According 
to the long axis of the hematoma, an entry site and optimum 
trajectory were drawn preoperatively sparing eloquent 
areas (Fig. 2). Endoscopic evacuation of the hematoma 
was  performed with the patient under general anesthe-
sia with the head fixed in a three-pin headholder. Using 
the intra-hematomal evacuation  technique, no hemorrhag-
ing occurred. The balanced irrigation-suction technique 

made complete ventricular clearance of all solid hematoma 
 components possible. Complete evacuation of the indented 
hematoma parts and IVH was accomplished. Postoperative 
computed tomography confirmed the complete removal of 
the hematoma (Fig. 3). As expected, the previously ascer-
tained left hemiparesis persisted, but the level of conscious-
ness improved to a Glasgow Coma Scale score of 15 at 
postoperative day 2. Because of this, the patient was trans-
ferred back to her primary hospital on the second day after 
hematoma removal. Within 2 months after the operation 
she regained some motor function on her left side, scored 
7 on the extended Glasgow Outcome Scale (eGOS), and 
is otherwise neurologically intact. Hydrocephalus never 
occurred postoperatively.

Discussion

Secondary neuronal injury after ICH is possibly linked to 
the existence of a “perihemorrhagic penumbra” [2, 3, 13, 
15], which is mainly related to hematoma size. Therefore 
hematoma reduction has been a surgical target ever since, 

Fig. 1 Preoperative CT-scan demonstrating a large right-frontal ICH and a smaller right central ICH with moderate displacement of midline struc-
tures (a) and deeper ICH components and unilateral ventricular hemorrhage (b)
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Fig. 2 BrainLab (BrainLab AG Feldkirchen, Germany) screenshot of 
the preoperative entry-site and trajectory plan. ICH is seen on the right 
side of the figure (opposite to the CT-scan), which represents the 

 anatomical right side. Note that the centrally located hematoma appears 
to be somewhat isolated in the sagittal plane and was not intended for 
ICH-evacuation because of high surgical morbidity

although the superiority of surgical interventions of which-
ever kind has so far not been statistically proven in large 
trials [7]. Not withstanding, ICH surgery is practiced world-
wide, and the technological advances of diagnostic mea-
sures and therapeutic options seem to improve neurological 
outcome by reducing invasiveness [1, 9–12]. In comparison 
to the best medical treatment, open craniotomy and micro-
scopic hematoma evacuation may represent a relatively 
harmful surgical approach that may dilute positive treatment 
effects. Furthermore, the use of neuronavigation during ICH 
evacuation has not been reported in the literature and may 

potentially reduce surgical morbidity, as seen for other neu-
rosurgical procedures [4]. Therefore, we aimed to investigate 
surgical ICH patients with atypical hematomas at high risk 
for intraoperative or rehemorrhage.

Since preservation of neurological function should be the 
main objective of any surgical procedure, we did not primarily 
intend to evacuate all hematoma components maximally. The 
margins of the hematoma may bleed diffusely once handled 
aggressively, and cautherization may be difficult in patients 
with documented antiplatelet activity, warfarin use or any 
other coagulopathy. The authors believe that these surgical 
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steps are likely to increase surgical morbidity. Therefore, we 
performed intra-hematomal evacuations using an endoscopic 
burr hole approach, which avoided intraoperative hemorrhag-
ing, even though small hematoma remnants were tolerated in 
eloquent areas (Fig. 3). This operative ulterior motive is sup-
ported by unpublished experimental data suggesting that the 
secondary neuronal injury measured by cerebral blood flow, 
P

br
O

2
 and microdialysis increase with hematoma expansion 

[14]. According to the authors’, small hematomas do not 
negatively influence the perihemorrhagic metabolism and 
therefore do not need to be addressed aggressively.

Another aspect to enhance safety in hematoma evacuation 
is the use of neuronavigation. To the authors’ knowledge, 
this has not been reported in the pertinent literature up to 
date. Most likely this is related to the nature of ICH surgery, 
which is most often performed when neuronavigation 
resources are limited. Our limited experience suggests that 
neuronavigation will increase surgical accuracy, reduce mor-
bidity and shorten operation times.

In conclusion, endoscopic navigation-aided approaches 
to atypical ICH with concomitant anticoagulation use or 
intrinsic coagulopathies may represent a less traumatic sur-
gical option if gross hematoma removal is not the primary 
goal of the treating surgeon. Consequently, the relevance of 
such a surgical procedure should be evaluated in larger ran-
domized trials.
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The Prediction of 30-Day Mortality and Functional Outcome  
in Spontaneous Intracerebral Hemorrhage with Secondary  
Ventricular Hemorrhage: A Score Comparison

Marco Stein, Marcus Luecke, Matthias Preuss, Wolfram Scharbrodt, Aeasndr Joedicke, and Matthias F. Oertel

Abstract The original ICH (oICH) score was tested in dif-
ferent populations and showed good accuracy in the predic-
tion of outcome and 30-day mortality after spontaneous ICH. 
The oICH was developed to stratify patients with all types of 
spontaneous intracerebral hemorrhage (SICH). Several mod-
ifications of the oICH score exist in the literature.

In the current study, we tested the oICH score, two modi-
fied ICH scores, and the IVH score on a cohort of 171 
patients with SICH and mandatory secondary intraventricu-
lar hemorrhage (IVH). Receiver-operating characteristic 
(ROC) curves were plotted, and the areas under the curves 
(AUC) were calculated for each score.

The calculated AUCs for the prediction of 30-day mortal-
ity in the cohort were 0.736, 0.816, 0.805, and 0.836 for the 
original ICH, the mICH-A, the mICH-B, and the new IVH 
score, respectively. The best AUC for functional outcome 
was observed for the mICH-B score (0.823). For the mICH-
A and the IVH score, an AUC of 0.811 was calculated.

The scores that include the quantification of IVH or the 
grading of hydrocephalus show good accuracy in the predic-
tion of 30-day mortality and functional outcome at 6 months 
in SICH with secondary IVH.

Keywords Intracerebral hemorrhage · Intraventricular hem-
orrhage · Hydrocephalus · ICH score

Introduction

Several scores are known to predict survival and functional 
outcome in spontaneous intracerebral hemorrhage [2, 7, 9, 
13, 15]. Currently, none of these scores has been established 
in clinical routine for risk stratification of SICH.

The first easy-to-use prediction score for SICH was intro-
duced by Hemphill et al. in 2001 (oICH score) [9]. The oICH 
score was developed on the basis of independent predictors 
for 30-day mortality from a retrospective chart review. The 
score was tested on different populations and showed good 
predictive value for outcome and mortality [2, 3, 6, 7, 10]. In 
previous studies, SICH with secondary intraventricular hem-
orrhage (IVH) was associated with high 30-day mortality 
rates and unfavorable functional outcome [16].

In 2006, Godoy et al. [7] developed two scores in a modi-
fication of the oICH score and compared them with the oICH 
score. Both modified ICH scores (mICH-A and mICH-B) 
included the Graeb score, which stratified the intraventricu-
lar extension of a hemorrhage.

The role of hydrocephalus in the prediction of outcome is 
controversial. Hydrocephalus was found to be a predictor of 
30-day mortality in some studies [4, 12]. Acute obstructive 
hydrocephalus in IVH should be treated by the insertion of an 
external ventricular drain (EVD) [1, 5]. However, up to now 
no randomized trial has shown a benefit after EVD implanta-
tion. The first score to include a categorization of hydrocepha-
lus together with clinical parameters was the IVH score [14].

The aim of this study was to test the accuracy of the dif-
ferent scores on a large cohort of patients with SICH and 
secondary IVH.

Materials and Methods

A total of 171 patients with the diagnosis of deep-seated 
intracerebral hematoma and secondary IVH were studied. 
All patients were admitted to the Department of Neurosurgery 
of the University Hospital Giessen.
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Inclusion criteria were the confirmation of SICH and sec-
ondary IVH by computerized tomography (CT) and patient 
age of 18–90 years.

All included patients received at least one external ven-
tricular drain (EVD) to relieve obstructive hydrocephalus. 
All EVDs were placed in the first 24 h after ictus at our 
department after the initial CT scan had been reviewed.

Patients with traumatic hemorrhage, ischemic stroke, 
brain tumor, subarachnoid hemorrhage due to aneurysm or 
malformation, infratentorial origin of hemorrhage, SICH 
spreading into the brainstem, strict lobar hematoma, and 
therapeutic anticoagulation were excluded. Decompressive 
craniotomy and evacuation of the hematoma were also 
defined as exclusion criteria.

The first CT scan after ictus before EVD placement was 
reviewed. Hematoma volume was determined by the ABC/2 
method [11]. IVH was graded according to the Graeb scale 
[8]. For the grading of hydrocephalus we used our own 
hydrocephalus grading system, which has been published 
elsewhere [14].

The following scores were compared: the original ICH 
score (oICH) [9], modified ICH-A and ICH-B score  (mICH-A 
and mICH-B score) [7], and the IVH score. The components 
of the IVH score were published elsewhere [14].

To estimate the accuracy of each score, the area under the 
curve (AUC) was calculated using the receiver-operator- 
characteristic (ROC) method (Fig. 1).

Thirty-day mortality and functional outcome were deter-
mined 6 months after ictus.

Good functional outcome was defined as mRS £ 3 and bad 
functional outcome as mRS ³ 4.

All statistical analyses were computed with the SPSS 
System 17.0 for Windows (SPSS Inc., Chicago, IL).

Results

A total of 171 patients with deep-seated intracerebral hema-
toma and secondary IVH who were admitted to our depart-
ment between January 1995 and July 2008 were reviewed. 
Ten patients were excluded because of missing follow-up or 
missing the initial CT scan.

The observed 30-day mortality was 28.6%. Six months 
after ictus, only 17.4% of the patients showed a favorable 
functional outcome (mRS £ 3).

The baseline characteristics of the cohort are presented in 
Table 1.

Comparison of the Scores

The highest area under the curve (AUC) for predicting 30-day 
mortality was observed for the secondary IVH score at 0.836 
(95% CI, 0.766–0.906), and for the mICH-A and the mICH-
B score at 0.816 (95% CI, 0.740–0.892) and 0.805 (95% CI, 

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2

IVH score
mICH-A score
mICH-B score
oICH score

0.4
1 - Specificity

S
en

si
ti

vi
ty

0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2

IVH score
mICH-A score
mICH-B score
oICH score

0.4
1 - Specificity

S
en

si
ti

vi
ty

0.6 0.8 1.0

a b
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0.729–880). The original ICH score showed the lowest accu-
racy with an AUC of 0.736 (95% CI, 0.656–0.816).

In predicting the functional outcome, the highest AUC 
was found for the mICH-B score with an AUC of 0.823 (95% 
CI, 0.740–0.907). The AUCs for the IVH score and mICH-A 
score were 0.811 (95% CI, 0.717–0.907) and 0.778 (95% CI, 
0.677–0.878), respectively. For the oICH score an AUC of 
0.738 (95% CI, 0.635–0.841) was observed.

Discussion

The IVH and the mICH scores are comparable in predicting 
30-day mortality. In the prediction of functional outcome, the 
mICH-B score followed by the IVH score reached the  highest 
AUC. For the oICH score, only fair accuracy was calculated.

The IVH score [14] only includes components that can be 
identified easily during acute management in the emergency 
department and on the initial CT scan. The only additional 
score to determine is the GCS. The GCS is also part of the 
other tested scores.

The mICH score [7] includes the Graeb score [8] for quan-
tifying blood in the ventricles. The mICH-A and  mICH-B 
scores use different cut-off points for the Graeb score, GCS, 
and age.

The oICH score [9] contains the highest age cut-off with 
<80 and ³80 years, and is the only score that includes one 
additional point for an infratentorial origin of hemorrhage.

The inclusion of variables like the Graeb score or hydro-
cephalus grading into an ICH scoring system improves the 

prediction of 30-day mortality and functional outcome at 
6 months in SICH with secondary IVH.
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Table 1 Characteristics of 161 patients with secondary IVH

Age, years 36–86 (62.8 ± 11.2)*

GCS 3–15 (8.7 ± 3.3)*

Hematoma side n (%)

 Left 72 (44.7)

 Right 89 (55.3)

Localization n (%)

 Putminal 56 (34.8)

 Thalamic 62 (38.5)

 Caudate 23 (14.3)

Total basal ganglia 20 (12.4)

Volume of hematoma, cm³ 0.5–118.7 (27.6 ± 23.0)*

Hydrocephalus n (%) 93 (89.4)

Absent 13 (8.1)

Beginning 32 (19.9)

Moderate 84 (52.2)

Severe 32 (19.9)

Graeb score 2–12 (6.6 ± 2.4)*

*Mean ± SD
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Characteristics of Carotid Plaque Findings on Ultrasonography  
and Black Blood Magnetic Resonance Imaging in Comparison  
with Pathological Findings

Daisuke Arai, Susumu Yamaguchi, Mamoru Murakami, Takuya Nakakuki, Shunichi Fukuda,  
Noriko Satoh-Asahara, and Tetsuya Tsukahara 

Abstract Background: Criteria to decide whether carotid 
endarterectomy (CEA) or carotid artery stenting (CAS) is 
the best mode of therapy in a specific case of cervical carotid 
stenosis have not been established. Overall, recent random-
ized clinical trials have reported that the effect on the preven-
tion of stroke is not significantly different between CEA and 
CAS. CEA is more appropriate than CAS for soft atheroscle-
rotic plaques, since such soft plaques are associated with a 
high incidence of ischemic complications during CAS. 
Therefore identification of the plaque type with noninvasive 
preoperative examinations plays an important role for select-
ing the suitable surgical method, CEA or CAS. 

Objective: The objective of this study was to evaluate the 
association among findings of carotid ultrasonography 
(carotid US), black blood magnetic resonance imaging 
(BB-MRI), and the histopathological findings of plaque spec-
imens removed during CEA, and secondly to consider 
whether these diagnostic tools are useful to predict the char-
acteristics of carotid plaques. 

Method: We investigated a total of 25 consecutive patients 
who underwent CEA from November 2008 to June 2010 
at Kyoto Medical Center. We examined carotid plaque in 
17 patients employing both carotid US and BB-MRI, 7 
patients by carotid US, and 1 patient by BB-MRI. The plaque 
echogenicity was qualitatively assessed as low, intermediate, 
or high, and the MR signal intensity of the carotid plaque 
was classified as low or high compared with the intensity of 
the ipsilateral sternocleidomastoid muscle. The plaque spec-

imens were macroscopically and pathophysiologically clas-
sified as soft or hard plaque. 

Results: All low-echogenic plaques on carotid US were 
histologically soft plaques. The high-intensity plaques on 
T1-weighted imaging (T1WI) showed a tendency toward 
soft plaque. Thirteen of 14 plaques with high signal intensity 
on T1WI were morphologically soft. Eleven of 14 plaques 
with an intermediate echogenicity on carotid US were also 
morphologically soft. 

Conclusion: The findings of carotid ultrasonography and 
BB-MRI are closely associated with the CEA specimen’s 
morphology. Ultrasonography alone is insufficient to diag-
nose the plaque type accurately in some patients. Employing 
both carotid US and BB-MRI is useful for evaluating the 
characteristics of carotid plaque.

Keywords Carotid stenosis · Carotid plaque · Plaque mor-
phology · Black blood MRI · Ultrasonography · Carotid 
endarterectomy

Introduction

According to a recent randomized clinical trial, outcomes of 
surgical treatment (CEA) and carotid artery stenting (CAS) for 
cervical atherosclerotic carotid artery stenosis are comparable 
[2, 6, 9, 13]. Therapeutic guidelines for surgical treatment 
have been based on the degree of stenosis and presence of neu-
rological deficits [2], but there are still no criteria to decide on 
the optimal method for the individual situation, CEA or CAS.

A so-called soft plaque is vulnerable, histologically char-
acterized by a lipid (gruel) rich core, a thin overlying fibrous 
cap, inflammatory infiltrate, neovasculature, and intraplaque 
hemorrhage. Soft plaque has a marked tendency to cause 
ischemic events due to cerebral emboli originating from a 
thrombus on the plaque surface or plaque rupture [8]. 
Recently, the number of patients treated with CAS has been 
increasing because of its lower level of invasiveness and 
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associated shorter hospitalization time required. However, 
CEA is more suitable than CAS for soft plaques, which are 
associated with a higher incidence of ischemic complica-
tions during CAS [1, 4, 7]. It is important to understand these 
plaque characteristics in order to choose the most appropri-
ate treatment method.

Carotid ultrasonography (US) has been widely applied to 
evaluate plaque morphology. However, carotid US has some 
limitations in the presence of a short neck, high carotid 
 bifurcation, or back shadow due to plaque calcification. 
Furthermore, image interpretation is influenced by the sub-
jective evaluation of the examiner.

Recent studies have reported on the feasibility of black 
blood magnetic resonance imaging (BB-MRI) as an accurate 
tool for identifying carotid plaque characteristics. In addition 
to this, BB-MRI can identify plaque components, such as 
gruel, intraplaque hemorrhage, and fibrous tissue on the basis 
of the MR signal intensity [5, 10, 11, 12, 14]. Thus, the com-
bination of US and BB-MRI can be useful as a noninvasive 
method for detecting the plaque type.

To our knowledge, however, few studies have evaluated the 
association between the noninvasive identifications of the 
plaque type and histopathological findings. Here, we evalu-
ated the usefulness of carotid US and BB-MRI as preoperative 
diagnostic tools for identifying carotid plaque characteristics 
compared to histopathological findings of specimens obtained 
during CEA.

Methods

A total of 25 consecutive patients who had undergone CEA 
from November 2008 to June 2010 in the National Hospital 
Organization Kyoto Medical Center were recruited for this 
study after having given informed consent. We preopera-
tively examined the carotid plaque characteristics using 
carotid US and/or BB-MRI: 17 patients underwent both 
carotid US and BB-MRI, 7 patients carotid US only, and 1 
patient BB-MRI only.

Carotid Ultrasonography

The carotid arteries were examined bilaterally at the levels of 
the common carotid artery, carotid bifurcation, and internal 
carotid arteries from transverse and longitudinal orientations. 
Gain setting and continuous angle adjustment were used to 
optimize image quality. Carotid plaque was defined as an 
arterial wall lesion that projected into the vessel lumen. The 
plaque echogenicity was qualitatively assessed as being on 

average low (blood-like echogenicity), intermediate, or high 
(intensely bright echogenicity).

Black Blood MRI

We performed carotid artery BB-MRI using a 1.5-T Philips 
imaging machine with a protocol that generated two contrast 
weightings (T1-weighted image and T2-weighted image). MRI 
was conducted using cardiac gating to minimize the motion 
artifact and the fat suppression method to suppress marked sig-
nal hyperintensity due to subcutaneous fat tissue. We obtained 
T1- and T2-weighted short axis images of the artery, including 
the area with the highest degree of stenosis. The MR signal 
intensity of the carotid plaque in the area with the highest rate 
of stenosis was classified as low or high compared with the 
intensity of the ipsilateral sternocleidomastoid muscle.

Plaque Specimens

The plaque specimens obtained during CEA were excised en 
bloc, and an incision was made in all 25 specimens to analyze 
the type of plaque. The plaque specimens were macroscopi-
cally classified as soft or hard. We defined gruel or intraplaque 
hemorrhage as soft, and fibrosity or calcification as hard.

Results

As shown in Fig. 1a, low-intensity plaques on T1WI and 
T2WI were all defined as hard on histological examination, 
and 13 of 14 plaques showing high signal intensity on T1WI 
were morphologically soft.

All low-echogenic plaques were histologically soft, and 4 
of 5 high-echoic plaques were histologically hard (Fig. 1b). 
One high-echogenic plaque with poor image quality due to 
the presence of a back shadow was histologically soft. Of 14 
plaques evaluated as intermediate on carotid US examina-
tion, 11 were histologically soft, and three were hard.

The diagnostic rate of soft plaque was 79% on carotid US 
and 93% on BB-MRI. When the carotid US findings of 
plaque showed intermediate echogenicity, employing 
BB-MRI helped in the accurate evaluation of the plaque type. 
As shown in Fig. 1c, the majority of high-intensity plaques 
on T1WI among plaques with intermediate echogenicity 
were histologically soft.

Figure 2 shows US and MRI images and the pathology in 
a typical case with soft plaque.
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Discussion

As a general rule, echolucent plaques on carotid US are 
soft, whereas echogenic plaques are hard because of the 
higher content of fibrous tissue and calcification. Our results 
were consistent with this assumption. However, in one 
patient we could not accurately diagnose the character of 
the plaque because of a back shadow. Poor plaque imaging 
on carotid US may hamper an accurate diagnosis. If the 
plaque showed an intermediate echogenicity on carotid US, 
about 30% were histologically hard. Intermediate echoge-
nicity can be influenced by the subjective evaluation of the 
examiner. This is a limitation of qualitative evaluation on 
carotid US.

BB-MRI has been considered useful in diagnosing the 
chemical composition and physical properties of tissue in the 
carotid artery. It is possible to evaluate the characteristics of 
carotid plaques objectively using the MR signal intensity. 
T1-weighted MR sequences are commonly used to detect 
intraplaque hemorrhage, which results in T1 shortening and 
correspondingly causes high signal intensity on T1-weighted 
MR images. Intraplaque hemorrhage in the atherosclerotic 
lesions is thought to be a critical entity in the progression of 
atherosclerosis because of the deposition of free cholesterol, 
macrophage infiltration, and enlargement of the necrotic core 
caused by the accumulation of erythrocyte membranes within 
an atherosclerotic plaque. Therefore, intraplaque hemor-
rhage is a risk of plaque destabilization [5]. Recent studies 
have reported that high intensity on T1WI reliably indicates 
soft plaque [10, 11, 12, 14].

In our investigation, on T1WI high-intensity plaques 
showed a tendency to be histologically soft. The diagnostic 
accuracy for detecting soft plaque on BB-MRI was higher 
than on carotid US.

Carotid artery stenosis is an important cause of stroke 
and may cause 10–20% of all cases of ischemic stroke. 
Large randomized controlled trials have demonstrated the 
effect of both CEA and CAS on stroke prevention in patients 
with carotid stenosis [2, 3, 6, 9, 13]. However, in the pres-
ence of soft plaque, CEA is recommended. Therefore, the 
preoperative evaluation of carotid plaque morphology is 
important.

Here we show that carotid US and BB-MRI findings 
correlated with the histopathological findings, but there 
were cases in which US alone was insufficient to diagnose 
the plaque type accurately. In such cases, examination with 
BB-MRI in addition to US was useful. We think that 
carotid US and BB-MRI are valuable diagnostic tools 
to help choose between the treatment methods of CEA 
or CAS.
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Fig. 1 Comparison of the characteristics of atherosclerotic carotid 
plaque based on the preoperative examination and histological findings. 
(a) Comparison of black blood MRI and histological findings (n = 18). 
Black box shows the rate of soft plaque on each MRI finding. 
(b) Comparison of ultasound characteristics and histological findings 
(n = 24). Black box shows the rate of soft plaque on each ultrasonographic 
finding. (c) Comparison between black blood MRI and histological 
 findings of those plaques with intermediate ultrasound characteristics 
(n = 11). Black box shows the rate of soft plaque on each MRI finding
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Fig. 2 US, MRI, and histological images of a typical soft plaque. (a) 
Ultrasonographic short axis image of carotid plaque. The red arrow 
shows low echoic plaque at the origin of the right internal carotid artery. 
(b) Axial T1-weighted image of the origin of the right internal carotid 
artery. The red arrow shows high-intensity plaque. Red arrowhead 
shows the right sternocleidomastoid muscle. (c) Axial T2-weighted 
image of the origin of the right internal carotid artery. The red arrow 

shows high-intensity plaque. Red arrowhead shows the right sterno-
cleidomastoid muscle. (d) Macroscopic image of a specimen incised 
during CEA. Red circle shows soft plaque, red arrow shows the right 
external carotid artery, and the red arrowhead shows the right common 
carotid artery. (e) Histopathological finding of carotid plaque obtained 
during CEA (Elastica van Gieson stain, ×40) indicates a lipid core (red 
circle). Red arrowhead shows true lumen
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Abstract The indication for carotid endarterectomy (CEA) 
or carotid artery stenting (CAS) has not been established, 
although the beneficial effects of these surgical treatments 
for severe cervical carotid stenosis have been confirmed by 
clinical trial studies. We report our clinical results of CAS 
and CEA and suggest an appropriate treatment strategy, espe-
cially for high-risk patients. From January 2001 to December 
2009, we treated 171 carotid lesions by CEA and 251 lesions 
by CAS. Stenosis was symptomatic in 68%, and the average 
stenotic rate was 83% in the CEA group. In the CAS group, 
stenosis was symptomatic in 62%, and the average stenotic 
rate was 65%. Stenosis was relieved in all cases after CEA or 
CAS. Surgical mortality with CEA and CAS was 0.6% 
(1/171) and 0.4% (1/251), respectively. Surgical morbidity 
by ischemic stroke with CEA and CAS was 2.9% (5/171) and 
1.2% (3/251), respectively. Surgical morbidity was not 
increased in patients with medical risk factors. The long-term 
outcome after CAS was not inferior to that after CEA. In 
conclusion, carotid stenosis can be treated with comparably 
low morbidity and mortality rates using CEA or CAS even in 
high-risk patients when the method is appropriately selected 
considering the characteristics of the carotid stenosis.

Keywords Carotid endarterectomy (CEA) · Carotid artery 
stenting (CAS)

Introduction

The benefit of surgical intervention for severe carotid steno-
sis has been confirmed by randomized clinical trials (RCT) 
[2, 4]. Two surgical therapeutic methods are available, carotid 

endarterectomy (CEA) and carotid artery stenting (CAS), 
although no indication for CEA or CAS for cervical carotid 
stenosis has been established yet. A recent RCT reported that 
the stroke prevention effect was not statistically different 
between CEA and CAS for CEA high-risk patients [6]; how-
ever, to achieve a better outcome with surgical treatments, 
we have to select CEA or CAS considering not only the 
patient’s condition, but also the characteristics of carotid 
stenosis and plaque.

In this study, we report our clinical therapeutic results of 
CAS and CEA and suggest an appropriate treatment strategy, 
especially for high-risks patient.

Materials and Methods

From January 2001 to December 2009, we treated cervical 
carotid stenosis surgically in 171 lesions by CEA and 251 
lesions by CAS. CEA was considered the first choice of the 
surgical treatment for severe carotid stenosis, especially 
with soft plaque, eccentric or tortuous lesions, and a narrow 
residual lumen with massive carotid plaque. CAS was 
 chosen when CEA was considered to be high risk with: (1) 
a contralateral ICA lesion, (2) distal carotid lesion, (3) 
higher cervical lesion and (4) medical risk factors, such as 
untreated coronary heart disease. For bilateral carotid 
lesions, the milder carotid stenosis was first treated by 
CAS, and then the more severe stenosis was treated by 
CEA. The average patient age was 69.5 in the CEA group 
and 71.0 for CAS. The stenosis was symptomatic in 68% of 
the CEA patients, and the average stenotic rate was 83%. 
For CAS, stenosis was symptomatic in 62% and the aver-
age stenotic rate was 65% (Table 1). Medical risk factors of 
both groups are shown in Table 1. Short-term surgical 
results were examined by follow-up MRA, MRI, 3DCTA 
or DSA angiography. Long-term results were also exam-
ined in 352 carotid stenotic lesions treated before May 
2007.
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Results

Short-Term Results

The surgical results are summarized in Table 2. Stenosis of 
the carotid arteries was relieved in all cases after CEA as 
well as CAS. Surgical mortality with CEA and CAS was 
0.6% (1/171) and 0.4% (1/251), respectively. Surgical mor-
bidity with ischemic stroke was 2.9% (5/171) for CEA and 
2.4% (6/251) for CAS, respectively. One patient with 
untreated coronary heart disease suffered acute myocardial 
infarction after CAS. Surgical morbidity was not signifi-
cantly elevated in patients with medical risk factors.

Long-Term Results

The average follow-up period was 31.2 months after CEA 
and CAS. Mortality was 8.2% after CEA, and 5.0% after 
CAS, and mRS (modified Rankin Scale) scores of the patients 
decreased by 0.33 after CEA and by 0.48 after CAS, respec-
tively, during the follow-up period.

Case Presentations: Complications  
After Surgical Treatment

Case 1: An 84-year-old woman with diabetes, hypertension 
and hyperlipidemia came to our clinic for surgery of asymp-
tomatic carotid stenosis. The preoperative studies revealed a 
90% stenosis of the left ICA and an 80% stenosis of the right 
ICA. Right carotid stenosis was first treated by CAS (Fig. 1), 
and left carotid stenosis was treated by CEA 3 days after 
CAS (Fig. 2a). After left CEA, she had right hemiparesis due 
to infarction of the left basal ganglia and corona radiata 
(Fig. 2b).

Case 2: A 74-year-old man with hypertension and renal 
failure suffered from weakness of the right lower limb. 
Angiography revealed an 80% stenosis of the left ICA and 
70% stenosis of the right ICA. Four days after successful CAS 
of the left ICA, he suffered from ileus caused by embolic 
occlusion of the superior mesencepharic artery (Fig. 3a, b).

Discussion

The Stenting and Angioplasty with Protection in Patients at 
High Risk for Endarterectomy (SAPPHIRE) trial was the 
first completed controlled, prospective randomized trial in 
which CEA was compared with state of the art CAS with 
cerebral protection [6]. The SAPPHIRE trial only enrolled 
patients who were considered at high risk for CEA, i.e., octo-
genarians and those with carotid reoperation, cervical radia-
tion, contralateral carotid occlusion, severe tandem lesions, 
high cervical lesions (at least C2), lesions below the clavicle, 
and contralateral laryngeal palsy. The perioperative risks of 
stroke (CAS, 3.1%, CEA, 3.3%) and mortality (CAS 0.6%, 
CEA 2.0%) were similar; however, more patients suffered 
postoperative myocardial infarction (MI) in the CEA group 
than in the CAS group. In our series of treatments we chose 
CAS for patients with untreated coronary disease. After the 
coronary disease had been treated and was stable, CEA did 
not induce MI in the perioperative period. A recent interna-
tional randomized controlled trial (RCT) comparing CAS 
with CEA in patients with symptomatic carotid stenosis 

Table 2 Surgical results

CEA

Death (renal failure, 
MOF)

1 0.75% (1/134)

Major stroke 1 0.75% (1/134)

Minor stroke 3 2.24% (3/134)

Restenosis 9 6.71% (9/134)

CAS

Death (blue toe 
syndrome, MOF)

1 0.46% (1/218)

Major stroke 3 1.38% (3/218)

Minor stroke 1 0.46% (1/218)

Restenosis 6 2.75% (6/218)

Table 1 Characteristics of patients and carotid stenosis, and medical risk factors

Age (mean) Male HT DM HL CHD/ 
untreated (%)

Symptomatic  
(%)

Stenosis 
(%)

CEA 69.5 82 70 24 20 19/0 68 83

CAS 71.0 80 40 18 21 10/5 62 65

HT hypertension, DM diabetes mellitus, HL hyperlipidemia, CHD coronary heart disease
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reported that the incidence of stroke, death or procedural 
myocardial infarction was 8.5% in the CAS group compared 
with 5.2% in the CEA group [3]. The risks of any stroke and 
all-cause death were higher in the CAS group than in the 
CEA group. Another recent international RCT also reported 
the superior stroke prevention effect of CEA over CAS [1]. 

In our series of treatments, when compared with the results 
of RCTs, CEA and CAS for carotid stenosis were performed 
with a comparably low rate of complications even in high-
risk patients. These results suggest that our treatment strat-
egy for carotid stenosis is basically acceptable, although 
there are some points for discussion.

baFig. 1 Case 1: Preoperative 
angiography revealed 80% 
stenosis of the right ICA (a). 
Right carotid stenosis was first 
treated by CAS (b)

a b

Fig. 2 Left carotid stenosis was 
treated by CEA 3 days after CAS 
(a). After left CEA, the patient 
had right hemiparesis due to 
infarction of the left basal ganglia 
and corona radiata (b)
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Major ischemic complications of CEA are (1) embolic 
stroke in the perioperative stage and (2) hemodynamic stroke 
during occlusion of carotid arteries. The most important factor 
to prevent embolic stroke may be the surgical CEA procedure. 
Although it is necessary to detect the precise dissecting layer 
and not to leave a piece of plaque at the distal end of the ICA, 
this procedure is sometimes complicated and is not easy, espe-
cially when the lesion is located at a high cervical level [5]. In 
case 1, we performed CEA without using an internal shunt 
after increasing crossflow by contralateral CAS. Crossflow 
may not be sufficient during closure of the ICA. We used an 
internal shunt for selective cases to prevent hemodynamic 
stroke. Since it sometimes increases the risk of embolic stroke 
to insert a shunt in a distal ICA region, an internal shunt should 
be used for selective cases after examining cerebral blood 
flow after cross clamping the carotid arteries.

A major complication of CAS is embolic stroke due to 
dilatation of the stenotic lesion and plaque. Since the recent 
development of MRI and Doppler echography has enabled us 
to detect the characteristics of the carotid plaque, we should 
select CAS or CEA according to the plaque morphology. 
Another major complication of CAS is apparently embolism 
during catheterization of eccentric and tortuous sclerotic arter-
ies. As shown in case 2, embolic complications can occur not 
only in the brain, but also in other peripheral arteries. We also 
experienced mortality as a result of complications of catheter-
ization, such as blue toe syndrome. We should therefore select 
CEA for severe carotid stenosis and tortuous lesions after 
studying the aortic arteries by 3DCTA or DSA angiography.

In conclusion, carotid stenotic lesions can be treated with 
comparably low morbidity and mortality rates using CEA 
and CAS even in patients with medical comorbidity or 
 bilateral carotid stenosis. CAS is not inferior to CEA with 

regard to the long-term results. The most appropriate method 
should be selected considering the individual characteristics 
of carotid stenosis.
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Fig. 3 Case 2: 4 days after successful CAS for left ICA stenosis, a 74-year-old man suffered from ileus. Laparotomy revealed a necrotic lesion of 
the small intestine (a). The superior mesencepharic artery of the lesion was occluded by the embolus of the cholesterin crystal (b)
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Abstract Objective: The early postoperative period after 
extracranial-intracranial bypass surgery carries the risk of 
hypo- as well as hyperperfusion. The purpose of this study is 
to evaluate early perfusion computerized tomography (PCT) 
after revascularization to assess the hemodynamic balance. 

Methods: Standard cerebral bypass surgery was performed 
on ten patients, and PCT measurement within 6 h after sur-
gery was performed and analyzed. 

Results: The hemisphere with reduced cerebral vascular 
reserve (CVR) showed a regional cerebral baseline blood flow 
(CBF) of 5.58 ± 1.69 and a regional cerebral baseline blood 
volume (CBV) of 2.41 ± 0.76 before surgery. Mean transit time 
(MTT) was 4.16 ± 0.9 s and time to peak (TTP) 3.25 ± 1.62 s. 
After the procedure values changed significantly (p < 0.05) in 
eight patients who had no complications. Patency rate was 
documented in all patients by angiography. One patient showed 
a decrease of CBF and CBV and an increase of MTT and TTP. 
Clinically the patient developed a transient hemiparesis imme-
diately after surgery. Another patient showed the expected 
increase in CBF and CBV; however, MTT and TTP also 
increased. A delayed hemiparesis probably related to hyper-
perfusion occurred with improvement in the follow-up. 

Conclusion: This pilot study demonstrates that early PCT 
parameters can provide immediate and detailed information 
about hemodynamic parameters and seems to have a predic-
tive value regarding the morbidity of hypo- or hyperperfu-
sion in patients after cerebral bypass surgery.

Keywords Early CT perfusion · Extracranial-intracranial 
bypass · Hyperperfusion · Hypoperfusion

Introduction

Patients suffering from internal carotid artery (ICA) occlu-
sive disease show a remarkable but individually variable 
risk of subsequent stroke. Besides clinical symptoms 
the impairment of the cerebral vascular reserve capacity 
(CVR) has been identified as the major predictive indi-
cator for the risk of cerebral infarction [19]. Standard 
superficial temporal artery to middle cerebral artery (STA-
MCA) bypass surgery is one treatment option for patients 
suffering from hemodynamically relevant ICA occlu-
sion [13]. Intraoperative bypass patency can be evaluated 
using near-infrared indocyanine green (ICG) fluorescence 
angiography [18], microvascular Doppler and ultrasonic 
perivascular flow probe devices. Postoperative catheter 
(DSA)- or magnetic resonance (MR)-based angiography 
are typically used to assess bypass patency. For evaluation 
of the cerebral  perfusion, diverse imaging modalities are 
available, including perfusion magnetic resonance imaging 
(MRI) [5],  single photon emission computed tomography 
(SPECT) [10], positron emission tomography (PET) [2], 
xenon computed tomography (CT) [6], perfusion comput-
erized tomography (PCT) [6] as well as local, invasive tools 
like regional cerebral blood flow [11, 15], laser Doppler 
flowmeter [7] or brain-tissue oxygenation measurements 
[9]. This multitude of modalities has different advantages 
and disadvantages. Except for the local procedures, most 
modalities are established in the following days or month 
after revascularization in order to identify improvements 
after bypass surgery. Nevertheless, perfusion changes can 
occur in the early postoperative period, with the risk of 
hypo- as well as hyperperfusion associated with severe 
morbidity.

The purpose of this study is to evaluate early PCT after 
revascularization to access the predictive hemodynamic 
 balance in the immediate postoperative stage.

The Impact of Early Perfusion CT Measurement  
After Extracranial-Intracranial Bypass Surgery:  
Results of a Pilot Study
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Materials and Methods

Patient Population

Ten patients who presented in the clinic from October 2009 
to March 2010 were included in this study. They suffered 
from symptomatic ICA occlusion or Moyamoya disease 
with impaired CVR and were considered for cerebral revas-
cularization. During surgery bypass patency was evaluated 
by the use of ICG fluorescence angiography, microvascular 
Doppler and ultrasonic perivascular flow probe devices. 
Postoperatively all patients underwent an early PCT and the 
DSA. Criteria for exclusion were age under 18 years. All 
patients had given informed consent.

PCT Protocol

PCT was performed using a multislice CT Scanner (Volume 
Zoom, Siemens Erlangen/Germany, 80.0 kV, 120m As, 
1 scan/s, overall duration 35 s). Patients were examined 
before and after acetazolamide treatment (Diamox®, 1,000 mg 
i.e., over 2 min) the same day preoperatively and without 

acetazolamide within 6 h immediately after bypass surgery. 
For all examinations, patients received a single bolus of 30 mL 
contrast agent intravenously (400 mg iodine/mL), equaling a 
total iodine dose of 12 g. Two 10-mm-thick slices represent-
ing all three supratentorial vascular territories were obtained. 
Raw data were transferred to a workstation for further process-
ing. Analysis comprising determination of mean transit time 
(MTT), regional cerebral blood flow (CBF), regional cerebral 
blood volume (CBV) and time to peak (TTP) was carried out 
by STROKETOOL-CT software (version 2.0) [17]. Perfusion 
maps were further evaluated using the computer software 
Angiotux CT 2D [14]. For each hemisphere the mean values 
of all four perfusion parameters in 18 overlapping defined cor-
tical segments (sections of 10° and intersections of 2°) were 
determined. All segments were related to vascular territories: 
A 40° occipital segment corresponds to the vascular territory 
of the posterior cerebral artery; the following 110° segment 
to the vascular territory of the middle cerebral artery; and the 
remaining 30° segment to the vascular territory of the anterior 
cerebral artery (Fig. 1).

Results

Patient Population

Six male and four female patients with a mean age of 
53.3 years (range 18–69 years) were included in the evalua-
tion. Symptomatic unilateral ICA occlusion was present in 
seven patients (three right sided and four left sided) and 
Moyamoya disease in three. Ten EC-IC bypass surgeries 
were performed (STA-MCA anastomosis). A total of 20 PCT 
examinations were performed and compared.

Intra- and Postoperative Assessment  
of Bypass Patency

Intraoperative ICG fluorescence angiography confirmed the 
patency of the STA-MCA bypass and showed an anastomo-
sis without obstructions in all ten patients. Intraoperative 
ultrasonic perivascular flow measurement demonstrated flow 
rates between 18 and 55 mL/min. Postoperative DSA per-
formed 24 h after surgery showed patency in all patients.

Clinical Outcome

Eight patients had an inconspicuous follow-up in the 
intensive care unit (ICU) after the STA-MCA anastomotic 

Fig. 1 Brain map divided into 36 segments to analyze the holo-hemi-
spheric perfusion and specific vascular territories of the 110° expanded 
MCA territory
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procedure, notably without new neurological symptoms. One 
patient experienced a delayed (day 2 after surgery) transient 
hemiparesis with improvement in the follow-up (patient 1). 
Immediately postoperatively, another patient developed a 
new transient neurological deficit in terms of hemiparesis 
(patient 10) with good recovery.

Postoperative Changes in PCT Parameters

As expected, the average holo-hemispheric PCT values of the 
eight inconspicuous patients changed significantly from before 
to after the STA-MCA anastomosis on the hemisphere with 
reduced CVR. CBF increased from a baseline of 5.58 (±1.69) 
to 7.29 (±2.51). CBV changed from 2.41 (±0.76) to 2.57 
(±0.77). A decrease in MTT and TTP confirmed the hypothe-
sis of flow improvement. MTT altered from 4.16 s (±0.9 s) 
before bypass to 3.99 s (±1.11 s) after the procedure. TTP val-
ues changed from 3.25 s (±1.62 s) to 2.57 s (±1.44 s). Alterations 
of all four PCT parameters after bypass surgery were signifi-
cant (p < 0.05). Patient 1 showed the expected increase in CBF 
(5.71–6.03) and CBV (2.92–3.30), and MTT (5.43–5.84 s) and 

TTP (5.85–6.10 s) also increased. This patient presented 
with a delayed hemiparesis after hours with improvement in 
the follow-up. Patient 10 developed a permanent hemipa-
resis immediately after surgery. In this patient all four holo- 
hemispheric PCT parameters changed unexpectedly (CBF 
from 4.65 to 3.79; CBV from 2.70 to 2.0 and MTT from 3.87 
to 4.2 s; TTP from 3.44 to 3.7 s) (Fig. 2). In the two patients 
with postoperative clinical aggravation and unexpected 
changes in two, respectively four PCT parameters, specific 
analyses of the territory of the middle cerebral artery (MCA) 
in the symptomatic hemisphere were performed. Perfusion 
parameters of this unique 110° territory presented different 
changes in comparison with the holo-hemispheric results. In 
patient 1, CBF changed from 5.76 to 4.01, CBV from 3.24 to 
2.81, MTT from 5.80 to 7.12 s and TTP from 5.82 to 8.01 s. 
Regarding only the MCA territory, four unexpected changes 
were detected. In the holo-hemispheric results, patient 10 dem-
onstrated unexpected changes in four parameters. Taking a 
closer look at the MCA territory, CBF increased from 3.25 to 
4.50, CBV from 4.79 to 9.69, MTT from 4.80 s to 6.31 s and 
TTP from 4.80 s to 6.31 s. In this territory an expected but 
considerable increase in CBF and CBV was found. MTT and 
TTP also showed unexpected changes (Fig. 3).
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Discussion

Lowering blood pressure to normal or upper-normal values 
in the early postoperative period after intracranial surgery is 
generally accepted practice. In patients with chronic athero-
sclerotic cerebral occlusive disease, this lowering can cause 
hypoperfusion. However, in these patients cerebrovascular 
reconstructive surgery can cause a rapid increase in CBF 
resulting in cerebral hyperperfusion. Hyperperfusion syn-
drome incidentally occurs in patients after carotid endart-
erectomy [12] or removal of an arteriovenous malformation. 
Also patients with STA-MCA anastomosis, which provides 
in general low-flow revascularization, can sustain symptom-
atic hyperperfusion syndrome with unilateral headaches, 
facial and ocular pain, focal symptoms secondary to cerebral 
edema [3–5, 8], seizures or intracranial hemorrhage [12]. 
CBF is described to increase greatly in the first 24 h after 
revascularization procedures with a second maximum on 
day 5. Between these days, cerebral edema reduces the total 
blood flow volume [7].

During the first hours after revascularization procedures 
patients are at high risk of developing an unnoticed hypo- or 
hyperperfusion due to the lack of alertness after general 

anesthesia. Inhalation anesthesia itself raises the CBF, and 
after removal of the endotracheal tubes, cerebral blood flow 
also increases [1]. During this time perfusion parameters and 
information about the postoperative intracranial status are 
required in order to adapt blood pressure levels. Online tech-
niques such as regional cerebral blood flow [15], laser 
Doppler flowmeter [7] or brain-tissue oxygenation measure-
ments [10] have the advantage of providing permanent infor-
mation, but the monitored brain region is small, the procedure 
is invasive, and additional information is missing. Well-
established examinations like perfusion MRI, SPECT or 
PET [16] involve a transfer, sometimes into another building, 
and perfusion studies are time consuming. In contrast, PCT 
is a fast technique, and a CT scanner is frequently available 
close to the ICU. Results are available immediately, and 
additional information is provided (i.e., about hemorrhage, 
infarction, edema).

The goal of this study was to identify unexpected cere-
bral perfusion changes using PCT in the early postopera-
tive period in comparison to preoperative PCT in order to 
use these results for planning further diagnostic or thera-
peutic procedures. Holo-hemispheric changes could be 
detected in all patients. In 80% of the patients an expected 
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increase of CBF and CBV and shortened TTP and MTT 
were diagnosed. In two patients holo-hemispheric PCT 
identified 50% respectively 100% unexpected changes in 
the four perfusion parameters. These patients with clinical 
aggravation were further examined. A detailed analysis of 
the MCA territory was performed. Patient 1 presented with 
an increase of holo-hemispheric CBF and CBV, but also 
with a delayed TTP and MTT. In the MCA territory, TTP 
and MTT were also prolonged; however, CBF and CBV 
decreased. These changes could be identified as hypoperfu-
sion of the MCA territory. A subsequent CT scan revealed 
a minor stroke in a corresponding vascular territory. 
Patient 10 presented with an unexpected decrease of holo-
hemispheric CBF and CBV as well as prolonged TTP and 
MTT. Closer inspection of the MCA territory confirmed 
the delay of TTP and MTT. A significant increase of CBF 
and CBV was detected. With  holo-hemispheric reduced 
perfusion and considerably increased CBF and CBV in the 
MCA territory, this was interpreted as hyperperfusion with 
the steal phenomenon. The following imaging detected 
small borderzone infarctions, which supported the assump-
tion of hyperperfusion with the steal effect. Thus, unex-
pected changes of two or more holo-hemispheric perfusion 
parameters with a close examination of the subdivided 
MCA territories can be suggestive of hypo- or hyperperfu-
sion after bypass surgery.

Conclusion

This pilot study demonstrates that early PCT parameters can 
provide immediate and detailed information about the hemo-
dynamic situation after cerebral bypass surgery. Furthermore, 
PCT analysis seems to have a predictive value in this patient 
population regarding the morbidity due to hypo- or hyper-
perfusion. However, this still needs to be supported by pro-
spective investigations with a larger patient cohort.
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Abstract The European form of Moyamoya disease clearly 
differs from the Asian form. Clinically the timing of vascul-
opathy onset and a lower rate of hemorrhage are striking as 
compared to the Asian Moyamoya disease.

Single nucleotide polymorphisms that play a role in ath-
erosclerosis, vascular growth and transformation processes 
have been found to be associated with the European form. 
Candidate gene associations found in Asian patients could 
not be replicated in European patients.

To elucidate the characteristics, we describe the clinical 
features as well as the genetic findings that we have found in 
our combined cohorts of European patients.

Keywords European · Genetics · Hemorrhage · Ischemia ·  
Moyamoya disease

Introduction

Up to now, there is only limited knowledge about Moyamoya 
disease, especially in Europeans. Differences or similarities in 
disease presentation in Asians and Caucasians are a source of 
scientific debate, and mechanisms of pathophysiology are still 
widely unknown. In several articles from Europe, there is also 
disagreement about whether analysis of Caucasian patients 
should include all patients with Moyamoya angiopathy (e.g., 
Moyamoya disease, Moyamoya syndrome and unilateral 
Moyamoya angiopathy) or should be restricted to patients 
with idiopathic Moyamoya disease only [17, 18, 30].

Until recently there have been no genetic studies on 
Moyamoya disease in Europe. In an attempt to understand 
the molecular pathomechanism of the disease, we  performed 
several candidate gene association studies to replicate previ-
ous findings performed in Asian patients, and also tried to 
find parallels to other diseases such as  atherosclerosis and to 
known histopathological changes in Moyamoya disease.

Epidemiology

Moyamoya disease shows a remarkable difference in region and 
ethnicity [28]. It is mostly found in Asians, especially in Japan 
and Korea. The incidence in Japan has been reported to be 
0.35/100,000, whereas a questionnaire-based inquiry revealed a 
frequency of one-tenth of that (0.03) in Europe [1, 28, 30, 31].

Asian epidemiological surveys have shown a female pre-
dominance ranging from 1.8:1 in sporadic to 5:1 in familial 
cases of MMD [20]. In North American studies with cases of 
various ethnic backgrounds, female predominance of around 
2:1 was reported [3, 10, 11]. In a recent German study with 21 
Caucasian patients with idiopathic Moyamoya disease, a female 
predominance of 4.25:1 was noted [18], whereas in our studies 
with 40 patients from central Europe it was 2.1:1 [24, 25].
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Clinical Characteristics

Due to rarity of the disease in Europe, the different inclusion 
criteria of patients in studies and the lack of any systematic 
prospective multi-center survey, there is some confusion and 
debate about the disease presentation and age distribution in 
Europeans.

Even if including North American studies in the charac-
terization of the disease in Caucasians, this is difficult 
because of multi-ethnic and heterogeneous cohorts of patients 
with Moyamoya disease and Moyamoya syndrome. In 1998, 
Chiu et al. reported 22 Caucasian Americans with Moyamoya 
disease and described several differences between disease 
presentation in the United States and in Japan [3]. Another 
Caucasian cohort with 23 Americans was reviewed by 
Hallemeier et al. in 2006 [11]. Recently, a group at Stanford 
published an analysis on 329 American patients of whom 
59% were of Caucasian origin [10].

Most authors in Europe and North America describe a 
considerable difference in clinical disease presentation 
between Caucasian and the Asian Moyamoya patients [30]. 
In a German cohort of 21 adult patients with idiopathic 
Moyamoya disease, all had presented with ischemic symp-
tom onset [18], whereas most adults with Asian background 
present with hemorrhage [26, 30]. In the German study, only 
1 of the 21 patients had experienced subarachnoid hemor-
rhage [18]. In Chiu’s North American study, only 13% of the 
adult patients had suffered intracranial hemorrhages (17% 
overall) [3]. Another US multicenter study by Numaguchi 
et al. revealed a similarly low prevalence of intracranial hem-
orrhage (14%) [22]. In Hawaii, the proportion of Moyamoya 
patients presenting with intracranial hemorrhage is higher 
(29%), but the majority of patients included in that study 
were of Asian ethnicity [7]. Also in Hallemeier’s study most 
Caucasian patients presented with ischemic symptoms [11]. 
However, recently Guzman et al. compared the presenting 
symptoms of their 69 American patients of Asian ethnic 
background with 137 Caucasian American Moyamoya 
patients and found no statistically significant difference in 
the incidence of ischemic events such as stroke (67% versus 
65%) or transient ischemic attacks (61% versus 67%) [9,  10]. 
The rate of hemorrhagic presentation was 24% in Asian 
Americans compared to 16% in Caucasian Americans, but 
this did not reach statistical significance (p = 0.08) [9, 10]. 
However, in contrast to former data [26], in a novel Japanese 
study with 267 patients, intracranial hemorrhage was present 
in 21.3% and ischemic stroke in 56.9% [1]. Asian pediatric 
patients present with ischemic symptoms, and hemorrhages 
are very rare [26]. It is likely that ischemic events appear 
soon after the onset of the arterial occlusion or narrowing 
[18]. In Asia, this most frequently occurs in childhood, 
and the frequency of transient ischemic attacks and cere-
bral infarctions is highest at that time [18, 27]. In accordance 
with another American study [11], a higher risk of recurrent 

ischemic events within the first 2 years after symptom onset 
was observed in the German cohort [18]. This may reflect an 
improvement in collateral flow over time. The increased risk 
of hemorrhages in Asian adults may be the consequence of 
an extensive network of fragile Moyamoya collaterals that 
have developed over decades since their childhood [18].

In Asian patients the age distribution shows a peak in 
childhood at 5 years of age with ischemic symptoms, and 
another peak of disease presentation in adulthood between 
the ages of 45 and 49 [1]. Hallemeier et al. concluded that 
differences in presentation between North American and 
Asian patients may be related to the timing of onset of the 
occlusive vasculopathy and supposed that in Caucasians dis-
ease onset may be more frequent in young adults [11]. 
However, the age distribution in Caucasian patients is uncer-
tain. While the pediatric age peak was lacking in two 
American Studies and a European study [3, 11, 18], other 
groups in Europe and the US found no difference in age dis-
tributions between Caucasian and Asian patients [9, 10, 30].

Additional symptoms in European or Caucasian Moyamoya 
disease are mostly neglected in the literature. However, lim-
ited data suggest that additional symptoms such as headache 
and epilepsy are also frequent in European patients [18]. 
Judging by our own clinical experience, it is important to ask 
adult European patients if there were triggering factors for 
their ischemic symptoms [18]. In Asian patients ischemic 
events are associated with hyperventilation [21].

Little is known about the natural course of Moyamoya dis-
ease in Europeans, whose 5-year Kaplan-Meier risk of recur-
rent stroke was reported to be 80.95% after the first ischemic 
event for all patients [18]. In an American study patients with 
bilateral involvement presenting with ischemic symptoms 
were at the highest risk of subsequent stroke (an 82% 5-year 
risk of developing a stroke with medical treatment after the 
first symptom occurred) [11]. It was discussed whether there 
is a phase after which the disease can be considered quiescent 
or “burned out” [3, 18]. However, both Asian and North 
American series describe an inevitable disease progression 
[13, 14, 19]. Even though operative and conservative treat-
ment has never been systematically evaluated in European 
patients [18], it is largely agreed upon that in most cases a 
revascularization procedure is advisable and the most benefi-
cial therapeutic  concept [4, 5, 9, 12, 15, 16, 29].

Recently, an American study described similar features in 
idiopathic occlusive disease of the basal arteries without 
Moyamoya collaterals compared to Moyamoya disease [2, 6]. 
This leads to the question whether unilateral Moyamoya angiop-
athy, idiopathic Moyamoya disease and occlusive disease of the 
basal arteries represent individual entities. Nevertheless, for 
European patients who have the Moyamoya phenomenon, it is 
crucial to perform detailed differential diagnostic procedures to 
differentiate among idiopathic Moyamoya disease, Moyamoya 
syndrome and other occlusive diseases, as each entity may 
require a different form of therapy [17].
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Genetic Findings in Europeans

Several genetic studies of Asian Moyamoya disease patients 
have been published in the last years. To date no single gene has 
been associated with the disease, possibly indicating that it is a 
multigenic occurrence. In a recent review of all data that had 
been published so far, it was evident that candidate gene associa-
tions found in Asian individuals could not be replicated [23].

We conducted a series of single nucleotide polymorphism 
analyses in which we examined 40 MMD patients of central 
European background and 68 healthy controls. The mean age 
of onset of MMD-related symptoms was 15.4 years of age.

Atherosclerosis

In our first study we genotyped 17 single nucleotide polymor-
phisms in or adjacent to 11 genes (ELN, LIMK1, CDKN2A/B, 
CXCL12, Pseudogene ENSG00000197218, PSRC1, MTHFD1L, 
SMAD3, MIA3, PDGF-B, TIMP2) [24].

We found an association of one SNP (rs599839 [A/G], 
OR = 2.17, 95% CI = 1.17, 4.05; p = 0.01) with the risk allele G 
located in the 3¢ UTR region of the PSRC-1 gene. Three fur-
ther SNPs (rs8326, rs34208922, rs501120) in or adjacent to 
the genes ELN and CXCL12 showed tendencies to risk alleles 
with p-values between 0.1 and 0.2, but did not reach statistical 
significance in our cohort. The risk allele G (p = 0.014) of the 
rs599839SNP [A/G] SNP is located on chromosome 1p13.3 
in the 3¢ UTR region of the PSRC-1 gene (proline/serine-rich 
coiled-coil 1) and is close to the CELSR2 (cadherin, EGF 
LAG seven-pass G-type receptor 2) gene. This genetic locus 
is at the telomeric portion of a 150-kbp segment that has been 
described to be associated with LDL cholesterol levels in 
genome-wide association studies (GWAS). LDL cholesterol 
is known to play an important role among the risk factors for 
the genesis of atherosclerotic lesions. These results indicate a 
possible parallel of common processes in the genesis of 
Moyamoya and atherosclerotic disease [24].

TGFB1 and PDGFRB

We analyzed the DNA of patients with Moyamoya disease for 
single nucleotide polymorphisms in and upstream of the genes 
for previously described associated cytokines and growth fac-
tors [25]. Thirteen SNPs were genotyped in or upstream to 
four genes (bFGF, CRABP1, PDGFRB, TGFB1). We found 
an association of two SNPs: rs382861 [A/C] (p = 0.0373, 
OR = 1.81, 95% CI = 1.03–3.17) in the promoter region of 
PDGFRB and rs1800471[C/G] (p = 0.0345, OR = 7.65, 95% 
CI = 0.97–59.95) located in the first exon of TGFB1.

TGFB1 and PDGFRB are involved in vascular growth 
and transformation processes, which may play a role in the 
development of Moyamoya disease.

ACTA2

Recently, the coincidence of mutations in ACTA2 (vascular 
smooth muscle cell-specific isoform of a-actin) in families 
with thoracic aortic aneurysms and dissections (TAAD) and 
Moyamoya disease was reported in patients of Northern 
European descent and a positive family history of TAAD and 
MMD [8]. In this study, we analyzed the nine exons of the 
ACTA2 gene in central European patients with non-familial 
MMD, aiming to replicate previously described genetic find-
ings and possibly identify further mutations. DNA sequenc-
ing of the nine exons and flanking intronic regions of ACTA2 
was performed in 39 MMD patients with no family history of 
MMD or TAAD and 68 healthy controls of central European 
descent. One new mutation in exon 6 of ACTA2 was found in 
one patient with MMD. We were not able to detect the previ-
ously described mutations (unpublished data).

Conclusions

There are several clinical differences between European and 
Asian patients diagnosed with Moyamoya disease. This in 
itself may already be a sign of the different genetic compo-
nents that play a role in the disease’s formation in people of 
different ethnicities.

Further analyses in larger European cohorts and replica-
tion in patients of different ethnicities may lead to possible 
early detection of patients at risk of developing Moyamoya 
disease and subsequently to an understanding of the disease’s 
pathophysiology.
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Effect of Mouth Opening on Bypass Function After Combined 
Revascularization for Moyamoya Disease

C.F. Freyschlag‡, M. Seiz‡, M. A. Brockmann, J. Scharf, R.W. Stier, G.A. Schubert, C. Thomé, and P. Schmiedek 

Abstract Moyamoya disease represents a rare steno-
occlusive disease of the internal carotid artery (ICA) with a 
reactive and pathological basal network of collateral 
vessels. It may lead to ischemic stroke or intracerebral 
hemorrhage. Treatment options are either direct or indirect 
revascularization procedures or a combination thereof. 
Specialized centers report sufficient revascularization in 
most patients and low complication rates.

Between 2005 and 2008, direct extra-intracranial bypass 
surgery in combination with encephalomyosynangiosis (EMS) 
was performed in 71 Moyamoya patients at the Mannheim 
University Medical Center.

Following one case of reversible neurological deficits associ-
ated with mouth opening, we prospectively evaluated the effect 
of mouth opening on bypass function in this patient and four 
further consecutive patients by digital subtraction angiography.

Three out of five patients showed alterations in bypass 
patency upon mouth opening. The obstruction was located at 
the junction of the bypass and the temporal muscle. Two 
temporary occlusions and one case of decreased flow were 
observed. One patient demonstrated reversible hemiparesis 
and aphasia.

Keywords Direct indirect revascularization · Encephalo-
myosynangiosis · Extra-intracranial bypass · Mouth opening · 
Moyamoya disease

Introduction

Moyamoya disease is a rare idiopathic vascular disease with 
progressive stenosis or occlusion of the internal carotid artery 
and dependent vessels. First described in 1957 by Takeuchi 
[24] as a bilateral hypoplasia of the internal carotid arteries, the 
pathognomonic dilated collateral network was first described 
by Suzuki [23], who named the disease after the Japanese term 
“moyamoya” for puff of smoke. Despite the unknown etiol-
ogy, the significantly higher incidence in the Asian population 
[25] strongly suggests a genetic coherence. Moyamoya condi-
tions are found with an estimated incidence of 0.08 per 100,000 
in Western populations [3, 26].

Treatment options are either medical therapy or surgery. 
Conservative strategies have been used in patients with a 
high perioperative risk profile or relatively mild course of 
disease. Medical treatment consists of antiplatelet agents or 
symptomatic treatment (eg., treatment of headaches).

Surgical treatment of patients with Moyamoya typically uses 
revascularization procedures such as indirect or direct anasto-
moses [2, 5, 9–11, 14, 15, 17, 21, 22]. Bilateral direct revascu-
larization with a combined procedure of extra-intracranial 
bypass and modified encephalomyosynangiosis for the hemi-
sphere with the smaller cerebrovascular reserve capacity and 
EMS for the contralateral hemisphere is standard treatment in 
our center. The technique is modified by direct guidance of the 
donor vessel through the fibers of the EMS instead of diverting 
it around the muscle.
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Materials and Methods

Following one incidence of temporary neurological deficit in a 
combined revascularized patient, we did extensive diagnostics 
and prospectively analyzed four further adult patients treated 
for Moyamoya disease within routinely scheduled follow-up.

All subjects underwent six-vessel digital subtraction 
angiography plus selective external carotid injection with 
opened and closed mouth. Furthermore the patients were 
clinically examined with provocation by mouth opening. 
Angiographic studies of these patients were analyzed by an 
experienced interventional neuroradiologist (J.S.).

Results

Five patients (3 females, 2 males) with a mean age of 56 years 
(47–63 years) underwent routinely scheduled digital subtrac-
tion angiography and clinical examination. The mean age at 
treatment was 52.8 years (43–58 years); surgery was per-
formed with uneventful postoperative course between 2005 
and 2008 at the Mannheim University Medical Center. 
Treatment consisted of combined revascularization of the 
dominant hemisphere and contralateral stand-alone EMS. 
We found ten revascularized hemispheres [5 combined  
(3 left, 2 right) and 5 contralateral EMS].

Neurological examination consisted of pronator drift test 
and Janda’s muscle examination [13]. None of the patients 
showed neurological deficits upon the beginning of examina-
tion. Provocation by active mouth opening for 2 min revealed 
a right side hemiparesis of brachial predominance and apha-
sia in one patient. Both symptoms fully recovered after sev-
eral minutes.

Three out of five patients showed alterations in bypass 
patency due to mouth opening. We found two complete 
occlusions of the direct anastomosis (Fig. 1). One patient 
showed a decrease of flow in the donor vessel. Two patients 
showed no affection of the bypass.

Discussion

The etiology of Moyamoya disease is still unknown, but 
the vasculopathy seems to be unresponsive to drug therapy 
[4]. The use of microsurgery and the implementation of 
extra-intracranial bypass surgery by Yasargil and Donaghy 
[6] in 1967 led us to an effective treatment of Moyamoya 
disease.

According to Choi et al. [4], patients with Moyamoya 
disease benefit greatly from cerebral revascularization 
compared to the natural history. The term indirect revascu-
larization includes several different techniques of cerebral 

Fig. 1 (a) Digital subtraction angiography of a 56-year-old patient with 
complete occlusion of the bypass while opening the mouth, during 
which the patient suffered brachial predominant hemiparesis and apha-
sia. (b) Same patient without mouth opening, showing a patent bypass. 

(c) DSA of a 63-year-old patient with another complete occlusion of the 
bypass vessel, without any neurological impairment. (d) Same patient 
without mouth opening, again showing a patent bypass
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synangiosis with the dura, temporal muscle, arteries or com-
binations of them [2, 8, 11, 12, 15–17]. Indirect procedures 
are disadvantageous for providing immediate perfusion to 
the oxygen-deprived areas, whereas direct extra-intracranial 
bypass can fail in the long-term course. Combined revascu-
larization leads to immediate re-perfusion and long-lasting 
restoration of the cerebral oxygen supply.

Age-dependent revascularization patterns are discussed 
by Czabanka et al. [5], showing that combined revasculariza-
tion with direct anastomosis and bilateral encephalomyo-
synangiosis is safe and efficient. Whereas in an adult 
population direct anastomosis showed marginally better 
angiographic results compared to indirect encephalomyo-
synangiosis, contrary results are seen in a pediatric cohort. 
Matsushima et al. showed that combined revascularization is 
superior to indirect procedures alone [17]. The major differ-
ence compared to published data is that our technique guides 
the donor vessel directly through the EMS instead of divert-
ing the bypass around the muscle fibers, which notably short-
ens the bypass vessel length. It further simplifies applying 
the end-to-side anastomosis. Overall complication rates with 
this modified technique are as low as those published for 
combined revascularization [2, 5, 8, 20].

Overall postoperative complication rates are low and 
depend on the chosen procedure [11]. Encephalomy-
osyngiosis requires a wider craniotomy than direct anasto-
mosis only and may lead to a mass effect because of muscle 
swelling or hematoma [7, 19, 21, 27]. The complication 
rates of direct anastomosis for Moyamoya disease [18] are 
equal to those for standard extra-intracranial bypass [1, 11].

Up to now, secondary occlusion of direct revasculariza-
tion due to mouth opening has not been reported after opera-
tive treatment of Moyamoya disease or extra-intracranial 
bypass surgery in general.

Two of five patients in our cohort showed complete 
obstruction of the bypass while opening the mouth. In com-
bined revascularization, the donor vessel is guided through 
the fibers of the temporal muscle. Therefore, we propose that 
axial extension of the fiber orientation leads to compression 
and furthermore occlusion of the graft. One patient showed 
neurological deficits because of the combination of occluded 
bypass and poor EMS function, whereas in the other patient 
the EMS was sufficiently vascularized.

We conclude that in the absence of prospective compara-
tive evaluation of revascularization patterns in Moyamoya 
disease, the combination of STA-MCA bypass and encepha-
lomyosynangiosis leads to effective treatment [2]. We also 
think that longitudinal splitting of the muscle graft with the 
encephalomyosynangiosis technique can be helpful in pro-
viding sufficient indirect revascularization and is advanta-
geous because of its relation to the donor vessel. This 
modification of surgical technique is the subject of our ongo-
ing research.
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Revascularisation Surgery and Long-Term Follow-up in Juvenile 
Moyamoya Syndrome: A Retrospective Analysis

Peter T. Ulrich and Elke Januschek 

Abstract Due to its low incidence in Western countries, 
physician awareness of juvenile Moyamoya disease should 
be improved. The benefits of revascularisation surgery have 
only been proven in the juvenile version of the disease. 
Therefore, early revascularisation may prevent irreversible 
ischaemic deficits and rapidly progressive mental retardation 
in young patients.

From 1984 to 2009, a total of 19 children (mean age 
8 years, range 1–18 years, female predominance 2:1, 17/19 
European white patients, 2/19 Asian origin of at least one 
parent) were treated for juvenile Moyamoya disease by sur-
gical revascularisation. The leading symptoms were epilepsy 
(17/19), followed by transient ischaemic attacks (TIA) or 
prolonged reversible ischaemic neurologic deficits (PRIND) 
(15/19) and mental retardation (11/19). Angiography showed 
a clear neovascularisation in the majority of patients after 
indirect bypasses after 6 months. The mean follow-up was 
17 years and 3 months (maximum 25 years, minimum 
2 years). Two patients were lost to follow-up. In accordance 
with the literature, ischaemic symptoms were eliminated by 
the revascularisation operation in 94% of our patients with a 
very low rate of complications, and no lasting morbidity and 
mortality in any of the patients.

Early diagnosis and surgical treatment seem to potentiate 
the benefits independently of the type of revascularisation 
procedure.

Keywords Cerebral ischaemia · Juvenile type · Moyamoya 
disease · Revascularisation procedure

Introduction

The syndrome of progressive occlusion of basal cerebral 
arteries has been known since 1955. The term for this dis-
ease, “Moyamoya syndrome”, coined by Suzuki in 1969 
[10], has gained worldwide acceptance. Arising from East 
Asia, attention to this syndrome has spread all over the west-
ern world, but its pathophysiology remains poorly under-
stood. Yonekawa et al. [12] estimated the incidence in Europe 
to be 0.3 per 100,000 citizens, which is approximately 1/10 
of the incidence in the Far East. Ischaemic symptoms pre-
dominate in children and adolescents, whereas intracerebral 
haemorrhage is the leading cause of stroke in adults. The 
benefits of revascularisation surgery have only been proven 
in the juvenile type of this disease [3]. Due to its low inci-
dence in Western countries, physician awareness of this 
entity should be improved.

Materials and Methods

From 1984 to 2009, 83 revascularisation procedures were 
performed on 50 patients with Moyamoya syndrome and 
Moyamoya disease, respectively. There were 19 children or 
adolescents (£18 years of age) and 31 adults; 35 patients 
were female and 15 male. One-third (17/50) of the patients 
had at least one parent with Asian origin. One patient 
(Table 1; case no. 10) suffered from NOONAN syndrome. 
The mean age in the juvenile group was 7.5 years (range 
1–18 years). In preparation for surgery, our protocol 
included cerebral angiography, cranial computerised tomog-
raphy (cCT), or magnet resonance imaging (MRI) for all 
patients. The cerebrovascular reserve capacity (CVRC) was 
determined in patients £18 years of age by transcranial 
Doppler sonography (TCD) (baseline and after 14 mg/kg 
acetazolamide intravenously). TCD investigation was per-
formed by means of TCD 2 EME 64 equipment using a 
2-MHz probe and the temporal window. A thorough 
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examination of all major vessels and their branches was 
performed at rest to identify any high blood flow velocity 
(BFV) reflecting stenosis. We defined the most reproduc-
ible insonation of the middle cerebral artery (MCA) as our 
measure point, and acetazolamide (Diamox, Lederle) was 
slowly injected within 1 min. The baseline mean BFV 
[cm/s] and the highest BFV after acetazolamide stimulation 
were determined. The rise in BFV, expressed as a percent-
age, was defined as CVRC. Normal stimulation values were 
45 ± 18%. During follow-up, patient conditions were docu-
mented by a semi-standardized questionnaire after a tele-
phone interview with the patient, one or both parents, or a 
care giver, or by an exploration and physical examination in 
the hospital every 12 months. In juvenile patients, the scho-
lastic status was documented. At least one postoperative 
angiography was performed in 56% of the patients; repeated 
CVRC measurements were made in 67% and magnetic res-
onance angiographies (MRA) in 45% of the patients.

Results

Table 1 provides a survey of the patient data. Cerebral 
angiography revealed obstructions in the basal arteries (C1, 
A1, and/or M1 segments) on both sides in 79% (15/19) 
and unilaterally in 21% (4/19) of the patients. The angio-
graphic appearance of intracranial vessels in all 19 juvenile 
patients corresponded to Suzuki stages II or III [1]. The lead-
ing symptoms in the juvenile group were epilepsy (17/19; 
89%), followed by transient ischaemic attacks (TIA) or pro-
longed reversible ischaemic neurological deficits (PRIND) 
(15/19; 79%) and mental retardation (11/19; 58%) proven 
by the Wechsler intelligence scale for children (WISC-IV, 
2003; German adaptation). A severe neurological deficit 
had developed in four patients (21%). Five patients (26%) 
complained initially of major headaches. Revascularisation 
procedures were performed in the juvenile group on both 
hemispheres in 12/19 and unilaterally in 7/19 patients. The 
symptomatic hemisphere was treated first; if necessary the 
second hemisphere was revascularised in a separate session 
2–6 months later. Revascularisation was done only directly 
in three patients, combined (direct and indirect) in five 
patients, or only indirectly in 11 patients. Techniques used 
for revascularisation were end-to-side anastomoses (direct 
variant) in 12 hemispheres, encephalomyosynangioses in 12, 
and encephaloduroarteriosynangioses (indirect modalities) 
in 19 hemispheres. The decision was made depending on 
age and intraoperatively depending on the calibre and loca-
tion of available vessels. Arteries with a diameter of 1 mm 
or less are considered unsuitable for direct anastomosis. 
There was no perioperative mortality. Permanent morbidity 
due to infarction (2/50) or intracerebral haemorrhage (1/50) 

after the operation occurred in 6% of the whole group and in 
0% of the juvenile patients. Among juvenile patients, slight 
or moderate impairment of the neurological status imme-
diately after surgery was observed in four cases with only 
direct (1/4) or combined (3/4) revascularisation procedures. 
The deterioration was completely reversible in all patients 
within 6 months. No further perioperative complications 
were encountered. Two patients were lost to follow-up. The 
mean follow-up in the remaining 17 patients was 17 years 
and 3 months (maximum 25 years, minimum 2 years). All 
ischaemic symptoms ceased in 13 of 14 (93%) patients 
available for follow-up who suffered mild ischaemic attacks 
at the beginning of surveillance. Of four patients suffering 
from severe ischaemic symptoms, one was lost to follow-up. 
For the remaining three, hemiparesis improved; however, 
they remained handicapped. Of 17 patients with seizures, 
15 were available for follow-up. Ten patients experienced 
a cessation of all epileptic manifestations; in five patients, 
antiepileptic medication had to be maintained because of 
sporadic manifestations. Eleven patients presented initially 
with impaired cognitive function. One of them was lost 
to follow-up. In seven out of ten patients, mental retarda-
tion was recompensated during follow-up; in three patients 
a stabilisation of cognitive functions was achieved. Of 17 
juvenile patients followed up, six had to be transferred to 
a school for educationally or physically handicapped chil-
dren or were forced to change their educational planning 
significantly. Angiography or MRA detected a clear neovas-
cularisation in 86% at least 6 months after indirect or com-
bined bypasses and a patency rate of direct anastomoses of 
91%. CVRC was tested preoperatively and at least once in 
6 months or more after surgery in 11 cases. For eight patients 
who presented with a minimal or abolished CVRC in one or 
both hemispheres, mean values revealed a normalisation or 
clear improvement after revascularisation.

Discussion

In accordance with the literature [7], ischaemic symptoms 
were eliminated by the revascularisation surgery in 93% of 
our patients without permanent deterioration of the neuro-
logical status. Further increase of mental retardation was 
prevented in all cases. Early diagnosis and surgical treat-
ment seem to potentiate the benefits independently of the 
type of revascularisation procedure. These effects tend to 
be even more pronounced in toddlers. Because of the lim-
ited number of patients in this study, we did not perform 
a statistical analysis. The main difficulty in evaluating the 
efficacy of revascularisation in children and adolescents is 
the limited data on the natural history. Therefore, which fac-
tors influence the course of the disease remain unclear [3]. 
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A different presentation and more benign natural history in 
Western individuals compared to patients with East Asian 
ancestry are assumed by Yilmaz et al. [11]. The suspected 
advantage of early surgery for the prevention of an irrevers-
ible deterioration of cognitive and motor functions and per-
sistent disability may be counteracted by the delay between 
the occurrence of the first symptoms and the correct diagno-
sis and treatment. According to the review of 57 studies by 
Fung et al. [3], including 1,322 patients under 21 years of 
age, this time gap reaches a mean of 2 years in the Far East 
as well as in Western countries. The occurrence of minor 
or major strokes or seizures combined with a rapidly pro-
gressive mental retardation in juvenile patients indicates the 
urgency of diagnostic clarification. A cCT scan to exclude 
cerebral haemorrhage is recommended as primary imaging. 
MRI is also widely available and suitable for identifying an 
acute infarct with the use of diffusion-weighted imaging or 
a diminished cortical flow inferable from fluid-attenuated 
inversion recovery (FLAIR) sequences. The high density of 
abnormal collateral vessels in the basal ganglia and thal-
amus coupled with reduced flow voids in the middle and 
anterior cerebral artery territories is strongly suggestive of 
Moyamoya [2]. Narrowed basal arteries, mostly of the distal 
intracranial internal carotid artery (C1), the proximal ante-
rior cerebral artery (A1), and the proximal middle cerebral 
artery (M1), and the appearance of an incipient or extensive 
collateral arterial network at the base of the brain character-
ise stages II and III of the Suzuki grading system [10]. These 
identifying findings can be determined on transarterial digi-
tal subtraction angiography (DSA), which should consist of 
complete imaging of both the external and internal carotid 
and the vertebral arteries, and is the decisive diagnostic 
measure [9]. Since these characteristic vascular changes in 
idiopathic Moyamoya disease usually occur on both sides, 
unilateral occurrence may remain on one side; nevertheless, 
they are “true” Moyamoya cases, or spread to the contralat-
eral hemisphere later [8]. The indication for a revascularisa-
tion surgery in juvenile patients arises in typical cases from 
the rapidly progressive clinical symptomatology and the 
mostly extensive and typical vascular abnormalities seen in 
the cerebral angiogram. Additional diagnostic evaluations 
include electroencephalography, transcranial Doppler, and 
perfusion measurements with acetazolomide challenge to 
define CVRC. They may be helpful as a baseline for further 
controls during follow-up and to establish a protocol for 
treatment decisions [9]. The more haemodynamically com-
promised hemisphere, usually corresponding with the side 
of ischaemic symptoms, is revascularised first. The choice 
of the target region and the technique of revascularisation 
depend on the angiographic features, pattern of ischaemia in 
MRI, and anatomical conditions of the individual patient. In 
young children, the lack of suitable donor or acceptor ves-
sels often precludes the option of a direct bypass. Houkin 

et al. [5] point out that the temporal muscle with the deep 
temporal artery and the dura mater with the middle menin-
geal artery are the most useful donor sites for the ischaemic 
brain, inducing a powerful neovascularisation, especially 
in paediatric patients. Wherever it is applicable, they rec-
ommend a combination of direct and indirect techniques. 
Kim et al. [6] reported ischaemic complications (infarc-
tions) at the site of surgery as well in the contralateral hemi-
sphere within 2 weeks after surgery in 12 of 170 operations 
(7.1%). As risk factors, they identified an unstable clinical 
or recent preoperative infarction and a severe impairment of 
the CVRC. The absence of postoperative infarctions in our 
patients may result from the considerably smaller number 
of cases. However, we observed four patients with revers-
ible deterioration of neurological functions after unevent-
ful surgical interventions. The follow-up period for 17 of 
our 19 patients extended to more than 17 years mean. The 
follow-up in the large series [7, 9] was significantly shorter. 
Goda et al. [4] followed up six patients <10 years of age 
for more than 7 years. They described excellent outcomes 
in five and a good outcome in one patient. Our case series 
confirms a beneficial outcome in all patients available for 
follow-up. We did not observe any late ischemic events after 
surgery. This correlates well with the imaging findings pre-
senting neovascularisation in vast areas around the indirect 
anastomoses or filling of at least one-third of the MCA ter-
ritory and improvement of the CVRC.
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Abstract Microsurgical suturing is the standard for cerebral 
bypass surgery, a technique where temporary occlusion is usu-
ally necessary. Non-occlusive techniques such as excimer laser-
assisted non-occlusive anastomosis (ELANA) have certainly 
widened the spectrum of treatment of complex cerebrovascular 
situations, such as giant cerebral aneurysms, that were other-
wise non-treatable. Nevertheless, the reduction of surgical risks 
while widening the spectrum of indications, such as a prophy-
lactic cerebral bypass, is still a main aim, that we would like to 
pursue with our sutureless tissue fusion research. The primary 
concern in sutureless tissue fusion- and especially in tissue 
fusion of cerebral vessels- is the lack of reproducibility, often 
caused by variations in the thermal damage of the vessel. This 
has prevented this novel fusion technique from being applicable 
in daily surgical use. In this overview, we present three ways to 
further improve the laser tissue soldering technique.

In the first section entitled “Laser Tissue Soldering Using a 
Biodegradable Polymer,” a porous polymer scaffold doped 
with albumin (BSA) and indocyanine green (ICG) is presented, 
leading to strong and reproducible tensile strengths in tissue 
soldering. Histologies and future developments are discussed.

In the section “Numerical Simulation for Improvement of 
Laser Tissue Soldering,” a powerful theoretical simulation 
model is used to calculate temperature distribution during 
soldering. The goal of this research is to have a tool in hand 
that allows us to determine laser irradiation parameters that 
guarantee strong vessel fusion without thermally damaging 
the inner structures such as the intima and endothelium.

In a third section, “Nanoparticles in Laser Tissue 
Soldering,” we demonstrate that nanoparticles can be used to 
produce a stable and well-defined spatial absorption profile 
in the scaffold, which is an important step towards increas-
ing the reproducibility. The risks of implanting nanoparticles 
into a biodegradable scaffold are discussed.

Step by step, these developments in sutureless tissue 
fusion have improved the tensile strength and the reprod-
ucibility, and are constantly evolving towards a clinically 
applicable anastomosis technique.

Introduction

The conventional technique for vascular tissue fusion is 
microsuturing. Suturing, however, has the inherent drawback 
of tissue perforation and of the possibility that suture material 
can lead to foreign body reactions, thrombocyte aggregation, 
impaired endothelial function, intimal hyperplasia and hence 
stenosis [18, 19, 26, 40, 41]. In addition, microsuturing not 
only requires specific surgical skills, but is often time con-
suming. This may be crucial in clinical conditions where tem-
porary ischemia is an issue for the survival of the anastomosed 
tissue, such as the brain or after a transplant. Furthermore, 
suturing requires free moving space and is therefore only 
applicable with limitations for minimally invasive surgery.

Different techniques have been experimentally and clini-
cally studied so far, such as micro-hole punchers and staplers 
for microanastomosis (Cardica) or non-occlusive anastomo-
sis techniques such as excimer laser-assisted non-occlusive 
anastomosis (ELANA) [5, 10, 14, 16, 35]. The Cardica 
device has been shown to be applicable only on peripheral 
and superficial sites in the brain, and is accompanied by a 
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non-satisfying anastomosis patency rate and difficulties in 
handling. The ELANA technique has shown good clinical 
results, especially in the repair of the anterior brain circula-
tion. However, it requires an expert team of surgeons and 
laser therapist, and thus is limited to a few centers.

Therefore, there is still a need for developing anastomosis 
techniques that can close these gaps. A possible solution 
could be sutureless laser tissue soldering (LTS) anastomosis 
since this technique is simple, fast and easy to perform, and 
can be applied to different vessel sizes and intraoperative 
locations both in open operations and endoscopically.

In LTS a chromophore-enhanced protein solder is put 
onto the anastomosis site, which absorbs the laser energy  
[7, 24, 25]. In most cases, bovine serum albumin (BSA) is 
used as a protein and indocyanine green (ICG) as a biocom-
patible chromophore. Direct heating of the solder and subse-
quently of the blood vessel wall by heat diffusion leads to 
denaturation of the solder and adjacent tissue, and thus to 
tissue fusion, which means that LTS is inherently connected 
to a certain amount of thermal tissue damage. Although the 
principle of LTS is not questioned, the molecular effects 
causing the acute connection strength are still controversially 
discussed [3, 9, 22]. Laser-soldered anastomoses form an 
immediate watertight connection. Furthermore, it has been 
shown that laser-soldered wounds have a better inflamma-
tory response than sutured wounds [3, 33]. As the laser light 
can be delivered via optical fibers through a catheter, the 
anastomosis can be performed in a minimally invasive way 
[24, 27, 31]. Biodegradable polymers such as polyglycolic 
acid or polycaprolactone have been used as carrier material 
for the liquid solder. They prevent runaway of the liquid 
solder and give additional strength to the anastomosis  
[6, 15, 32, 33].

Different solder parameters, solder-surface temperatures 
and tissue response can be evaluated with in vitro and in vivo 
experiments. Such experiments, however, are costly and time 
consuming. Theoretical models can help to optimize the 
parameters as they allow us to calculate temperatures within 
the soldering site [8, 28, 29]. Thus, theoretical models can 
drastically reduce the number of experiments needed to opti-
mize parameters for LTS. Previous work on LTS has shown 
that in order to obtain a strong tissue connection, solder tem-
peratures exceeding 80°C are required, a temperature neces-
sary to denaturate BSA [6, 13, 23]. In our theoretical model 
80°C was therefore the target temperature for the solder/ves-
sel contact layer (interface). Such a high temperature, how-
ever, can lead to severe vessel damage causing thrombosis, 
especially if the endothelium is damaged [12, 30, 37]. A dif-
ficulty in vascular LTS is to apply laser and solder parameters 
that allow high temperatures at the interface between the ves-
sel wall and solder in order to guarantee a strong and liquid-
tight fusion, but at the same time stay below the damage 
threshold of the endothelium. In a parameter study we there-
fore aimed at high temperature gradients (∆T) within the 
vessel wall. Knowledge of the temperature field within the 

blood vessel and its temporal evolution is vital to understand 
the influence of device parameters and boundary conditions. 
LTS is inherently a coupled multiphysical problem where 
absorption of laser light, thermal diffusion and heat exchange 
with the surrounding environment need to be taken into 
account. Finite elements methods (FEM), such as the 
COMSOL Multiphysics program, are powerful tools to cal-
culate temperature distributions.

In the following we describe different approaches and 
findings that improve the quality and reproducibility of suture-
less vascular tissue fusion. First we describe the utility of using 
a biodegradable strong polymer host for the BSA and the light 
absorbing dye [6]. Secondly, we demonstrate how computer 
simulations can help to optimize the irradiation parameters to 
keep the thermal tissue damage as low as possible [4]. In the 
third part, we describe possible applications of nanoparticles 
used as selective absorbers to generate well-predefined and 
reproducible heat distribution inside the scaffold.

Laser Tissue Soldering  
Using a Biodegradable Polymer

One aim of this study was to optimize adhesion properties 
regarding reproducibility and tensile strength in tissue sol-
dering of rabbit aortic arteries and to further improve our 

IR camera

Solder

Vessel

13 mm

Fiber

Microscope slide

Fig. 1 Scheme of the soldering setup. A piece of aortic vessel was 
mounted with the adventitial side upward onto a microscope slide with 
the solder placed on top. Soldering was performed from the bottom 
through the aortic tissue using near-infrared diode laser (l = 808 nm) 
radiation transmitted through a 400-mm core fiber. The spot size on the 
tissue bottom was 0.21 cm2. During the soldering process, the solder 
surface temperature was recorded using an infrared camera. For details, 
see references Bregy et al. [6] and Bogni et al. [4]
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intraluminal end-to-end soldering technique using a biode-
gradable polymer scaffold as a solder carrier material [24]. 
The experimental setup is shown in Fig. 1. All parameters 
such as laser irradiation, BSA concentration and its local 
distribution, tissue preparation and polymer scaffold produc-
tion had been standardized to precisely determine their indi-
vidual influence on the temperature distribution. The 
literature has shown that the use of a biodegradable polymer 
scaffold as carrier material helps to improve tensile strength 
in tissue soldering [32, 33]. In our study, we chose 5-mm-
wide strips of polycaprolactone (PCL) as carrier material 
because of its low melting point at around 60°C [39]. The 
solder-soaked polymer scaffold was completely dried prior 
to use. We postulated that we could obtain a more homoge-
nous and therefore stronger polymer–BSA–tissue interac-
tion by melting the polymer at the interface. A further 

beneficial effect of the polymer scaffold is that different 
thicknesses or shapes such as tubes can be utilized to opti-
mally adapt the scaffold to the surgical requirements.

The histologies (Fig. 2c1–c3) clearly show that the melted 
PCL creates a smooth seal at the interface between the scaf-
fold and tissue, which we assume is an important factor for 
achieving good and reproducible tensile strengths. Our pre-
liminary measurements (n = 3) indicated that a higher energy 
deposition (either obtained by a high power or long irradiation 
times) resulted in stronger tissue bonds up to a maximum at 
which a further increase did not lead to higher tensile strengths 
(Fig. 3). This fact can be understood when analyzing the his-
tologies. The stronger heating leads to an almost homoge-
neous intermixture of melted and denaturated BSA-doped 
scaffold and thermally coagulated vessel wall tissue. The 
homogeneous intermixture produced a high tensile strength, 

Fig. 2 Histology of vessel wall alterations locally induced by thermal 
effects of soldering at different soldering parameters. Histology is 
shown in H&E for assessment of cellular structural integrity. Van 
Gieson’s elastic (EvG) is used for determination of the collagen matrix 
structure. A: Longitudinal whole-mount sections of rabbit aorta to show 
crust-like layer of coagulated soldering medium (asterisk) adherent to 
adventitia. Blue and red boxes indicate untreated control segment and 
soldered areas, respectively. (b1, B2) Detail view of native aortic wall 
architecture corresponding to the blue box in a. The intima (i) being 
rather nondescript, the thickness of this large artery is mostly comprised 
of a robust tunica media (m) replete with undulating elastic fibers, 
among which smooth muscle cells and fibroblasts are encased. Some of 
the elastic fibers along the outermost medial layer tend to gradually 

merge into the loose connective tissue of the adventitia (a). Note that 
interspersed nuclei of individual adventitial cells are clearly recogniz-
able. (c1, c2): Using optimum soldering parameters (1.5 W and 60 s), 
thermal damage in the area soldered to the adventitia is evident (red box 
in a). In comparison to B1, most adventitial nuclei have disappeared, 
and collagen as well as elastic fibers tends to form a poorly structured 
amalgam. Conversely, the tunica media (i.e., the most dynamically rel-
evant layer) appears largely unaffected by coagulative changes. A full 
set of morphologically intact nuclei is appreciated in c1. The intima is 
appreciated as intact in c1, c2. In c3 a higher magnification of c1, the 
melted BIP scaffold (*) creates a smooth seal of the tissue and scaffold 
at their interface. Overheating (using soldering parameters of 1.5 W and 
240 s) tended to produce shrinkage (d1) and/or vacuolation (d2)

b1 c1

a

m

i

*

a

H&E H&E
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but at the expense of extensive tissue damage that can spread 
over the entire thickness of the vessel wall (Fig. 2d1, d2). 
Further increasing the temperature causes boiling of the tissue 
water, resulting in a pronounced shrinkage and/or appearance 
of vacuoles in the tissue. As a result, the maximum tensile 
strength obtained levels off or even decreases, as shown in 
Fig. 3. The comparison of laser power and irradiation time in 
combination with macroscopic and histological evaluation 
revealed that an irradiation power of 1.5 W with an irradiation 
time of 60 s, a clinically practicable time, was the optimal 
irradiation setting. The associated tissue damage was restricted 
to the adventitia and its interface with the outermost layer of 
the tunica media without evidence of dehydration (Fig. 2). No 
damage of the intima was found. The maximal polymer sur-
face temperature was around 117°C. An ICG concentration of 
1 mg/g was chosen to obtain the most homogenous absorption 
over the entire scaffold thickness.

The importance of a complete denaturation of the albumin 
to laser soldering is not well understood. However, in order to 
provide long-term wound closure and appropriate tensile 
strength, it seems to be very important that the solder is con-
verted from a soluble to a non-soluble form. It is likely that 
this conversion occurs during the denaturation process, which 
is affected by many parameters. The effects of PCL and ICG 
on BSA denaturation have not yet been reported. However, it 

has been reported that pH variations, purity grade and addi-
tives can change shape and temperature range of the BSA 
denaturation peak in differential scanning calorimetry (DSC) 
[1, 23, 38]. In a BSA polysaccharide system, Antonov and 
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Fig. 3 Tensile strengths of soldered tissue vessels as a function of sol-
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Wolf have shown a shift of the denaturation peak towards 
lower temperatures with increasing polymer concentration [1]. 
An explanation is given that water structure is affected by the 
presence of the polymer, thus weakening the hydrophobic 
interactions in the tertiary structure of the protein. Moisture 
content affects protein denaturation accordingly, and this 
effect has long been observed and reported [2, 34]. The used 
solder scaffolds are dry when placed on the wound; however, 
the water content in the solder material increases with time 
because of water adsorption and diffusion. We therefore 
assume that BSA undergoes a complete first denaturation 
reaction everywhere in the scaffold. It is also likely that 
the second observed denaturation reaction occurs near the 
scaffold-tissue interface, where moisture content is supposed 
to be highest. This results in a gradient of the denaturation 
temperature over the thickness of the polymer scaffold, which 
strongly supports the soldering process. Cellular integrity dur-
ing the soldering procedure, especially in the inner segments 
of the vessel, is the primary goal, which can be achieved by 
keeping the soldering temperature low. We could demonstrate 
that by increasing the moisture, the denaturation temperature 
can be reduced. Lowering the pH slightly, adding a hydro-
philic substance or using a protein mixture such as albumin 
and globulin may further reduce the effective soldering 
temperature.

We and others have shown that increasing the BSA concen-
tration results in stronger tensile strengths [17, 21]. We could 
show that the tensile strength became about 30% stronger 
(around 2,000 ± 400 mN, which is about half of a native vessel) 
when increasing the BSA concentration from 25% to 40%. 
Since all the ruptures happened at the interface between the 
vessel wall and the scaffold, we can expect that the tensile 
strength of a soldered end-to-end vascular anastomosis could 
even be enlarged when increasing the contact area. As we have 
developed a promising tissue adhesion matrix, the next step 
will be to show the feasibility of this soldering procedure 
in vivo and to evaluate long-term effects of the soldering regard-
ing healing strength and patency. Furthermore, knowledge of 
the developments described in the next two sections can be 
integrated into the production phase of the polymer scaffold.

Numerical Simulation for Improvement  
of Laser Tissue Soldering

Experimentally, only surface temperatures are accessible for 
non-contact temperature measurements. The quality of the 
tissue fusion, however, depends on the temperature at the 
interface between the vessel wall and solder scaffold and on 
the temperature at the intima as it determines the risk of 
stenosis [6, 12, 37]. A precise calculation of these tempera-
tures helps to determine the optimum laser parameters and to 
reduce the number of experiments necessary to optimize the 
soldering technique.

We therefore aimed to develop a mathematical algorithm 
capable of determining the spatial and temporal temperature 
distribution inside the scaffold-tissue sample during the sol-
dering process. The model was experimentally validated 
using the setup shown in Fig. 1. Our thermodynamic model 
calculates the time-resolved temperature distribution taking 
heat diffusion, convection and surface evaporation into 
account. Figure 4 shows an almost perfect agreement between 
the calculated and experimentally determined temperature 
development at the surface of the scaffold, which confirms 
the assumptions made and boundary conditions chosen in 
the simulation. The validated model can now be easily modi-
fied to describe in vivo conditions by adjusting the boundary 
conditions and material constants.

Previous experiments have revealed that for strong and 
tight soldering, the ICG-doped albumin scaffold needs to be 
heated at the interface to at least 80°C. Since the gradual 
process of irreversible BSA denaturation starts at around 
70°C, heating to 80°C is also required to fully denaturate the 
albumin [13]. To avoid desiccation of the blood vessel and to 
keep soldering within a clinically acceptable time, we chose 
an irradiation time of maximum 30 s. To lower the risk of 
thrombosis after soldering, the intima temperature should 
stay as low as possible, but at least below its damage thresh-
old [12, 37]. Therefore, a large temperature difference 
between the solder/vessel interface and intima (∆T) was con-
sidered ideal. To evaluate the optimum parameter set, we 
varied the absorption properties of the solder, the laser 
power, irradiation mode (cw vs. pulsed), cooling of the 
lumen and the solder thickness over a wide parameter range. 
The highest absorption coefficient simulated was m

a
 = 288 

cm−1, the highest laser power 3 W. These values were chosen 
first because they were technically feasible, thus giving us 
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the possibility to compare the experiment and simulation. 
Secondly, if further increasing the absorption coefficient, the 
energy is deposited in a very thin solder layer. An absorption 
coefficient of 288 cm−1 already results in an optical penetra-
tion depth of only 35 mm. Since heating of the solder scaf-
fold is the result of heat diffusion, the polymer can only be 
denaturated over its entire thickness when using longer irra-
diation times. This however causes severe intimal damage. 
The parameter study showed that the combination of a high 
solder absorption (m

a
 = 288 cm−1), a laser power of 3 W and 

an irradiation time of only a few seconds results in a steep 
temperature gradient within the vessel wall (Table 1). On the 
other hand, it is well known that protein and tissue denatur-
ation follows an Arrhenius type rate process. Therefore, it is 
not only the temperature, but also the time-temperature his-
tory that describes denaturation. A single pulse that gener-
ates an interface temperature of 80°C may not be sufficient 
to fully denaturate the solder. The solution to this problem is 
a repetitively pulsed irradiation. Pulsed energy deposition 
can lead to DT values of over 30 K even if the mean energy 
deposition is the same as in continuous irradiation, where DT 
is below 16 K (Fig. 5). A pulsed irradiation therefore seems 
to better fulfill our initial requirements.

Figure 5 shows a temperature increase at the interface 
above 100°C. This leads to water evaporation inside the tis-
sue causing vacuolization, which strongly changes the 
mechanical and thermal properties [6, 20, 25]. Vacuolization 
lowers the heat diffusion, resulting in a slower cooling of the 
sample. Such changes in thermal material properties during 
the soldering procedure are not considered in our simula-
tions. Furthermore, vacuolization leads to a decrease in ten-
sile strength of the blood vessel and therefore of the 
anastomosis [6]. Since high laser powers and high absorp-
tion coefficients lead to high ∆T values, vacuolization should 
be avoided by reducing the pulse duration.

During the simulations we also varied the solder thick-
ness. This factor has however only a minor impact on ∆T. 
Even though we expect a thicker solder layer to provide addi-
tional stability to the anastomosis, it does not seem to be an 
optimal setting as lowering of the temperature leads to longer 
irradiation times and therefore higher risk of tissue damage. 
In order to overcome this drawback, changes in the composi-
tion of the solder scaffold, such as decreasing porosity or 
combining different polymers, is the next step to be studied.

Efficient cooling of the lumen would be another way to 
prevent damage of the intima. A temperature gradient of 
54 K could be reached within the vessel wall if keeping the 
temperature in the vessel lumen constant at 30°C.

The simulations revealed that optimum soldering results 
are obtained when short pulsed irradiation with a high laser 
power and a highly absorbing solder is used. If the pulse dura-
tion is adjusted such that it fulfills the condition of thermal 
confinement, which means that the heat does not diffuse dur-
ing its deposition, high temperature gradients within the ves-
sel wall can be realized. Figure 6 shows an example in which 
the solder/vessel interface was repetitively heated above 80°C, 
while the intima temperature stayed below 65°C.

Nanoparticles in Laser Tissue Soldering

A remarkable improvement in view of reproducibility was the 
use of a polymer host for the BSA and the absorbing dye since it 
prevented the solder from running away during the soldering 
 process. Unfortunately, the ICG passively taken up by the poly-
mer scaffold is still water soluble, meaning that in an aqueous 
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Fig. 5 Comparison between intima and interface temperature. Laser 
operating in pulsed mode at 1 Hz, 30% duty cycle with average power 
of 1.52 W. Solder absorption coefficient m

a
 = 192 cm−1

Table 1 Overview of the results for different laser powers

Laser power (W) Absorption (cm−1) Time in s T interface T intima ∆T

3 192 2.5 88.4 60.7 27.7

1.52 192 6.55 82 66 16

1 192 14.1 80.2 70 10.2

0.8 192 24.7 80.3 72.6 7.7

0.8 288 19.7 80.2 71.6 8.6

3 288 2 84.9 56.2 28.5

T in °C. Simulations that did not reach an interface temperature of 80°C within the required 30 s are not displayed
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in vivo situation the absorbing ICG dilutes, leading again to a 
non-reproducible temperature increase within the soldering site 
and therefore to strong variations in the soldered strength. To 
overcome this drawback, the dye has to be actively bound to the 
polymer, which can be done using nanotechnology.

Core shell silica nanoparticles (250–270 nm in diameter) 
containing the ICG dye can be directly bound to the polymer 
scaffold. The dye encapsulation eliminates natural dye diffusion 
and thus allows us to produce almost any spatial absorber distri-
bution inside the polymer to optimize the thermal response.

The nanoshells are conveniently prepared by a water-in-
oil microemulsion or by Stoeber methods [11]. Using this 
water-in-oil approach, the aqueous phase will be used to 
entrap and immobilize active species [36]. Owing to this 
high versatility, we use fully characterized core shell silica 
nanoparticles for encapsulation. With regard to the prepara-
tion of the silica-encapsulated form of ICG, the synthetic 
approach is divided into three different phases (Fig. 7):
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Fig. 6 Comparison between intima and interface temperature. Laser 
operating in pulsed mode at 1 Hz, 0.6% duty cycle with average power 
of 0.3 W. Solder absorption coefficient m

a
 = 288 cm−1
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silica pore 
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Fig. 7 (a) Schematic illustration of the surface coating of mesoporous 
silica particles encapsulating ICG with polyallylamine hydrochloride. 
(b) Field emission scanning electron microscope (FE SEM)  micrographs 

of mesoporous silica particles (i) before addition of ICG dye, (ii) after 
incorporation of ICG dye, (iii) after surface coating of the particles with 
PAH polymer
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Phase 1: synthesis of mesoporous silica nanoparticles in 
the form of nanoshells with tunable size and porosity.

Phase 2: incorporation of a substantial amount of ICG 
into the silica nanoshells.

Phase 3: wrapping/coating the surface of the so-encapsu-
lated ICG into silica with poly (allylamine hydrochloride), a 
cationic polyelectrolyte, which adsorbs electrostatically to 
the negatively charged silica surface.

These nanoshells bind to the polymer scaffold using the 
normal solvent casting and particulate leaching technique 
also described in Bregy et al. [6].

However, the effect of these nanoshells in view of toxicity 
and biodistribution has to be carefully studied before such 
modified scaffolds can be used clinically.

Conclusion

Laser tissue fusion has been evolving over the last five 
decades from simply coagulating pieces of tissue together to 
a more sophisticated technique using additional protein sol-
ders, chromophores and solder carrier materials. In a first 
study we introduced a polymer (polycaprolactone) scaffold 
as a promising solder carrier material. In the second section 
we presented the prospects of a numerical model as an addi-
tional tool to optimize laser settings and optical properties of 
the solder. The last section presents a technique for how to 
bind the absorbing dye directly to the polymer scaffold by 
the aid of silica nanoshells. This guarantees a reproducible 
heating of the solder and thus a reproducible tissue connec-
tion. Using these improvements we progressed from (occa-
sionally successful) anecdotal end-to-end tissue fusion to 
reproducible patent vascular anastomosis.

Conflict of interest statement We declare that we have no conflict  
of interest.
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Abstract It is considered controversial whether superfi-
cial temporal artery (STA)-middle cerebral artery (MCA) 
bypass affects the outcome of patients with ischemic stroke. 
This prospective study was undertaken to demonstrate the 
effect of STA-MCA bypass on the cerebral blood flow and 
neurological status of the patients with ischemic stroke. 
Seventy-five patients underwent unilateral or bilateral STA-
MCA bypass surgery. The selection of the patients closely 
adhered to the criteria of the Japan EC-IC Bypass Trial (JET). 
Cerebral blood flow (CBF) before and after Diamox admin-
istration was measured by single photon emission computed 
tomography (SPECT) using iodine-123-N-isopropyl-p-iodo-
amphetamine (IMP). MRI, contrast-enhanced 3D CT scans, 
and angiography were performed on each patient pre- and 
postoperatively. Bypass surgery was successfully done in 
all patients. CBF was significantly increased after STA-
MCA bypass (P < 0.05). In addition, reservation of CBF was 
significantly improved after STA-MCA bypass (P < 0.05). 
Patients with transient ischemic attack (TIA) did not experi-
ence recurrence of such episodes after STA-MCA bypass. 
The neurological deficit was unchanged in patients with 
complete stroke after bypass surgery. However, the NIH 
stroke scale was significantly improved after bypass sur-
gery (P < 0.01). In addition, the satisfaction rate of treatment 
as assessed by the patients themselves was very high after 
STA-MCA bypass (>90%) compared to the conservative 

treatment group (<50%). STA-MCA bypass still plays a 
limited role in the treatment of ischemic stroke, but may 
become a bright hope in depressed patients after cerebral 
ischemia.

Keywords Ischemic stroke · STA-MCA bypass · CBF · 
Cerebrovascular reservation capacity · NIH stroke scale

Introduction

Although attractive from a conceptual point of view, in an 
international randomized trial extracranial (EC)-intracranial 
(IC) artery bypass surgery was shown to be ineffective in 
preventing stroke [1]. However, some pilot studies demon-
strated that cerebrovascular reserve capacity significantly 
improved over time after bypass [5]. Also, after bypass sur-
gery, the mean regional cerebral blood flow (rCBF) value 
on the affected side was increased significantly, and the 
mean regional oxygen extraction fraction (rOEF) value on 
the affected side was significantly decreased [4]. Recently, 
the guideline for EC-IC bypass was published in Japan [6]. 
The indication for EC-IC bypass is as follows: (1) cases 
with TIA or minor stroke within 3 months of ictus in the 
age range under 73 years presenting with modified Rankin 
Scale score of 1 or 2; (2) no extensive infarction in the ter-
ritory of large arteries on either CT scans or MRI with 
severe stenosis or occlusion of ICA or proximal MCA on 
cerebral angiograms; and (3) rCBF is under 80% of normal 
range and cerebrovascular reserve capacity is under 10% in 
the territory of the MCA using single-photon emission 
tomography (SPECT) or cold xenon CT at least 3 weeks 
after the latest attack [6]. Therefore, we prospectively col-
lected 75 cases of ischemic stroke that met the criteria of 
EC-IC bypass as mentioned above and demonstrated an 
improvement both in rCBF and NIH stroke scale after 
EC-IC bypass.

STA-MCA Bypass for the Treatment of Ischemic Stroke

Kenji Kanamaru, Tomohiro Araki, Fumihiro Kawakita, Kazuhide Hamada, Hideki Kanamaru,  
Keita Matsuura, Akitoshi Sato, and Hidenori Suzuki 
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Materials and Methods

Between 2000 and 2010, we treated 75 patients with STA-
MCA bypass at Suzuka Kaisei Hospital, of whom 57 were 
men and 18 women, ranging in age from 28 to 81 years 
(mean, 64 years). Preoperative diagnoses are listed in 
Table 1. All patients underwent diagnostic studies, includ-
ing MRI, cerebral angiograms, and measurement of rCBF. 
Pre- and postoperative studies of rCBF were performed in 
30 patients using iodine-123-N-isopropyl-p-iodoamphet-
amine (IMP) SPECT [3]. Antiplatelet drugs were not 
stopped during the perioperative period. Single or double 
STA-MCA anastomosis was performed in all cases on the 
side of the compromised rCBF. Following a linear skin 
incision of the temporal muscle, a craniectomy of approx-
imately 3 cm in diameter was made over the temporopari-
etal junction. This overlies the posterior sylvian fissure 
and provides access to suitably sized proximal cortical 
branches of the MCA as they rise. Donor and recipient 
arteries were anastomosed with interrupted 10-0 sutures 
under the operating microscope. The NIH stroke scale 
was measured, and the satisfaction rate was obtained from 
all patients pre- and postoperatively by the occupational 
therapist (AS), who was unaware of the history of surgery. 
Statistical evaluation of the results was carried out using 
the paired t-test. A value of P < 0.05 indicated a significant 
difference.

Results

Two patients died suddenly of myocardial infarction 
2 weeks postoperatively after an initially uneventful post-
operative course (2.7%). There were no other postoperative 
complications. No patient experienced a recurrence of isch-
emic attack postoperatively. Postoperative follow-up stud-
ies of cerebrovascular reserve capacity showed a significant 
increase over the operated side 1 month after surgery 
(Fig. 1). Remarkably, the NIH stroke scale was significantly 
improved postoperatively (Fig. 2). It is inferred that STA-
MCA bypass is effective not only for the prevention of 

ischemic attack, but also for improvement of neurological 
function. The impressive satisfaction rate, taken from 
patients at discharge, was over 90%.

Table 1 Arterial lesion of the patients

ICA stenosis 11

ICA occlusion 24

MCA stenosis 17

MCA occlusion 16

Bilateral ICA stenosis 4

Moyamoya disease 3

∗p <0.01
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Discussion

In a series of 39 patients with hemodynamic compromise 
shown by the high oxygen extraction fraction on PET, the 
2-year rate of ipsilateral ischemic stroke was 26.5% [2]. It is 
a recognized clinical dilemma that the patients who in theory 
have the most to gain from EC/IC bypass surgery also carry 
the highest perioperative risk [7]. One study reported a com-
plication rate of conventional STA-MCA bypass surgery 
close to 12% in patients considered neurologically unstable 
[7]. Another study found a complication rate of 14% (major 
morbidity or death in 4 of 28 patients) of the conventional 
STA-MCA operation in patients with unilateral ICA occlu-
sion who had recurrent symptoms and were hemodynami-
cally compromised on the basis of 133Xe-SPECT 
measurements before and after acetazolamide challenge [5]. 
No postoperative ischemic complications were noted in our 
series. One reason may be that an antiplatelet drug was con-
tinued from admission to discharge, even in the perioperative 
period. Our complication rate (mortality rate = 2.7%) seems 
remarkably low. As in many other reports, cerebrovascular 
reserve capacity significantly improved after STA-MCA 
bypass in the present study [4, 5]. However, few reports have 
demonstrated neurological improvement after STA-MCA 
bypass. Our study showed that the NIH stroke scale was sig-
nificantly improved after STA-MCA bypass. Our results 
need to be interpreted as follows: (1) we have been running 
the stroke center for 10 years, and multidisciplinary treat-
ment of ischemic stroke has been established; (2) postopera-
tive rehabilitation continued at least 1 year after STA-MCA 
bypass; and (3) the main operating surgeons (KK, TA) are 
responsible for observing their own patients from the hospi-
tal to the outpatient clinic, and this may comfort the patients. 

In conclusion, our preliminary data are encouraging, and 
neurological improvement after STA-MCA bypass warrants 
further investigation.
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Abstract Objective: Recently VA dissection has drawn 
attention as a relatively common cause of stroke because of 
the introduction of MRI as a diagnostic technique. Basiparallel 
anatomic scanning (BPAS) was designed to visualize the sur-
face appearance of the vertebrobasilar artery within the cis-
tern. Volumetric isotropic TSE acquisition (VISTA) is a sort 
of black blood imaging method to evaluate the arterial wall 
and lumen. In this study, we aimed to evaluate the efficacy of 
the new MRI modalities “BPAS and VISTA,” and to present 
a retrospective analysis of our experience with the diagnosis. 

Materials and methods: Between1995 and 2010, we experi-
enced 24 cases of VA dissection at our institution. In our cases, 
we could obtain images of 15 in BPAS and VISTA in addition 
to MRA. The mean age of the 15 patients (12 male and 3 female) 
was 51 years old (range 18–80). Ten of fifteen patients presented 
with ischemia, and 5/15 with only headache. There were no 
cases of SAH. In BPAS, we evaluated dilatation of the external 
diameter of the affected artery. We compared the findings in 
BPAS with MRA to evaluate the discrepancy. In VISTA, we 
evaluated its capability to distinguish intramural hematoma. 

Result: Thirteen of fifteen patients presented with dilata-
tion of the external diameter on BPAS. By comparing the 
findings in BPAS with MRA, we found a discrepancy in 8/15 
cases (53%). We could detect intramural hematoma by using 
VISTA in 9/15 cases (60%). Thirteen of fifteen patients 
received follow-up MRI. Temporal change of the arterial 
shape was confirmed in 7/13 cases (53.8%). 

Conclusion: Dilatation of the external diameter was 
shown highly frequently in VA dissections. In addition, a dis-
crepancy between BPAS and MRA as well as the intramural 
hematoma on VISTA was found comparatively frequently. 

BPAS and VISTA are minimally invasive and useful  methods 
as screening tests.

Keywords Vertebral artery dissection · BPAS · VISTA

Introduction

VA dissection has recently drawn attention as a relatively 
common cause of stroke because of the introduction of MRI 
as a diagnostic technique. In neuroimaging of dissections, 
confirming the arterial lumen abnormality was the old stan-
dard. Subsequently intramural hematoma was recognized as 
the definitive finding [3, 5, 6]. In recent reports, much atten-
tion has been paid to the surface appearance of the affected 
artery. According to the SCADS (Spontaneous Cervico-
cepharic Arterial Dissections Study) Japan criteria, in addi-
tion to findings of the arterial lumen and its temporal changes, 
detecting dilatation of the external diameter combined with 
narrowing or occlusion of the arterial lumen enabled to make 
the diagnosis of dissection. Recently, we have often used the 
new MRI modalities “BPAS and VISTA” for the diagnosis of 
VA dissection. BPAS is a simple MR imaging technique to 
visualize the surface appearance of the vertebrobasilar artery 
within the cistern. It is useful to judge the condition of the 
artery, whether it is dilatation, normal or hypoplasia. VISTA 
is a sort of black blood imaging method. It is effective to 
evaluate the arterial wall and lumen. In this study, we aimed 
to evaluate the efficacy of the new MRI modalities “BPAS 
and VISTA,” and to present a retrospective analysis of our 
experience in the diagnosis.

Material and Methods

Between 1995 and 2010, we experienced 24 cases of VA 
dissection at Fukuoka University Hospital. The diagnosis of 
VA dissection was made based on characteristic features, 

K. Takemoto (*), H. Abe, M. Okawa, M. Iwaasa,  
T. Higashi, and T. Inoue 
Department of Neurosurgery, Fukuoka University School of Medicine,  
7-45-1 Nanakuma, Jounan-ku, Fukuoka-shi, 814-0180 Fukuoka, Japan 
e-mail: take9016@fukuoka-u.ac.jp

K. Takano 
Department of Radiology, Fukuoka University School of Medicine,  
Fukuoka, Japan

The New MRI Modalities “BPAS and VISTA” for the Diagnosis  
of VA Dissection

Koichiro Takemoto, Koichi Takano, Hiroshi Abe, Masakazu Okawa, Mitsutoshi Iwaasa,  
Toshio Higashi, and Tooru Inoue 



60 K. Takemoto et al.

which were demonstrated on both the conventional angiog-
raphy and MRI (pearl-and-string sign, string sign, tapered 
occlusion, intimal flap and intramural hematoma on 
T1-weighted image, dilatation of the extra-diameter on BPAS). 
In the 24 patients, we could obtain the images of 15 on con-
ventional angiography, BPAS and VISTA in addition to 
MRA. In BPAS, we evaluated dilatation of the external diam-
eter on the affected artery. We compared the findings in 
BPAS with MRA to evaluate the discrepancy. In VISTA, we 
evaluated its capability to distinguish intramural hematoma.

Patient Population

In our cases, we could obtain the images of 15 patients in 
BPAS and VISTA in addition to MRA. The mean age of the 
15 patients (12 male and 3 female) was 51 years old (range 
18–80). Ten of fifteen patients presented with ischemia, and 
5/15 with only headache. There were no cases of SAH. In  
9 patients, the initial MRI was performed within 2 weeks 
after the onsets.

MRI Protocol

MR imaging was performed with a 1.5-T unit (ACHIEVA; 
Philips Medical Systems, Best, The Netherlands). Cranial MRA 
was carried out using a 3D TOF technique. Imaging parameters 
were 24.7/9.6 (TR/TE), 20° flip angle, 150 × 150-mm field  
of view, 256 × 160 matrix, 140 sections with a 0.6-mm effective 
thickness that resulted in the coverage of a volume of 84 mm in 
the craniocaudal direction.

BPAS was performed in a 25-mm-thick coronal section 
parallel to the clivus by using a fast spin-echo sequence.  
The following imaging parameters were used: 3,000/800 
(TR/TE), 150 × 150-mm field of view, and 256 × 256 matrix. 
Acquisition time was 2 min 24 s with our pulse sequence. We 
added only the gray scale reversal in post-proceedings.

VISTA was performed as follows: the coronal 3D imag-
ing slab centered at the basilar artery was prescribed based 
on the TOF angiogram (Fig. 1). Refocus control was set up 
at a 60° angle. ECG triggering was not used. Imaging param-
eters included: 450/19 (TR/TE), turbo factor 20, 150 × 150-mm 
field of view, and a 224 × 512 matrix. Acquisition time was 
5 min 20 s.

Results

On the MRA, pearl-and-string sign was found in two patients, 
pearl sign in two cases, string sign in four and occlusion in 
seven. On the BPAS, all but two patients presented with 

dilatation of the external diameter of the affected artery. By 
comparing the findings in BPAS with MRA, we could find 
the discrepancy in 8/15 cases (53%). We could detect intra-
mural hematoma by using VISTA in 10/15 cases (66.7%). 
Thirteen of fifteen patients received follow-up MRI. Tem-
poral change of arterial shape was confirmed in 7/13 patients 
(53.8%). On the MRA, occlusive change was detected in one 
patient, and improvement of the patency in three. On the 
BPAS, the external dilatation had normalized in four patients. 
On the VISTA, regression or change in the signal intensity  
of the intramural hematoma was shown in seven patients 
(Table 1).

Case 5: A 47-year-old male presented with sudden onset 
of headache. MRA revealed a string sign, while VISTA 
showed an intramural hematoma. In this case, we could iden-
tify a pseudolumen and narrowed true lumen on VISTA 
(Fig. 2). He was treated conservatively and underwent fol-
low-up MRI 1 month and 3 months later. VISTA and MRA 
revealed a normalized artery. On VISTA, the intramural 
hematoma had regressed. On MRA, the arterial patency had 
gradually improved. Besides, on BPAS, the external dilata-
tion had normalized (Fig. 3).

Case 12: The 34-year-old male presented with right 
Wallenberg syndrome. MRA revealed the occlusion of  
the right VA. VISTA presented an intramural hematoma at 
the same position. Follow-up MRI was performed 2 and 
6 months later. On BPAS, the external dilatation had 
regressed (Fig. 4).

Case 7: A 46-year-old male presented with headache and 
left cerebellar infarction. MRA revealed a string sign at the 
left PICA. BPAS showed dilatation of the external diameter 

Fig. 1 VISTA was performed as follows: coronal 3D imaging slab cen-
tered at the basilar artery was prescribed based on the TOF angiogram
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Table 1 Summary of diagnosis using BPAS and VISTA

Case No. Age, sex Presentation MRA BPAS VISTA Discrepancy 
MRA and 
BPAS

Temporal 
change of 
arterial shape

1 50F Headache Occlusion Dilatation – + BPAS

2 53F Headache Pearl sign Dilatation – – –

3 52M Ischemia Pearl and string Dilatation – – –

4 64M Ischemia Occlusion Dilatation Intramural 
hematoma

+ –

5 47M Headache String sign Dilatation Intramural 
hematoma

+ –

6 80F Headache Pearl and string Dilatation Intramural 
hematoma

+ MRA, BPAS, 
VISTA

7 46M Ischemia String sign Dilatation – – –

8 47M Ischemia Occlusion Dilatation Intramural 
hematoma

+ VISTA

9 59M Ischemia String sign Dilatation – + –

10 39M Headache Occlusion Dilatation Intramural 
hematoma

+ –

11 18M Ischemia Occlusion Normal Intramural 
hematoma

– –

12 34M Ischemia Occlusion Dilatation Intramural 
hematoma

+ BPAS, VISTA

13 50M Ischemia Oearl sign Dilatation Intramural 
hematoma

– MRA, VISTA

14 62M Ischemia Occlusion Normal Intramural 
hematoma

– MRA, VISTA

15 38M Ischemia String sign Normal Intramural 
hematoma

– –

Fig. 2 This 47-year-old male presented with sudden onset of headache. (a) MRA revealed a string sign (arrowhead), (b) VISTA showed an intra-
mural hematoma (white arrow). In this case, we could identify the pseudolumen and narrowed true lumen with VISTA
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Fig. 3 Initial MRI was performed 2 days after the onset (a), follow-up 
MRI 1 month later (b), 3 months later (c). VISTA and MRA revealed a 
normalized artery. On VISTA, the intramural hematoma had regressed. 

On MRA, the arterial patency had gradually improved. Besides, the 
external dilatation had normalized on BPAS
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a

c 2 month later d 6 month later

b

Fig. 4 This 34-year-old male presented with a right Wallenberg syn-
drome. (a) MRA revealed the occlusion of the right VA (arrowhead). 
(b) VISTA presented an intramural hematoma at the same position 

(large white arrow). (c, d) Follow-up MRI was performed 2 and 6 
months later. On BPAS, the external dilatation had regressed (small 
white arrow)
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of the vertebral artery. VISTA indicated an intramural hema-
toma at the same position (Fig. 5).

Case 15: A 38-year-old male presented with headache 
and left cerebellar infarction. On BPAS, we could not iden-
tify the external diameter of the vertebral artery, although our 
investigation was possible. On MRA, the left vertebral artery 
was shown in double contrast, which resulted in equivocal 
findings. Only VISTA indicated an intramural hematoma at 
the same position (Fig. 6).

Discussion

Intracranial VA dissections are reported to cause headache, 
brain stem infarction and SAH with an associated high mor-
bidity and mortality [7, 8]. It has recently drawn attention as 
a relatively common cause of stroke because of the introduc-
tion of MRI as a diagnostic technique [2]. In neuroimaging 
of dissections, confirming the arterial lumen abnormality 
was the old standard. Subsequently, intramural hematoma on 

Fig. 5 This 46-year-old male presented with headache and left cer-
ebellar infarction. (a) MRA revealed a string sign at the left PICA 
(large white arrow). (b) BPAS showed dilatation of external diameter 

of the vertebral artery (small white arrow). (c) VISTA indicated an 
intramural hematoma at the same position (arrowhead)

Fig. 6 This 38-year-old male presented with headache and left cer-
ebellar infarction. (a) On the BPAS, we could not identify external 
diameter of vertebral artery, despite our investigation. (b) On the MRA, 

the left vertebral artery was shown in double contrast, which resulted in 
equivocal findings (small white arrow). (c) Only VISTA indicated an 
intramural hematoma at the same position (large white arrow)
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MRI has been recognized as the definitive finding [3, 5, 6]. In 
recent reports, much attention has been paid to the surface 
appearance of the affected artery.

BPAS-MR imaging can easily show the outer contour of 
vertebro-basilar arteries clearly. It only requires a 2-cm-
thick, heavily T2-weighted coronal imaging, parallel to the 
clivus, with gray-scale reversal in post-proceedings. By com-
paring the findings in BPAS with MRA, we can precisely 
evaluate the condition of the vertebrobasilar artery. Nagahata 
et al. reported that BPAS was useful to confirm hypoplasia or 
occluded vertebral arteries, and to reveal the whole appear-
ance of large or partially thrombosed aneurysms of the verte-
brobasilar system [4]. It is the same procedure for the 
dissection. In our study, almost all of the patients presented 
with dilatation of the external diameter of the affected artery. 
In addition, a discrepancy between BPAS and MRA and 
temporal change in their findings were found comparatively 
frequently, which enabled us to make the diagnosis of dissec-
tion. In other words, to perform follow-up MRI as well as 
MRA with BPAS is recommended for making a diagnosis. 
With limited use of BPAS, it is difficult to evaluate the outer 
contour of arteries, which are distant from the median posi-
tion of clivus. Therefore, it is also hard to evaluate VA dis-
section distal to the cranio-cervical junction with a single use 
of BPAS.

VISTA is a sort of black blood imaging method. The fea-
ture of the black blood imaging method is to reveal the struc-
ture of the arterial wall and lumen clearly. The black blood 
imaging method has been used in many ways to evaluate 
carotid plaque [1]. VISTA, which is 3D imaging, enables us 
to acquire the optimal dimension of the individual vessel. In 
addition, VISTA does not require the use of the ECG trigger-
ing with the refocus control technique. It enables us to 
shorten the acquisition time and consequently to obtain 
images with thinner slices as compared with 2D imaging. In 
our cases, we could identify intramural hematoma by using 
VISTA in 60%. In contrast to BPAS, it is possible to reveal 
the structure regardless of laterality.

Conclusion

Dilatation of the external diameter was shown highly frequently 
in VA dissections. In addition, a discrepancy between BPAS 
and MRA as well as the intramural hematoma on VISTA was 
found comparatively frequently. Therefore, performing follow-
up MRI is recommended to evaluate the temporal change of 
the findings for making the diagnosis. BPAS and VISTA are 
minimally invasive and useful methods for screening tests.
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Abstract The results of endovascular treatment of symp-
tomatic intracranial arteriosclerotic stenosis with stenosis 
grades exceeding 70% show a mortality rate of 2% and 
severe morbidity of 8.3%. This justifies treatment being per-
formed by experienced interventionalists only in selected 
cases, if the prospective outcome of pharmacotherapy alone 
indicates a higher risk (i.e., symptomatic stenosis, severe 
perfusion disturbances).

Keywords Intracranial · Stenosis · Stent · Risk analysis

Introduction

The epidemiology of intracranial vascular stenosis is not 
homogeneously distributed among the world population. 
Whilst the incidence of intracranial stenosis is 3/100,000 in 
Europe, it reaches up to 6,000/100,000 in the East Asian 
 population [1].

Risk analysis based on a 50–99% intracranial stenosis 
reveals a stroke risk of 12–14% within 2 years in symptom-
atic patients, but it may even exceed 20% per year in indi-
vidual constellations. Asymptomatic intracranial stenosis 
seems to bear a very low risk of subsequent stroke. The risk 
of endovascular treatment is reported to be between 5% and 
10% for combined morbidity and mortality [2].

Materials and Methods

In our institution, we consider endovascular treatment of 
intracranial stenosis if there are recurrent clinical symptoms 
despite best medical treatment related to the stenosis, and if 
the degree of stenosis exceeds 70%. Additionally, in individ-
ual cases, we consider revascularization if there are severe 
disturbances of perfusion and if no vascular reserve in the 
acetazolamide challenge is present. In addition, a passage of 
stenosis with a microguidewire must technically be possible.

Based on conventional angiography, the degree, length and 
anatomy of the stenosis is defined. In all cases, stent-assisted 
angioplasty is performed. If balloon-mounted stents are used, 
they are principally undersized by around 10% [3]. A stable 
coaxial access (long sheath + guiding catheter) is essential for 
complete control during the intervention.

Data of 48 patients were collected from four hospitals 
collaborating in this study. Predilatation was used in 38/48 
stenoses. After endovascular treatment, supervision of the 
patient with strict control of the systolic blood pressure is 
necessary in all cases. Location of stenosis was:

ACI (intracranial): 8 patients
MCA: 8 patients
VA: 17 patients
BA: 15 patients

Results

The mean value of the extent of stenosis was reduced from 
89% (range 70–99%) to 24.5% after endovascular treatment. 
Thirty-day mortality was 1/48 (2%) because of a reperfusion 
hemorrhage. Severe morbidity occurred in 4/48 (8.3%) cor-
related to: one reperfusion hemorrhage, one mesencephalic 
infarction, one MCA infarction, and one ACP infarction after 
lysis of basilar thrombosis. Mild morbidity was found in 
2/48 (4.2%), corresponding to one fluctuating dysarthria and 
one mild aggravation of dysarthria.

Intracranial Stenting in Arterial Occlusive Disease
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Discussion

In selected cases with strong indications, risk analysis shows 
a benefit for stent-assisted intracranial angioplasty. Espe-
cially in the collective of patients with severe vasculopathia, 
intracranial stent-assisted angioplasty may be a technical 
challenge requiring experience and suitable material. It is an 
effective treatment that will become safer with technical 
progress. Postinterventional blood pressure management is 
essential to avoid reperfusion hemorrhages.
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A View on the Current and Future Therapy of Brain Aneurysms

Hans-Jakob Steiger 

Abstract While in clinical practice the use of endovascular 
and microsurgical methods retained relative levels by 2010, 
since 2008 the research activity has lagged behind that in 
other medical disciplines. Particularly research on neuropro-
tection, such as hypothermia and pharmacological measures, 
has lost impetus, and clinical applications of specific neuro-
protective interventions have been largely abandoned. The 
last substantial advancement for aneurysm surgery was the 
introduction of intraoperative indocyanine green (ICG) 
angiography. The technical evolution of endovascular ther-
apy has been somewhat more active than that of microsur-
gery. It is our conviction that microsurgical methods need to 
develop a focus particularly on minimal invasiveness and 
also cosmetic aspects. Teaching remains an important con-
sideration. It appears that an explicit framework is necessary 
in order to communicate the specific do’s, don’ts and hows 
of aneurysm surgery, i.e., a set of rules addressing general 
perioperative management, principles of exposure and dis-
section of the typical configurations, clipping technique and 
the specific issues concerning very small and very large 
aneurysms. Quality management has become an uncondi-
tional requirement also in neurovascular surgery. At our 
department we have established a system of identification of 
complications and monthly case analysis. Despite these 
efforts combined management morbidity and mortality for 
ruptured and unruptured aneurysms remains around 10%, 
which appears to be the achievable degree of safety in unse-
lected patients with the current technology.

Keywords Brain aneurysm · Subarachnoid hemorrhage · 
Neurovascular research · Teaching · Quality management

Framework for Aneurysm Surgery 2010

While during the last decade knowledge and proficiency with 
regard to the microsurgical treatment of posterior circulation 
aneurysms has been lost without discussion and beyond rea-
sonable doubt, the issue of giant aneurysms is still open to 
some degree, partially because the topic is less concise than 
the basilar bifurcation aneurysm, and multiple arguments 
play a role during decision making with regard to the best 
way of managing a ruptured or unruptured giant aneurysm.

The evolution of endovascular stents has certainly opened 
new and less invasive ways to manage even large broad-based 
and fusiform aneurysms while preserving parent arteries. 
Although bypass surgery for giant and fusiform aneurysms 
has always been practiced only at a few centers, this kind of 
surgery appears to be rarely indicated nowadays.

With regard to small- and medium-sized saccular aneu-
rysms, endovascular and microsurgical treatments are bal-
anced, and both modalities are used in synergy if the whole 
picture needs to be considered. No neurosurgeon in 2010 
would want to be without endovascular therapy. Without 
doubt, there are still competing aspects in the interaction 
between neurosurgery and endovascular therapy, but a num-
ber of secondary analyses of the ISAT and ISUIA data have 
provided peace of mind for both groups as they proposed bal-
anced subgroups of patients who would benefit from endo-
vascular therapy or microsurgery, respectively. For example, 
the subanalysis of the ISAT data by Mitchell and co-workers 
suggested that young and elderly patients with ruptured aneu-
rysms should be treated microsurgically, while the middle-
aged group would benefit from endovascular treatment [2].
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Current Scientific Position  
on SAH and Aneurysm Research

After having clarified the synergies between the treatment 
modalities, the more important topic is the position of SAH 
and brain aneurysms in research. In order to get a grasp on 
the actual position of these themes in medical research, we 
conducted a PubMed search with the keywords “subarach-
noid hemorrhage” and “brain aneurysm,” and compared the 
development of the respective proportion of all PubMed 
entries over the last decade (Fig. 1). While the total number 
of PubMed entries increased linearly at a rate of some 5% 
per year, the yearly output with the keyword “subarachnoid 
hemorrhage” increased at approximately the same rate until 
2008, but has been stagnating since then. With regard to 
publications with the keyword “brain aneurysm,” a sub-
stantial decline at a rate of 10% per year has been noticed 
since 2008. From this analysis we must conclude that medi-
cal progress is more active in other fields and that, on the 
whole, progress has stagnated in the field of aneurysm and 
SAH research.

Uncertainties and Trends Regarding 
Treatment of Brain Aneurysms in 2010

To be more specific, what are the central considerations with 
regard to aneurysm and SAH management in 2010?

Endovascular therapy is accepted as the first choice after •	
SAH.
Vasospasm is still an issue, although undoubtedly prog-•	
ress has been made.
Genetic factors are still incompletely understood.•	
Treatment indications for unruptured aneurysms need fur-•	
ther clarification.

Traditionally the following statements have been expressed 
with regard to the impact of the advent of endovascular ther-
apy on neurosurgical management:

More difficult aneurysms are referred for surgery.•	
Surgery can avoid risky maneuvers.•	

While these positions cannot be considered wrong in princi-
ple, they are certainly not absolute. Essentially, these positions 
are contradictory, but in real life they lead to the necessary 
balance.

The Necessity of Continuing Technical 
Evolution in Aneurysm Microsurgery

There is no doubt that with regard to the small aneurysms, 
there is continuing competition between the methods. 
Nonetheless, one need not be clairvoyant to see that micro-
surgical management will disappear if no major progress 
is made in microsurgical technology. While the long-term 
results expressed as rerupture rates have hardly varied, the 
invasiveness of the treatment modality and cosmetic aspects 
have gained in importance. Therefore, at our center we have 
introduced minimally invasive custom-tailored approaches 
for the specific aneurysms, and we have completely aban-
doned the universal grand pterional craniotomy. Of course, 
safety is the most important aspect in aneurysm surgery. 
However, the size of the craniotomy does not automatically 
also indicate its safety, and vice versa. In retrospect, the devel-
opment of the small orbito-craniotomy for the anterior com-
municating artery complex and the small sylvian craniotomy 
for the middle cerebral artery must be considered successful 
modifications [6]. The orbitocraniotomy allows for a more 
ventral access to the anterior communicating artery with the 
potential to avoid damage to the frontal lobe and particu-
larly the gyrus rectus. With the small sylvian approach to the 
middle cerebral artery bifurcation, the sylvian fissure is split 
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from peripheral to central, and proximal control of M1 is 
usually gained between the M2 trunks. This approach largely 
avoids necessary retraction of the frontal lobe in order to first 
control the proximal M1.

While these two developments have proved to be benefi-
cial and practical, it is not enough. At our center, a number of 
other concepts have been followed over the years. Many have 
proved not to be feasible or to provide no benefit. For exam-
ple, for some time we evaluated the use of neuronavigation 
for aneurysm surgery, but had to accept that with the current 
degree of precision, navigation does not help.

Technological research and development in endovascular 
therapy have been more active. New coils and stents are still 
being developed. Microsurgery can benefit from some of the 
neuroradiological developments. The better quality angiog-
raphy and CT angiography help to obtain a clear image of the 

vascular anatomy prior to surgery. We should also routinely 
make use of the 3D tools in order to plan our neurosurgical 
procedures exactly.

Intraoperative imaging with indocyanine green (ICG) is one 
recent technological improvement in vascular microneurosur-
gery. ICG angiography has become accepted as a useful tool for 
aneurysms, AVM and bypass. Here the development is still in 
progress. Current prototypes allow for dynamic ICG imaging 
and calculation of transit curves, thus allowing for regional cere-
bral blood flow analysis under the surgical microscope (Fig. 2).

What happened to intraoperative neuroprotection? Hypo-
thermia, barbiturates and Suzuki’s cocktail have become 
unpopular, at least in Europe, because these methods require 
dedicated neuroanesthetists. With the development toward 
high put-through surgery in the last decade, the processes 
had to be rationalized. Since we never had any evidence for 
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the benefit of intraoperative neuroprotective anesthesia, such 
as hypothermia, magnesium, barbiturates, etc. [4], it was 
easy to abandon these adjuvant measures. Independent of the 
use of neuroprotective measures, the known ischemic toler-
ances of the concerned arterial territories must be kept in 
mind when using temporary clips.

Intraoperative neurophysiologic monitoring (IOM) for 
aneurysm surgery never gained widespread acceptance, 
although the evidence level is not worse than that of other 
branches of neurosurgery where IOM is firmly established 
[3]. The fact that aneurysm surgery is usually not elective 
likely plays the most important role. This situation is compa-
rable to the lack of acceptance of neuronavigation for inser-
tion of ventricular drains and shunts.

Teaching Issues

Teaching aneurysm surgery remains an important aspect. 
The cornerstones of efficient teaching remain the same:

Training environment•	
Teacher dedication•	
Structured syllabus•	

Nonetheless, some differences to former generations have 
become apparent in today’s teaching environment. While 
some young colleagues appear to learn the essentials very 

quickly, others repeatedly make mistakes that teachers have 
not considered. Therefore, an explicit framework appears to 
be necessary in order to communicate the specific do’s, 
don’ts and hows. From one point of view, the ideal candi-
dates for successful and rapid training in aneurysm surgery 
are already experienced microsurgeons who want to expand 
their expertise to aneurysm surgery. In practice, this condi-
tion is uncommon and also has disadvantages. The main 
problem is that these colleagues rarely have a specific scien-
tific interest in vascular neurosurgery and therefore also face 
natural limits for their surgical format. The prototype of the 
experienced microneurosurgeon is, however, interesting 
from the didactic point of view, because the essentials of 
aneurysm surgery can be communicated to this group with a 
clear set of rules addressing general perioperative manage-
ment, principles of exposure and dissection of the typical 
configurations, clipping technique and the specific issues 
concerning very small and very large aneurysms.

More commonly, the trainee is a senior resident or junior 
staff member who still requires some training in microsurgi-
cal techniques. Nonetheless, it is our conviction that the abil-
ity to express the essentials of aneurysm surgery in words is 
essential for successful training [5]. For example, the typol-
ogy of aneurysm configurations used at Heinrich Heine 
University (HHU) will be mentioned. For the typical aneu-
rysm locations, we have defined the four prevailing projec-
tions, because these projections govern the approach and 
dissection (Fig. 3). Based on the projection, the approach to 

Type 1 Type 2

Type 3 Type 4

Fig. 3 Classification of anterior 
communicating artery aneurysms 
used at our department for 
teaching purposes. It is our 
conviction that the specifics of 
aneurysm surgery need to be 
explained explicitly, which 
requires a concise framework of 
aneurysm types
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the aneurysm is specified during the preoperative briefing. 
Depending on the degree of competency, the senior neurosur-
geon can then join the operation during the dissection phase.

Quality Management

At HHU we have developed a reasonably reliable process to 
encode and retrieve management complications [7]. 
Encoding is based on an outcome classification that is tran-
scribed in plain language also in the discharge summary. 
Therefore, correct encoding is verified by the patients and 
relatives as well as all the physicians involved in the care of 
the patients. Cross-checks indicate that for elective cases 
complications are identified with a sensitivity of more than 
90%. However, reliable management related morbidity and 
mortality (M&M) data is currently only available for elec-
tive neurovascular cases (unruptured aneurysm, dural arte-
riovenous fistula, AVM, elective bypass). For SAH and 
ruptured AVM management, morbidity is obscured by the 
impact of the initial hemorrhage [1].

Complications are discussed at HHU Department of 
Neurosurgery in a monthly Morbidity & Mortality (M&M) 
teaching conference. Over the last years the rate of complica-
tions of aneurysm and SAH management has remained sta-
ble. The 2009 figures for registered morbidity and mortality 

are given in Fig. 4. The rates fluctuate to some degree, but 
there is no evident trend of continuing improvement. The 
actual numbers therefore appear to represent a steady state 
reflecting the current limits of medicine. This statement is 
not intended to question the importance of the M&M con-
ferences. The M&M conference is an excellent problem-ori-
ented teaching session that is essential for training residents 
and fellows.

Conclusions

Scientific activity concerning SAH falls slightly short of 
general medical scientific progress. Technical aspects of 
aneurysm surgery have advanced only little in the last years. 
Surgical and endovascular indications depend on local pre-
conditions. Attention to cosmetic and minimally invasive 
aspects is crucial for the future of the microsurgical method. 
An explicit framework for the essentials of aneurysm  surgery 
appears to be important for efficient training. Current tech-
nology does not seem to be able to reduce the actual M&M 
rates significantly further in unselected aneurysm patients.
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Surgical Treatment for Aneurysms in the Cavernous –  
Petrous Portion of the Internal Carotid Artery

Hiroshi Abe, Koichiro Takemoto, Toshio Higashi, and Tooru Inoue 

Abstract Background: As direct surgery to treat aneurysms 
in the cavernous-petrous portion of the ICA is difficult, prox-
imal ligation of the ICA with or without bypass surgery is 
still the conventional treatment. Some patients have an ECA-
ICA collateral pathway distal to the ligation site. This is 
related to the recanalization of the aneurysm. We describe 
the treatment strategy of these aneurysms and the surgical 
pitfalls of the treatment. 

Methods: We analyzed 30 cases of symptomatic aneu-
rysms in the cavernous-petrous portion of the ICA. In all 
cases, proximal ligation of the ICA was performed with 
bypass surgery followed by BTO. 

Results: In 21 patients who could tolerate BTO, we per-
formed a low-flow bypass. In nine patients who could not 
tolerate BTO, we performed a high-flow bypass. In four 
patients with ECA-ICA collateral pathways distal to the liga-
tion site, we performed endovascular parent artery occlusion 
using detachable coils. In four patients without endovascular 
parent artery occlusion, we experienced recanalization of the 
aneurysm. 

Conclusion: Based on our experience and in view of the 
late recanalization of aneurysms that have an ECA-ICA col-
lateral pathway, we recommend that intraoperative angiogra-
phy should be performed to detect the ECA-ICA collateral 
pathway in proximal ligation of the ICA.

Keywords Internal carotid artery aneurysm · Cavernous 
sinus · Bypass surgery · Collateral pathway

Introduction

As direct surgery to treat large and giant aneurysms in the 
cavernous-petrous portion of the internal carotid artery (ICA) 
is difficult, proximal ligation of the ICA with or without 
bypass surgery is still the conventional treatment. Concurrent 
with the advances in endovascular techniques, many diag-
nostic tests have been developed to evaluate the risk of isch-
emic infarction from carotid occlusion before permanent 
ICA sacrifice. The most widely accepted tool is clinical bal-
loon test occlusion (BTO) [3, 7, 9].

We did not perform proximal ligation without bypass 
because BTO has the same false-negative results. We use 
clinical BTO to choose between the low-flow and high-flow 
bypass. After proximal ligation of the ICA, in some patients 
the external carotid artery (ECA)-ICA collateral pathway is 
distal to the ligation site [6]. This is related to the recanaliza-
tion of the ICA or aneurysm. We describe the treatment strat-
egy of these aneurysms and the surgical pitfalls of the 
treatment.

Materials and Methods

From 1988 – 2010, a total of 30 aneurysms in the cavernous-
petrous portion of the ICA were treated at our department. 
Patients included 7 males and 22 females ranging in age from 
28 to 78 years (mean, 61.7 years). One patient had bilateral 
ICA aneurysms. Three lesions were located in the petrous 
ICA, and 27 in the cavernous ICA. All patients had some 
symptoms, such as diplopia, orbital pain and nasal bleeding.

All patients underwent and passed a 15-min clinical BTO, 
including a cerebral blood flow (CBF) study. In patients who 
tolerated BTO, a superficial temporal artery (STA)-middle 
cerebral artery (MCA) bypass was performed followed by 
ICA ligation. In patients who could not tolerate BTO, a radial 
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artery (RA)-middle cerebral artery second portion (M2) 
bypass was performed followed by ICA ligation. After the 
above surgical procedure, intra- or postoperative DSA was 
performed. When the DSA demonstrated no filling of the 
ICA, we chose careful observation. When the DSA demon-
strated filling of the ICA after ligation, we considered that 
there was an ECA-ICA collateral pathway. In patients who 
had an ECA-ICA collateral pathway, direct puncture of the 
ICA distal to the ligation site and parent artery occlusion 
(PAO) using detachable coils were performed, usually in one 
stage (Fig. 1).

Representative Cases

Case 1

A 58-year-old female presented with right oculomotor and 
abducens palsy. Magnetic resonance imaging disclosed a 
mass lesion in the right cavernous sinus (Fig. 2). Right 
carotid angiography revealed a giant cavernous sinus 
 aneurysm. This patient could tolerate BOT. STA-MCA 
bypass was performed followed by ICA ligation. Intra-
operative DSA showed filling of the petrous ICA. Endo-
vascular PAO was performed immediately during the 
surgical procedure. Postoperative DSA showed no filling 
of the petrous ICA.

Case 2

A 76-year-old female presented with right oculomotor palsy. 
Angiography showed a giant right intracavernous ICA 
 aneurysm (Fig. 3). This patient could not tolerate BOT. An 
RA-M2 bypass was performed followed by ICA ligation. 
Intraoperative DSA showed no filling of the ICA. However, 
4 days after the operation, she presented with hemiparesis 
and consciousness disturbance. DSA showed good patency 
of the RA-M2 bypass; antegrade recanalization of the ICA 
via an ECA was revealed.

Case 3

A 58-year-old female presented with left oculomotor and 
abducens palsy and orbital pain. 3D-CTA showed a giant 

15 min clinical BOT

Tolerant

Post bypass and ICA ligation

Intra or post operative angiography

Filling of ICA(−)

Observation

Filling of ICA(+)

Internal trapping of
aneurysm

STA-MCA bypass
+ ICA ligation

RA-M2 bypass
+ ICA ligation

Intolerant

Fig. 1 Management algorithm for large or giant cavernous-petrous 
aneurysms in the internal carotid artery

Fig. 2 Case 1. (a) Preoperative right carotid angiogram demonstrating 
a giant cavernous sinus aneurysm. (b) Early phase of intraoperative 
right carotid angiogram showing good patency of the low-flow bypass. 
(c) Late phase of intraoperative right carotid angiogram showing filling 

of the petrous ICA (black arrow). (d) Endovascular parent artery 
 occlusion was performed immediately during the surgical procedure 
(white arrow). (e) Postoperative right carotid angiogram showing no 
filling of the petrous ICA
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Fig. 3 Case 2. (a, b) Preoperative right carotid angiogram demonstrating 
an intracavernous aneurysm. (c) Postoperative right carotid angiogram 
showing good patency of the high-flow bypass and no filling of the ICA. 
(d) Diffusion-weighted image 4 days after the operation showing high 

signal intensity in the territory of the middle cerebral artery. (e) Early 
phase of postoperative right carotid angiogram showing good  patency of 
RA-M2 bypass. (f) Late phase of postoperative right carotid angiogram 
showing antegrade recanalization of the ICA (white arrow)

Fig. 2 (continued)
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aneurysm in the left cavernous sinus (Fig. 4). Left carotid 
angiography revealed a partially thrombosed giant cavernous 
sinus aneurysm. This patient tolerated BOT. STA-MCA 
bypass and ICA ligation were performed followed by endo-
vascular PAO. Intraoperative DSA showed no filling of the 
ICA. However, postoperative DSA showed filling of the ICA 
in a position distal to the coil packing. We chose careful obser-
vation because recanalization showed slow retrograde flow.

Case 4

A 56-year-old female presented with right oculomotor  
and abducens palsy. Angiography showed a right giant intra-
cavernous ICA aneurysm (Fig. 5). This patient did not 
 tolerate BOT. High-flow bypass was performed followed by 
ICA ligation. Postoperative angiography showed no filling  
of the aneurysm. One month later, the patient’s symptoms 

Fig. 4 Case 3. (a) Preoperative 3D-CT angiogram showing a giant 
aneurysm in the left cavernous sinus. (b) Preoperative left carotid 
angiogram demonstrating a partially thrombosed giant cavernous sinus 

aneurysm. (c, d) Postoperative left carotid angiogram showing filling of 
the ICA in a position distal to the coil packing (black arrow)
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had become exacerbated, and angiography demonstrated 
recanalization of the ICA due to backflow of the RA graft. 
Endovascular PAO was performed via RA.

Results

In 21 patients who tolerated BTO, we performed a low-flow 
bypass. In nine patients who could not tolerate BTO, we per-
formed a high-flow bypass with RA graft. In 24 patients we 

performed intraoperative angiography, and in 4 patients who 
had an ECA-ICA collateral pathway distal to the ligation site, 
we performed endovascular parent artery occlusion using 
detachable coils. The postoperative angiogram showed the arte-
rial bypass to be widely patent in all cases. In 26 patients the 
aneurysms thrombosed and decreased in size. In four patients 
without endovascular parent artery occlusion, we experienced 
recanalization of the aneurysm. The causes of ICA recanaliza-
tion were backflow of the RA-M2 bypass in two patients, slack 
at the ligation site in one patient and the ECA-ICA collateral 

Fig. 5 Case 4. (a, b) Preoperative right carotid angiogram demonstrat-
ing a giant intracavernous aneurysm. (c) Postoperative right carotid 
angiogram showing no filling of the aneurysm. (d) Postoperative right 

carotid angiogram 1 month after the operation demonstrating  retrograde 
recanalization of the ICA due to backflow of the RA graft
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pathway in five patients. Treatments for  recanalization of 
the ICA were surgical trapping of the ICA in one patient, endo-
vascular PAO in six and observation in one. Ischemic complica-
tions were found to be due to recanalization of the ICA in two 
patients. These ischemic complications may have been caused 
by artery-to-artery embolism. None of the patients experienced 
infarction with the endovascular procedure.

Discussion

Historically, direct clipping of cavernous ICA aneurysms has 
been performed [2]. Although direct clipping can preserve 
the antegrade blood flow of the ICA, there are many risks of 
cranial nerve and brain injury. ICA proximal ligations with-
out bypass for ICA aneurysms have been reported. The mor-
bidity and mortality rate of patients whose intracranial ICA 
aneurysms were treated by ICA ligation was between 10% 
and 20%. There were many problems with regard to cerebral 
ischemia. To reduce ischemic complications due to proximal 
vessel occlusion, collateral flow is provided via several types 
of bypass surgery [4, 5, 8, 12].

Retrograde recanalization of the internal carotid artery 
can be induced by backflow of the ophthalmic artery, poste-
rior communicating artery and bypass arteries. Retrograde 
recanalization is thought to be the cause of aneurysmal 
enlargement.

Antegrade recanalization of the internal carotid artery can 
be induced by the collateral pathway between the internal 
and external carotid arteries, for example, the capsular artery, 
meningohypophyseal artery, inferior cavernous sinus artery, 
Vidian artery and caroticotympanic artery [1, 6]. The petrous 
ICA gives rise to two arterial branches: the caroticotympanic 
and Vidian arteries. The caroticotympanic artery arises from 
the genu of the petrous ICA and supplies the middle ear cav-
ity. The Vidian artery, identifiable in adults, is an inconstant 
branch that arises from the horizontal petrous ICA in approx-
imately 30% of temporal bone dissections [10]. This artery 
anastomoses with the ECA via a branch of the accessory 
meningeal, pterygovaginal and ascending pharyngeal arter-
ies. The meningohypophyseal artery arises laterally to the 
dorsum sellae at or just before the apex of the first curve of 
the intracavernous carotid, where it turns forward after leav-
ing the foramen lacerum. It is approximately the same size as 
the ophthalmic artery. The inferior cavernous sinus artery, 
also called the inferolateral trunk, arises from the lateral side 
of the midportion of the horizontal segment of the intracav-
ernous carotid artery approximately 5–8 mm distal to the 
origin of the meningohypophyseal trunk [11]. The antegrade 
recanalization is thought to be the cause of artery-to-artery 
embolism. We think the antegrade recanalization is more 
dangerous than the retrograde recanalization of the ICA.

The recurrent aneurysm and the recanalized internal carotid 
artery were treated by endovascular procedures. Following 
surgical carotid artery exposure, direct puncture of the internal 
carotid artery distal to the site of ligation was achieved. 
The recanalized internal carotid artery and  aneurysm were 
occluded using detachable coils without anticoagulation ther-
apy. We did not experience complications due to endovascular 
treatment during the surgical procedure.

Conclusion

Based on our experience, as late recanalization of the aneu-
rysm occurs in some patients with an ECA-ICA collateral 
pathway, we recommend that intraoperative angiography 
should be performed to detect the ECA-ICA collateral path-
way in proximal ligation of the ICA. In proximal ligation for 
extradural ICA aneurysms, the ECA-ICA collateral pathway 
should be considered. If the DSA shows filling of the ICA 
after ligation, PAO using detachable coils is recommended.
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Abstract Aneurysms of the posterior cerebral artery (PCA) 
are infrequent and located in the central depth of the brain. 
Hence their optimal microsurgical management has not been 
discussed systematically, as institutions and/or neurosur-
geons have only limited experience. The purpose of this 
communication is to report our considerations on this topic 
with emphasis on the selection of approaches by reviewing 
our 20 consecutive cases of PCA aneurysms out of more than 
1,000 aneurysm patients seen over the past 15 years. Although 
the subtemporal approach appears to be prevalent in the lit-
erature, in our series we applied the pterional approach with 
or without selective extradural anterior clinoidectomy 
(SEAC) for P1, P1-P2 aneurysms, and either a selective 
amygdalohippocampectomy approach (SAHEA) or suprac-
erebellar transtentorial approach (SCTTA) for P2 and P2-P3 
aneurysms. Construction of an extracranial-intracranial 
EC-IC bypass, when necessary, in conjunction with parent 
artery occlusion or with trapping of aneurysms was adapted 
to selected approaches.

Keywords PCA aneurysm · Approach · Selective amygdalo-
hippocampectomy approach (SAHEA) · Supracerebellar 
transtentorial approach (SCTTA) · Extracranial-intracranial 
(EC-IC) bypass

Introduction

Aneurysms of the posterior cerebral artery (PCA) are infre-
quent [3, 8] and located in the center of the brain, covered by 
the brain and bony structures of the skull. Accordingly, reports 
on this topic are rare, although Drake et al. published a pio-
neering report on 125 patients (59 non-giant aneurysms and 
66 giant aneurysms) by using the subtemporal approach [3]. 
This approach, even in recent reports [13, 27], is considered 
standard, especially for aneurysms of the P2 segment. Only a 
limited number of authors have studied the approaches used 
to treat aneurysms of the PCA. Such approaches include, for 
example, the pterional approach for P1, P1-2 aneurysms, the 
subtemporal approach for P2 aneurysms and transoccipital 
interhemispheric approach for P3 aneurysms, as described by 
Yasargil in reviewing his 11 cases [19], or the transzygomatic 
approach described by Gerber et al. reporting on 2 cases [4]. 
We believe that appropriate approaches should take into 
account the locations of aneurysms and the swollen state of 
the brain in the acute stage of subarachnoid hemorrhage 
(SAH) with or without intracerebral hematoma (ICH) or intra-
ventricular hematoma (IVH). This is why we are of the opin-
ion that the selective amygdalohippocampectomy approach 
(SAHEA) [20, 24] or supracerebellar transtentorial approach 
(SCTTA) [23] should be considered for aneurysms of the P2, 
P2-P3 segment, especially in the acute stage of SAH.

Patients and Results

Twenty consecutive patients harboring PCA aneurysms 
were identified from more than 1,000 aneurysm patients and 
were analyzed according to the location of the PCA seg-
ment – P1, P2, or P3 with its periphery – and the approaches 
to the aneurysms. Clinical details of the patients are listed 
in Table 1. The female/male ratio was 3/1, and the aver-
age age was 44.6 ± 13.6 years. There were 15 ruptured aneu-
rysms vassociated with intracerebral hematoma ICH and/
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or intraventricular hematoma IVH (25%). These aneurysms 
were located in segments P1 (8, 40%), P1-P2 (2,10%), P2 
(4, 20%), P2-P3 (5, 25%) and P3 and its periphery (1, 5%). 
The patients underwent the following surgical approaches: 
pterional [with or without selective anterior clinoidectomy 
(SEAC) (8, 40%), SCTTA (6, 30%), SAHEA (5, 25%) and 
transoccipital (1, 5%)]. The following surgical treatments 
were performed: neck clipping (9, 45%), trapping (3, 15%), 
parent artery occlusion (4, 20%), coating (2, 10%), endo-
vascular coiling (1, 5%) and aneurysmorrhaphy (1, 5%). 
Extracranial-intracranial (EC-IC) bypass to the distal part of 
the PCA was performed in three patients at the time of par-
ent artery occlusion and aneurysm trapping. The Glasgow 

Outcome Scale (GOS) score [7] 6 months postoperatively 
was: 4–5 (13, 65%), 3 (2, 10%), 2(1, 5%) and 1 (4, 20%).

Representative Cases

Case 2 (Fig. 1)

This 31-year-old male had been suffering from frequent hemi-
crania irradiating into the right eye for 3 years. Three months 
prior to initial presentation, he had experienced a severe head-
ache for 5 days, leading to magnetic resonance imaging (MRI) 

S.U. 34 y.o. M

Symptomatic
giant P2 aneurysm rt

Preop

Postop

A1

B3

B1

B2

C3

C1

C2

A1

A2A2

A3

B2

Fig. 1 Case 2: A 31-year-old male with mostly thrombosed giant aneu-
rysm at the right P2-P3 segment junction. A1-A3: Preoperative MRIs 
show a mostly thrombosed giant aneurysm at the right hippocampal-
parahippocampal region, B1-B3: DSA confirms the aneurysm. C1: 
Follow-up angiography shows no visualization of the aneurysm and no 

filling of distal segments of the right PCA. Patency of the STA-PCA 
bypass is shown with an arrow on the postoperative CT scan (C2). 
Postoperative CTs display no infarction at the right temporo-occipital 
region in spite of proximal ligation of the PCA at the P2 segment
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examination, which disclosed a mostly thrombosed giant 
aneurysm of 2.5 cm at the right P2-P3 segment junction. The 
patient reported neither epileptic seizures nor visual field dis-
turbance. The aneurysm was confirmed by digital subtraction 
angiography (DSA). During the DSA procedure, a  
balloon occlusion test (BOT) at the right P2 segment was per-
formed, and the patient experienced a remarkable reduction in 
the severity of the headache, but had some visual field distur-
bance simultaneously. This giant aneurysm was treated by 
proximal occlusion at the P2 segment using SAHEA plus 
extracranial-intracranial (EC-IC) bypass between the superfi-
cial temporal artery (STA) and a temporobasal cortical branch 
of the PCA. The patient recovered well from the procedure 
without any neurological deficits and had a GOS score of 5 at 
the postoperative 6-month follow-up.

Comment

In this case a combination of proximal parent artery ligation 
plus EC-IC bypass was effective after the non-tolerated BOT. 
Exposure of the giant aneurysm and P2 portion could 

be performed using SAHEA. Neck clipping proved to be 
impossible because of the size of the aneurysm and its ather-
omatous plaque around the neck. Proximal ligation at the P2 
segment could be done after construction of an EC-IC bypass 
at the posterobasal corner of the same craniotomy.

Case 11 (Fig. 2)

This 65-year-old female had been suffering from nuchal 
headache and nausea for 2 days. Her past history included an 
operation for a ruptured aneurysm of the anterior communi-
cating artery (AcomA) 7 years prior to her current clinical 
presentation. Her Glasgow Coma Scale (GCS) score [14] 
was 13 with remarkable confusion at the time of hospitaliza-
tion. A computed tomography (CT) scan revealed an ICH at 
the right basal ganglia with a presumably thrombosed giant 
aneurysm. After DSA confirmation of an aneurysm of 3 cm 
in diameter at the right P2 segment, the aneurysm was 
exposed, and proximal ligation was performed at the right P2 
segment with SCTTA accompanied by the removal of a peri-
aneurysmal ICH. Although simultaneous construction of an 

Case RI 65 y.o.F

P2 giant aneurysm rt
with ICH.
SCTTA
7 years before rup.Acom
A aneurysm clipping

A1

A2

C1

C2B

Fig. 2 Case 11: A 65-year-old female with ruptured giant aneurysm at 
the P2 segment with ICH. A1-A2: Preoperative DSA shows a giant 
aneurysm at the P2 segment. B: Follow-up angiography displays no 
visualization of the aneurysm, with two clips at the P2 segment for 

 parent artery occlusion and at the AcomA (see text). C1, C2: Follow-up 
CT scan 9 years later shows partial infarction at the right P3 terri-
tory and disappearance of the aneurysm at the right hippocampo- 
parahippocampal region
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EC-IC bypass was planned in the same approach, it failed 
because of an extremely atheromatous donor occipital artery 
(OA). Intraoperative cerebral blood flow (CBF) monitoring 
with a Peltier stack displayed a gradual but sufficient recov-
ery at the distal part of the cortex on P2 proximal ligation, so 
that sufficient collateral supply to the distal part of the PCA 
was presumed. The patient recovered well from the proce-
dure, but with partial hemianopsia because of a partial infarc-
tion of the P3 segment. Insertion of a ventriculo-peritoneal 
shunt followed because of communicating hydrocephalus. 
The GOS score was 4 at the 6-month follow-up.

Comment

This is a representative case in which aneurysm exposure at 
the P2 portion can be performed with SCTTA in the acute 
stage of bleeding. Although simultaneous EC-IC bypass 
construction failed because of the diseased OA, this could 

normally have been performed using the same approach [22, 
23]. Also, this case shows that intraoperative CBF monitor-
ing can help determine the definitive procedures: clipping, 
and proximal ligation with or without EC-IC bypass in case 
of lacking a systematic preoperative BOT [10, 21].

Case 20 (Fig. 3)

This 35-year-old female had suffered SAH 2 months prior to 
her current clinical presentation. She recovered well, and a 
neuroradiological examination disclosed a dissecting aneu-
rysm of 7 mm at the right P2 segment. She underwent sur-
gery in the chronic stage with a GCS score of 15. Access to 
the aneurysm was successful using SAHEA with exposure of 
the whole P2 segment, but neck clipping was complicated by 
premature rupture, so that an aneurysmorrhaphy had to be 
performed with continuous suture using a 9–0 monofilament 
after removal of a considerable portion of the aneurysm. 

Case UR 35 y.o. F P2   dissection aneurysm

A1

A2

C1

C2

C3B

C2

C3

Fig. 3 Case 29: A 35-year-old female with ruptured dissecting aneu-
rysm at the P2 segment. A1 and A2 reveal the aneurysm indicating 
partly “string and beads sign” on DSA. B: Surgeon’s sketch showing 
the aneurysm removal and aneurysmorrhaphy, as the pre-ruptured 

aneurysm turned out to be unclippable. C1 displays intraoperative 
angiography showing the patency of the right P2 segment after 
 aneurysmorrhaphy. C2-C3 CT scans several days after surgery indicate 
an extensive infarction of PCA and part of the MCA territory
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Intraoperative angiography showed good patency of the seg-
ment. The patient was awake directly after surgery with 
slight hemiparesis, which is observed quite often after sur-
gery with this approach for SAHE [24]. However, a few days 
later the paresis became worse and was accompanied by 
altered consciousness. A follow-up CT scan displayed an 
extensive infarction at the territory of the PCA as well as 
partly at the MCA territory. In spite of the best available 
treatment for ischemic edema and rehabilitation, the patient’s 
GOS score remained 2–3 at the 6-month follow-up.

Comment

This is a typical case of a complication associated with the 
clipping procedure for dissecting aneurysms – namely, 
unclippable premature rupture – necessitating aneurysmor-
rhaphy. Although patency was confirmed by intraoperative 
angiography, the site of aneurysmorrhaphy must have closed 
with thrombus formation, followed by its propagation over 
the P2-P3 junction in a few days. Retraction of the MCA at 
the time of SAHEA must have also caused an insufficient 
postoperative collateral supply from the MCA territory to the 
diseased PCA territory. If the SCTTA approach had been 
taken instead of SAHEA, optimal clipping could have been 
performed or at least clean proximal ligation or trapping 
would have been possible, so that the P2-P3 junction closure 
because of thrombus propagation could have been prevented, 
resulting in better collateral supply at the distal territory of 
the PCA. Also presumably insufficient collateral supply 
from the MCA to the PCA territory due to SAHEA could 
have been prevented by using SCTTA.

Discussion

The following characteristics of PCA aneurysms can be sum-
marized on the basis of hitherto published reports and the 
authors’ observations:

1. Infrequency – PCA aneurysms represent less than a few 
percent of all aneurysms [6, 8, 13, 26].

2. Good collateralization of the PCA territory, but a signifi-
cant percentage of ischemic complications occur in con-
nection with proximal parent artery occlusion, e.g., up to 
17% of patients suffer from new visual field deficits; 
hence, the need for an EC-IC bypass combination has 
been discussed [2, 3, 13, 16].

3. Up to 50% of all PCA aneurysms are large or giant 
 aneurysms [3, 13]. 

The results of our series coincide well with those of 
other previous reports. These characteristics and the lim-
ited experience neurosurgeons and/or interventional neu-

roradiologists make the treatment complex even also with 
combination of these techniques. Especially the manage-
ment of the very rare dissecting aneurysms of the PCA 
deserves further evaluation for treatment standardization, 
also in light of the technical development of endovascular 
surgery [1, 12, 15].

Regarding approaches for microsurgical treatment, the sub-
temporal approach pioneered by Drake has been predomi-
nant, even in recent reports [3, 13, 27], although the pterional 
approach has gained a solid position in the microsurgical 
management of aneurysms at the P1 and P1-P2 segments [6, 
11, 13]. In our series with 15 cases of SAH in its acute stage 
(75%), the subtemporal approach was applied in none of the 
cases. The standard pterional approach opening the proximal 
sylvian fissure was applied for the P1 and P1-P2 aneuryms, 
and SEAC was added in three cases of large or giant aneu-
rysms to make the complicated microsurgical procedure in a 
deep location smoother [25]. The SAHEA is a kind of pteri-
onal approach, but differs from it in that the distal sylvian 
fissure is opened as well as the choroidal fissure after reach-
ing the temporal horn by having access through the temporal 
stem with a small cortical incision (around 1.5 cm) at the 
sulcus circularis insulae [20, 24]. This approach allows 
 dissection of the whole stretch of the P2 segment from its 
origin to the P2-P3 junction, even when the brain is swollen 
because of SAH, and with or without hematoma during 
slight to moderate retraction of the cortical incision (Fig. 4). 
CSF can be drained by opening the basal cistern, the lamina 
terminalis and the temporal horn in the same craniotomy, 

P2 P3

Acho

A

V.Rosenthal

Fig. 4 SAHEA showing structures after opening the choroidal fissure 
for dissection of the PCA. A: amygdala, Acho: anterior choroidal artery. 
Green arrows are for the selective amygdalohippocampectomy [24]
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enabling brain slackness. If an EC-IC bypass is needed, it 
can be combined with the above-mentioned procedure for 
aneurysms by using the STA as a donor and a cortical branch 
of the PCA at the posterior temporobasal corner of the 
 craniotomy, as was done in the above-mentioned case 2.

As for SCTTA in the sitting position, used in six cases in 
this series, we reported on the topic in 2001 for lesions of 
posterior temporomedial structures, in which the microsur-
gical management of a ruptured P2 giant aneurysm and of a 
P2-P3 junction aneurysm with ICH and occipital artery 
OA-PCA bypass were also included [23]. The PCA can be 
followed proximally as far as its crossing point with the third 
nerve, so that every procedure for microsurgical aneurysm 
management is possible without compromising the gyrus 
parahippocampalis, even when the brain is swollen because 
of SAH. If an EC-IC bypass is needed, this can be performed 
in the same craniotomy session using the OA, auriculotem-
poral artery ATA or even the STA as donor and the cortical 
branch of the PCA as recipient at the temporo-medial cortex. 
This bypass procedure was combined with an aneurysm 
coiling procedure for case 19. A comparison between 
SAHEA, the transtemporal approach [17], subtemporal 
approach and SCTTA is presented in Fig. 5 by an artist’s 
drawing.

Successful surgical and endovascular occlusion of unclip-
pable PCA aneurysms has been reported by several authors, 
and this was ascribed to relatively good collateralization to 
the distal territory of the occluded PCA [3, 5, 18]. Although 
the bypass procedure in combination with proximal ligation 

of the parent artery or with aneurysm trapping is considered 
to be effective, extensive infarction of the PCA territory in 
spite of a patent EC-IC bypass has been reported by Murai 
et al. [9]. Although they attributed this complication to 
 insufficient postoperative management against ischemia, 
propagation of thrombus over the P2-P3 junction is also con-
sidered to be responsible as in our case of aneurysmorrhaphy. 
An intentional occlusion of the distal part of the aneurysm 
just prior to the P2-P3 junction (and not only proximal occlu-
sion) could have prevented this complication as collateral 
circulation between the distal P3 segment would have 
remained intact.

Conclusion

Infrequent PCA aneurysms necessitate deliberate treatment 
planning, especially with regard to approach selection based 
on the aneurysm’s location, size and associated hematomas. 
The pterional approach with or without SEAC is suitable for 
P1 and P1-P2 aneurysms, while the SAHEA in the supine 
position or the SCTTA in the sitting position should be con-
sidered for P2 and/or P2-P3 aneurysms. These can be per-
formed not only for swollen brains in the acute stage of SAH, 
but also when an EC-IC bypass is required by the findings of 
a BOT.
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Abstract Cerebral vasospasm complicating aneurysmal 
subarachnoid hemorrhage is a well-known medical entity. 
The delayed ischemic neurological deficits (DIND) as a 
result of vasospasm remain the main cause of morbidity 
among patients who manage to survive this severe disease 
pattern. When the traditional treatment options, either medi-
cal or interventional, fail to reverse vasospasm, continuous 
intraarterial infusion of nimodipine through catheters directly 
into the spastic arteries presents a promising treatment 
modality. Of 73 patients with aneurysmal subarachnoid hem-
orrhage between 2008 and 2009, a total of 27 had Hunt and 
Hess grades of 4 and 5. Fifteen percent of them showed 
refractory vasospasms and were treated with continuous 
nimodipine infusion via catheters in both internal carotid 
arteries. We present the method’s indications and possible 
complications.

Keywords Aneurysm · Subarachnoid hemorrhage · Vas os-
pasm · Intraarterial continuous nimodipine

Abbreviation

ICA Internal carotid artery

Introduction

Cerebral vasospasm complicating aneurysmal subarachnoid 
hemorrhage is a well-known medical entity. The first pub-
lished report came from Ecker and Riemenschneider in 1951 

and 1953 [7, 8]. In the subsequent years, scientists tried to 
study vasospasm in animal models [31], while the first 
announcement of vasospasm-induced cerebral infarction 
appeared 2 years later by Simeone and Trepper [26]. Since 
then, many treatment methods have been proposed and 
applied. Nevertheless, delayed ischemic neurological defi-
cits (DIND) as a result of vasospasm, occurring in approxi-
mately 30% of the patients, remain the main cause of 
morbidity [12, 29]. The peak frequency of vasospasm usu-
ally starts on days 3–5 of subarachnoid hemorrhage (SAH). 
It exhibits maximal narrowing of the arterial lumen during 
days 5–14, and slowly resolves until 4 weeks after the initial 
incident [18]. We herein describe the administration of con-
tinuous nimodipine infusion via catheters in the ICAs until, 
if possible, vasospasms resolve.

Materials and Methods

Between 2008 and 2009, 73 patients with SAH were treated 
in our clinic. The mean Hunt and Hess score was 3.07. In 56 
of the patients the etiology of SAH was rupture of intracra-
nial aneurysms; in 17 patients no etiology could be found. 
Thirty-one aneurysms were clipped, 23 were coiled, and two 
both clipped and coiled. Twenty-seven of the patients had 
poor Hunt and Hess grades after subarachnoid hemorrhage 
(4 and 5), and of those who developed refractory vasospasm, 
15% received continuous intraarterial nimodipine infusion 
via catheters in both ICAs. All patients were treated in our 
neurosurgical intensive care unit. The intubated and sedated 
patients received continuous monitoring of the intracranial 
pressure and cerebral mean oxygen pressure, and had exter-
nal ventricular drain.

Resistant Vasospasm in Subarachnoid Hemorrhage Treated  
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Selection Criteria for the Administration  
of Continuous Nimodipine Infusion

All patients with aneurysmal subarachnoid hemorrhage 
treated in our clinic received triple H therapy (hypervolemia, 
hypertension, and hemodilution) as well as nimodipine the 
moment they developed vasospasm. By stable clinical status 
or by normal perfusion CT findings, which were routinely 
carried out on the 3rd and 7th day after the onset of SAH, the 
therapy was continued with cerebral perfusion pressure 
(CPP) of over 100 mmHg.

Patients considered for continuous nimodipine infu-
sion were chosen according to the following parameters: 
 evidence of increased flow velocities via Doppler sono-
graphy (abnormal Gosling and Pourcelot indices) with 
impairment of the brain tissue perfusion in the perfusion 
CAT scan led to immediate angiography. Vasospastic ves-
sels were dilated with balloon angioplasty (proximal ves-
sels, i.e., M1, A1, P1) or with local nimodipine application. 
The patient came back to the intensive care unit where the 
Doppler examinations were continued. If the vasospasm(s) 
would not resolve completely or satisfactorily according to 
the aforementioned indices or if the patients clinically dete-
riorated, for those who were not intubated, we would decide 
to implant the catheters in both ICAs for continuous nimo-
dipine infusion. The initial Hunt and Hess score or Fisher 
grade was not considered as a criterion for the administra-
tion of such a therapy, while all patients had a Hunt and 
Hess score of 3 or more and in the CAT scan Fisher grade 
of 3 or 4.

Patients and Methods

Of the patients admitted and treated in our department, four 
showed massive vasospasms after suffering an aneurysmal 
SAH and were treated by the aforementioned method. The 
vasospasms were documented via transcranial Doppler, and 
perfusion CAT scans were used for confirmation. Thereafter 
the patients were transferred to the neuroradiological insti-
tute, and a digital subtraction angiography with local dilata-
tion of the spastic arteries with nimodipine was performed. In 
case of a positive response, that is, adequate vasodilatation, 
the catheters were left in both internal carotid arteries for 
continuous infusion of nimodipine. The decision whether to 
place the catheters in both ICAs or in only one was made 
according to the findings of the angiography, i.e., if vasos-
pasms were on both sides or not.

The infusion scheme was as follows: 5 mg nimodipine 
were slowly administered via an infusion pump with 5 ml/h 
for each side.

On the following day, angiography as well as perfusion 
CAT scan was repeated (Fig. 1), and if the vasospasms had 
not resolved, the infusion was continued. Maximal duration 
of the infusion was 72 h.

Complications

In our small patient series we had one iatrogenic carotid dis-
section, which was treated with stent implantation. Other 
possible complications, which did however not occur in our 

Fig. 1 Perfusion CAT scan before (a) and after (b) administration of intraarterial continuous nimodipine via both ICAs shows regression of tissue 
at risk in the MCA territory on the left side
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patients, might be thromboembolism, significant lowering of 
the systemic blood pressure, occlusion or dislocation of the 
catheters and infections.

Discussion

Many therapeutic options have already been described. The 
use of oral nimodipine is commonly accepted, with proven 
efficacy in many studies, especially in a large retrospective 
study of Dorhout Mees et al., which included 3,361 patients 
[5]. Based on the same concept, another calcium channel 
antagonist, nicardipine, was used to prevent or treat vasos-
pasm, but not with the same efficacy as nimodipine [1]. The 
use of statins was also presented as very promising. 
Vergouwen et al. and McGirt et al. in their recent report 
found no statistically significant difference in clinical out-
come, vasospasm or delayed neurological deficit in patients 
treated with statins [20, 29], whereas Sillberg et al. showed 
that initiation of statin therapy after aneurysmal SAH signifi-
cantly reduces the incidence of vasospasm, delayed ischemic 
deficits, and mortality [25]. Another treatment option that 
could be potentially beneficial against DIND and cerebral 
ischemia is magnesium sulfate. Currently, two large phase II 
trials are being conducted that will hopefully provide definite 
evidence whether magnesium treatment is beneficial in SAH 
patients, as could be shown in rats [6, 27, 28, 32, 33]. Veyna 
et al. already observed a trend towards a Glasgow Outcome 
Scale (GOS) score of 4 or 5, but this trend did not reach a 
statistically significant level [30].

Among the multiple treatment options regarding resistant 
vasospasm after aneurysmal SAH, intraarterial infusion of 
pharmacological agents has gained the attention of neurosur-
geons and neuroradiologists. Eskridge et al. proposed the fol-
lowing criteria regarding endovascular treatment of restrictive 
vasospasm after SAH: (1) new onset of neurological deficit 
not due to other causes; (2) no evidence of cerebral infarction 
on the CT scan; (3) a persistent deficit not responding to tri-
ple H therapy (hypervolemia, hypertension, and hemodilu-
tion), and (4) angiographic evidence of vasospasm in a 
distribution explaining the neurological deficit. Newell et al. 
also indicated that balloon angioplasty should be considered 
as a safe treatment method with good results and low compli-
cation rates [10, 22]. Böker et al. reported three cases of sub-
arachnoid hemorrhage and cerebral vasospasm treated with 
intraarterial nimodipine infusion for 90 min. Resolution of 
the spasms was demonstrated with angiography [3]. Sayama 
et al. [24] as well as Eddleman et al. [9] and other study 
groups [4, 13–16, 19, 21, 23] also reported on endovascular 
therapies for cerebral vasospasm including transluminal 
 balloon angioplasty and intraarterial vasodilating agents such 

as nimodipine, nicardipine, verapamil, or milrinone. They 
observed that papaverine managed to dilate the spastic ves-
sels but negatively influenced the intracranial pressure. They 
suggested that larger studies with intraarterial agents should 
be performed to achieve safer and more accurate results. 
Hänggi et al. as well as Kim et al. in their recent  studies 
reported a positive response with the reduction of angio-
graphic vasospasm after intraarterial nimodipine administra-
tion. Liu and co-workers stressed the efficacy of repeated 
papaverine infusions with a positive response of the diameter 
of the spastic vessels [11, 14].

Since the intraarterial infusion of nimodipine seems to 
resolve cerebral vasospasm and given the fact that its effect 
lasts for several hours, but then decreases and many patients 
require more than one intervention [2, 17], we tried to con-
tinuously administer nimodipine through catheters in both 
ICAs directly into the spastic arteries for 48–72 h control-
ling its effect with daily angiographic images, transcranial 
Doppler workups, and perfusion CAT scans.

Conclusions

We presented a new treatment method for aggressive vasos-
pasm in patients with aneurysmal subarachnoid hemorrhage. 
In cases where conservative treatment cannot achieve resolu-
tion of the vasospasms and the eventually following ischemic 
deficits, and where intraarterial nimodipine administration 
shows good vessel widening, continuous nimodipine infu-
sion via catheters in the ICA could be the last treatment 
chance. Through these catheters a daily angiographic study 
can be performed if needed. The number of patients we 
treated in this way was low, and more studies should be per-
formed to show the method’s efficacy. Further, when admin-
istration of this treatment method should be started as well as 
what should be the exact dose of nimodipine that can be 
given to maximize vasodilatation of the vessels with mini-
mum adverse reactions still needs to be clarified.
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Abstract Paraclinoid small aneurysms with a diameter less 
than 5 mm may be difficult to handle intraoperatively. We 
have encountered 9 such aneurysms among 375 cases. The 
most frequent location was the ophthalmic segment (n = 6) 
followed by the anterior wall (n = 3) of the internal carotid 
artery (ICA). The endovascular procedure was not suitable 
for this particular lesion because of the difficulty in deploy-
ing the coil across such small aneurysms. One patient with 
an ophthalmic segment aneurysm underwent endovascular 
treatment first; however, the procedure was aborted because 
of mechanical vasospasm. Finally the patient underwent 
craniotomy, and the aneurysm was successfully clipped. Two 
patients with anterior wall aneurysms presented with suba-
rachnoid hemorrhage, and the blood blister-like aneurysms 
were clipped without sacrifice of the ICA. Five patients with 
unruptured aneurysms of the ophthalmic segment and one 
such case of the anterior wall of ICA were all clipped 
uneventfully. The operative procedure for these small aneu-
rysms is deemed straightforward: (1) high attention should 
be paid to avoid premature rupture; (2) both the internal 
carotid artery and optic nerve are mobilized and the anterior 
clinoid process and falciform ligament are removed, then the 
aneurysmal neck is created; (3) the neck of the aneurysm is 
created by pushing the wall of the ICA slightly away during 
clip application; this is called the “nip on method.” Although 
neck clipping of small aneurysms can be difficult, no efforts 
should be spared to accomplish direct neck clipping.

Keywords Small aneurysm · Paraclinoid segment of inter-
nal carotid artery · Blood blister-like aneurysm · Direct neck 
clipping

Introduction

The International Study of Unruptured Intracranial Aneurysms 
(ISUIA) reported that in the absence of a history of previous 
rupture, the risk of rupture for small (<7 mm) anterior circula-
tion aneurysms is low, only 0.1% per year [8]. However, many 
experienced neurosurgeons and endovascular therapists report 
that in practice, most ruptured aneurysms encountered are 
small [2, 7]. According to other reports, the extent of SAH 
after rupture of small aneurysms is often greater than after rup-
ture of larger aneurysms [6, 7]. Despite the advent of sophisti-
cated endovascular materials, embolization of very small 
aneurysms is associated with relatively high rates of intrapro-
cedural rupture, especially intraoperative rupture [4]. From the 
surgical point of view, blood blister-like aneurysms arising 
from the anterior wall of the internal carotid artery (ICA) can 
be devastating once they rupture [3]. In the present study we 
demonstrate nine cases of small aneurysms in the paraclinoid 
segment of the ICA, all of which were successfully clipped.

Materials and Methods

Patients included five women and four men, 41–66 years of 
age (mean 56 years) (Table 1). Case 3 was referred from 
another institute because of failure of an endovascular proce-
dure. Key points of the surgical procedures were as follows: 
(1) frontotemporal craniotomy with removal of the sphenoid 
ridge; (2) opening of the sylvian fissure as much as possible; 
(3) removal of the anterior clinoid process and falciform 
ligament to create sufficient space for clip application; (4) 
dural adherence to the aneurysm left intact for the protection 
of the thin aneurysm dome; (5) touching the dome of the 
aneurysm before neck clipping should be avoided; (6) an 
angled clip is suitable for anterior wall aneurysms and a 
straight one for ophthalmic artery aneurysms; (7) additional 
wrapping and coating may be necessary for anterior wall 
aneurysms if the parent artery is affected entirely.
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Results

All patients underwent direct surgery of the aneurysm, and 
neck clipping was successfully performed. There were no 
perioperative complications. The Glasgow outcome scale 
score after 3 months demonstrated excellent results in all 
patients (Table 1).

Illustrative Case

This 58-year-old man with the diagnosis of cerebral aneu-
rysm was referred to us for treatment. The patient had a brain 
examination using 0.5-T MRI at the Department of Health 
Services at our institute. Three-dimensional CT scans and 
angiograms revealed an unruptured small aneurysm with a 
diameter of 3.4 mm arising from the anterior wall of the left 
ICA (Fig. 1). Complete obliteration of the aneurysm was 
achieved uneventfully via craniotomy (Fig. 2). No aneurysm 
recurrence has been noted for 2 years.

Discussion

Aneurysms arising from the ICA between the site of its exit 
from the roof of the cavernous sinus and the origin of the pos-
terior communicating artery have been collectively termed 
paraclinoid aneurysms [3]. Endovascular therapy for supe-
riorly projecting paraclinoid aneurysms is associated with 
lower rates of complete obliteration than direct surgery and 
with rates of cerebral embolic events comparable to those of 

endovascular treatment in the other groups [3]. Furthermore, 
endovascular treatment for group II (true ophthalmic artery) 
aneurysms entails additional risks of retinal embolism [3]. 
Therefore, direct surgery is recommended for the treatment 

Table 1 Summary of clinical characteristics and clinical outcomes

Case 
no.

Age 
(years)

Sex Initial 
symptoms

An. location GOS 
score

1 46 F SAH Rt IC-Ant, 
IC-PC

5

2 54 F SAH Rt IC-Ant, 
ACA,MCA

5

3 56 M No Rt IC-OphA 5

4 65 F No Rt IC-OphA 5

5 58 M No Lt IC-Ant 5

6 52 M No Lt IC-OphA 5

7 66 F No Rt IC-OphA 5

8 41 M No Lt IC-OphA 5

9 64 F No Rt IC-OphA 5

SAH subarachnoid hemorrhage, IC-Ant anterior wall of internal carotid 
artery, ICPC internal carotid artery-posterior communicating artery, 
ACA anterior cerebral artery, MCA middle cerebral artery, IC-OphA 
internal carotid artery-ophthalmic artery, An aneurysm

Fig. 1 Preoperative contrast-enhanced CT scans showing left ICA 
aneurysm arising from the anterior wall

Fig. 2 Postoperative contrast-enhanced CT scans showing complete 
neck clipping of anterior wall aneurysm of ICA
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of paraclinoid aneurysms projecting superiorly [3]. For other 
groups, especially for group III (carotid cave) aneurysms, 
endovascular treatment is the acceptable first option of ther-
apy [3]. We agree with the treatment protocol for paraclinoid 
aneurysms mentioned above. No doubt, overall morbidity 
and mortality for treatment of an intracranial aneurysm are 
much lower when treated before rupturing. The risk of sur-
gery must be less than the risk of conservative management 
(observation) to be recommended. The optimal management 
of unruptured (incidental) aneurysms continues to be the cen-
ter of controversy. Recent studies demonstrated that endovas-
cular coil embolization of very small aneurysms <3 mm is 
associated with relatively high rates of intraprocedural rup-
ture, especially intraoperative rupture [4]. Aneurysms arising 
from the anterior wall of the ICA, so-called blood blister-like 
aneurysms (BBA), are rare, reportedly 0.3–1% of intracranial 
aneurysms or 0.9–6.5% of aneurysms of the ICA [1]. Direct 
clipping often causes laceration of the lesion, whereas com-
plete wrapping or clipping is effective, but may fail to prevent 
growth of the aneurysm [1]. A recent study demonstrated that 
the stent-within-a-stent and covered-stent techniques effec-
tively prevented bleeding and re-growth of the BBA without 
sacrifice of the ICA [5]. However, the long-term outcome 
after such a double-stent technique remains unclear. In this 
study, we successfully treated three cases of BBA. Despite 
the small number of patients, BBAs could be neck clipped 
without sacrifice of the ICA. A special technique should be 
used to clip the BBA, i.e., create a concrete closure line of 
neck clipping by pushing the wall of ICA slightly away with 
clip blades. We call this method the “nip on method.” In con-
clusion, neck clipping of small aneurysms can be difficult; 

however, no efforts should be spared to accomplish direct 
neck clipping.
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Abstract The effect of subarachnoid hemoglobin on neuro-
glial cells contributing to early brain injury is unclear. Several 
intracerebral hemorrhage studies indicated that pathological 
iron deposition in the brain contributes to secondary brain 
injury. Therefore, the purpose of this study was to investigate 
the relationship between iron and neuroglial cell changes fol-
lowing SAH, and examine the effect of deferoxamine (DFX). 
SAH was induced in male Sprague-Dawley rats (n = 56) using 
an endovascular perforation technique. Animals were treated 
with DFX (100 mg/kg) or vehicle for 3 days. Rats were sacri-
ficed at 6 h, days 1 and 3 to determine non-heme iron and 
heme oxygenase (HO)-1 expression using Western blot and 
immunohistochemistry analysis. To assess neuronal cell death, 
Fluoro-Jade- and terminal deoxynucleotidyl transferase-medi-
ated dUTP nick end-labeling (TUNEL) stainings were per-
formed. Marked HO-1 upregulation at day 3 (P < 0.01) was 
accompanied by elevated non-heme iron (P < 0.01) and ferritin 
levels (P < 0.01). DFX treatment reduced brain non-heme iron 
concentration, ferritin expression and neuronal cell death at 
day 3 (P < 0.01) following SAH. These results suggest that 
excessive hemoglobin and iron overload play an important 
role in early brain injury following SAH. Acute treatment with 
DFX significantly ameliorates neuronal cell death and may be 
a potential therapeutic agent for SAH.

Keywords Deferoxamine · Hemoglobin · Iron · Neuronal 
death · Subarachnoid hemorrhage

Introduction

Aneurysmal subarachnoid hemorrhage (SAH) is a severe 
disease causing high mortality, especially within the first 
few days [1]. Although the combination of increased intrac-
ranial pressure and decreased cerebral blood flow resulting 
in global cerebral ischemia plays an important role, the 
underlying injury mechanisms during this early period 
remain poorly understood. Following SAH, the brain is 
exposed to a great amount of hemoglobin as erythrocytes 
lyse, especially at the basal surface of the brain [6]. Blood 
released into the subarachnoid space clots almost immedi-
ately, and clot lysis starts early after SAH [8]. Heme is 
degraded in the brain by heme-oxygenase (HO) into carbon 
monoxide and biliverdin with the release of catalytically 
active iron, which may participate in the formation of the 
highly reactive hydroxyl radical via Fenton reaction [12]. 
DFX has been used in clinical practice for more than 30 years 
in iron-overloaded patients with acute iron intoxication or 
overload due to transfusion-dependent anemia. It is a hydro-
philic chelator that has a high affinity for ferric iron, forming 
a stable complex that prevents the iron from entering into 
further chemical reactions [9]. This study focuses on the role 
of subarachnoid hemoglobin and iron in brain injury during 
the acute phase of SAH and examines the effect of DFX on 
SAH-induced injury.

Materials and Methods

Fifty-six male Sprague-Dawley rats weighing 275–325 g 
were used. General anesthesia was induced with 5% isoflu-
rane (Aerrane; Baxter Healthcare Corp., Deerfield, IL). After 
intubation and initiation of mechanical ventilation, isoflu-
rane was titrated between 2.25% and 2.75% to maintain a 
mean arterial pressure between 80 and 120 mmHg.
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SAH Induction

In supine position and after a left paramedian incision of the 
ventral neck, the left external carotid artery was identified 
under a surgical microscope, and transected distally. A 3-0 
nylon monofilament suture with a rounded tip to prevent 
endothelial injury was inserted, advanced distally into the 
intracranial internal carotid artery and carefully perforated 
under intracranial pressure (ICP) monitoring. Sham-operated 
control rats underwent an identical procedure without vessel 
perforation. The suture was withdrawn 5 min after insertion. 
DFX (100 mg/kg) was administered i.p. 2 h and 6 h post-
hemorrhage followed by every 12 h for 3 days.

Grading of SAH

The basal brain including brainstem was divided into six seg-
ments (anterior and posterior circle of Willis on both sides and 
left and right brainstem). Each segment was assigned a grade 
from 0 to 3 depending on the amount of subarachnoid blood 
clot as follows; grade 0: no subarachnoid blood; grade 1: min-
imal subarachnoid blood; grade 2: moderate blood clot with 
recognizable arteries; grade 3: blood clot covering the cere-
bral arteries. The blood distribution in the ventrolateral brain-
stem was also considered grade 2 and 3 depending on the 
amount of blood.

Non-heme Brain Tissue Iron Determination

Following extensive perfusion with 0.1 mol/l phosphate-
buffered saline (pH 7.4) and brain removal, the remaining 
subarachnoid blood was carefully removed from the basal 
surface of the brain. A coronal slice of brain ~4 mm thick 
around the optic chiasm was cut. The ipsilateral frontobasal 
cortex was separated and weighed. After homogenization of 
the brain samples, 1 ml of 8.5 mol/l HCl added and hydro-
lyzed at 90°C for 60 min. Following cooling, 2 ml of 20% 
trichloroacetic acid was added to precipitate proteins, and 
the supernatant collected after centrifugation. The superna-
tant was then run through an acid-washed filter and the pre-
cipitate washed with 1 ml of 4.25 mol/l HCl plus 20% 
trichloroacetic acid (1:1). The supernatant was collected and 
4 ml of 1 mol/l sodium citrate added. The pH was adjusted to 
3.1 and the final volume adjusted to 25 ml. The total non-
heme iron concentration was assayed by a spectrophotometer 
with ferrozine as color reagent.

Western Blot Analysis

After removal of the brain, a 3-mm-thick ipsilateral fronto-
basal cortex sample was separated at the level of the optic 

chiasm. Primary antibodies were: polyclonal rabbit anti-
horse spleen ferritin (Sigma, 1:250 dilution) or polyclonal 
rabbit anti-rat HO-1 (StressGen; 1:2,500 dilution). Antigen-
antibody complexes were visualized with the ECL chemilu-
minescence system (Amersham) and exposed to Kodak 
X-OMAT film. Relative band densities were analyzed with 
an NIH Image program (version 1.61).

Immunohistochemistry

Rats underwent intracardiac perfusion with 4% paraformalde-
hyde in 0.1 mol/l phosphate-buffered saline (pH 7.4). Brains 
were removed and kept in 4% paraformaldehyde for 12 h, 
then immersed in 25% sucrose for 3 days at 4°C. Brains were 
then placed in embedding compound and sectioned (18 mm) 
on a cryostat. Immunohistochemical staining was performed 
using the avidin-biotin complex technique. Primary antibod-
ies were polyclonal rabbit anti-rat HO-1 (StressGen; 1:400 
dilution) and rabbit anti-human ferritin (DAKO; 1:100 dilu-
tion). Normal rabbit IgG (Vector Laboratories, Burlingame, 
CA) was used as a negative control. To detect DNA fragmen-
tation, sections were processed for terminal deoxynucleotidyl 
transferase-mediated dUTP nick end-labeling (TUNEL) using 
an in situ cell death detection kit (Intergen). Cell counting was 
conducted in the basal cerebral cortex on 40× microscopic 
images using a CK-2 Olympus microscope. Positive cells 
were counted in three separate fields in three different slices 
cut at the level of the optic chiasm.

Statistical Analysis

Values are presented as mean ± SD. Statistical comparisons 
between groups were performed using one-way analysis of 
variance (ANOVA) followed by either a Dunnett’s or a 
Tukey’s post-hoc test, the former for comparisons to a sin-
gle control group, the latter to compare across multiple 
groups. Mortality was compared with a chi-squared test.  
A probability of P < 0.05 was considered statistically 
significant.

Results

SAH Extent and Mortality Rate

No sham-operated control animals died. All animals in  
both groups had extensive SAH. This was particularly 
 pronounced on the ipsilateral side, around the circle of 
Willis and along the ventral brainstem. At 24 h post hemor-
rhage, the SAH score was 14 ± 3 and 13 ± 2 out of a possible 
18 in the SAH groups without and with DFX treatment, 
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respectively. DFX treatment decreased the mortality rate to 
21% (32% in the SAH group without DFX).

Increased HO-1 Expression After SAH

SAH was accompanied by significant upregulation in hemox-
ygenase (HO)-1 expression (13,529 ± 1,802 pixels, P < 0.01) 
compared with sham-operated control (7,634 ± 2,409). HO-1 
positive cells were detected in the cortical area of the basal 
brain, and the immunoreactivity was predominantly local-
ized to microglia. Treatment with DFX greatly reduced the 
induction of HO-1 by SAH (8,677 ± 3,621, P < 0.05, Fig. 1).

Non-heme Iron Concentration and Ferritin 
Levels in the Brain Tissue

Brain non-heme iron levels increased progressively in 
 vehicle-treated SAH rats, reaching a maximum 3 days 
after SAH (101 ± 16 vs. 43 ± 10 mg/g brain tissue in the 
 sham-operated control group, P < 0.01). Accordingly, ferri-
tin levels also increased significantly on day 3 following 
SAH (6,693 ± 1,596 vs. 1,474 ± 797 pixels in sham-operated 
 controls, P < 0.01). This increase in non-heme iron and  
ferritin after SAH was markedly reduced by systemic  
DFX treatment (64 ± 17 mg/g brain tissue at day 3, P < 0.05, 
and 3,074 ± 557, P < 0.01, respectively). Double labeling 
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Fig. 1 HO-1 immunoreactivities in the ipsilateral frontal cortex 24 h 
following sham-operation (a) or SAH without (b) and with DFX treat-
ment (c). Scale bar = 100 mm. (d) Western blot analysis showing signifi-
cant increase in cortical HO-1 expression 24 h after SAH induction 

(SAH/−, lanes 4–6) compared to the sham-operated control group 
(lanes 1–3). SAH rats with DFX treatment (SAH/+, lanes 7–9) exhib-
ited significantly decreased HO-1 expression. Values are mean ± SD. 
*P < 0.05 and **P < 0.01 versus sham
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demonstrated that most ferritin-positive cells were either 
microglial cells or neurons. Furthermore, most TUNEL-
positive cells were ferritin-positive and neuron-like (Fig. 2).

Neuronal Cell Death and Oxidative DNA Injury

Fluoro-Jade stains the cell bodies, dendrites and axons of 
dying neurons. Fluoro-Jade-positive cells were observed 
in the ipsilateral fronto-basal brain 24 h following SAH 
(Fig. 3e–i). Correspondingly, numerous TUNEL-positive 
cells were found in the cortical and subcortical area of the 
basal brain at day 1 and further increased at day 3 after hem-
orrhage. DFX treatment caused a significant reduction in 
Fluoro-Jade- and TUNEL-positive cells, resulting in mark-
edly fewer brain lesions (Fig. 3f, i).

Discussion

SAH induced marked increases in brain non-heme iron and 
ferritin. Systemic DFX treatment largely prevented those 
changes and reduced SAH-induced cell damage. Together, 
these results suggest that iron may be a target for reducing 
acute brain injury after SAH.

HO-1 Expression, Non-heme Iron  
and Ferritin After SAH

In this study, HO-1 expression rapidly increased in the basal 
brain at day 1 after SAH and peaked at day 3. This response 
might be the result of intraparenchymal hemoglobin over-
load after lysis of subarachnoid erythrocytes. Heme is a 
potent inducer of HO-1 [12]. However, HO-1 can be induced 
by a wide variety of the factors including hydroxyl radicals 

[11]. Our finding that DFX blunted SAH-induced HO-1 
upregulation suggests that iron-mediated free radical pro-
duction contributes to the upregulation or that DFX inter-
feres with the induction of HO-1 by heme.

Increased Cell Death

Iron is an essential element needed for neuronal develop-
ment, myelination and synthesis of neurotransmitters [2]. 
Abnormally high levels of iron, however, can lead to sig-
nificant oxidative damage via free radical production within 
the brain [2]. Several of our prior studies have demon-
strated that iron deposition after ICH causes oxidative 
injury resulting in brain edema, neuronal cell death and 
delayed brain atrophy [4, 10]. The degree of brain lesion 
correlates directly with regional iron concentration [5]. 
TUNEL and Fluoro-Jade stainings are sensitive markers of 
DNA damage and neuronal cell death [3]. In the current 
study, TUNEL- and Fluoro-Jade-positive cells increased 
progressively on days 1 and 3 after SAH induction, sug-
gesting that DNA damage and cell death may be an impor-
tant injury mechanism after SAH. Such DNA damage and 
neuronal cell death were markedly reduced by DFX treat-
ment, indicating a potential role of iron in that damage. 
Co-localization studies of TUNEL with ferritin indicated 
that the majority of dying cells were ferritin-positive and 
neuron-like.

Deferoxamine

DFX is rapidly absorbed and can easily penetrate the blood 
barrier, leading to accumulation in the brain tissue at a sig-
nificant concentration following systemic administration [9]. 
Several mechanisms underlying neuroprotective functions 
of DFX have been proposed. These include chelation of the 

Fig. 2 Double immunofluorescent labeling for ferritin and TUNEL. Ferritin-positive cells exhibit DNA damage, indicating apoptotic cell death. 
Scale bar = 50 mm
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unbound labile iron responsible for catalyzing the produc-
tion of reactive oxygen species and the subsequent modula-
tion of gene expression, including the HIF-1a, and blocking 
neurotoxic effects of hemoglobin through inhibition of glu-
tamate-mediated excitotoxicity [7, 9].

In this study, DFX markedly reduced brain non-heme iron 
and, probably as a consequence, also lowered the expression 
of ferritin. Moreover, TUNEL- and Fluoro-Jade-labeled cell 

death was reduced. These findings suggest that DFX effec-
tively diminished hydroxyl radical formation and oxidative 
stress by sequestering redox-active iron.
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Fig. 3 Macroscopic and histologic pictures with corresponding Fluoro-
Jade staining at the level of optic chiasm 24 h following sham operation 
(a, d, g) or SAH induction without (b, e, h) and with DFX treatment  
(c, f, i). For the assessment of SAH extent, the basal brain surface was 
divided into six segments and each segment rated for hemorrhage (b). 

SAH caused an extensive lesion in the ipsilateral frontobasal brain, 
adjacent to the subarachnoid blood clot (e, h). Despite similar SAH 
extent and distribution, the treatment with DFX resulted in markedly 
less cerebral lesion (f, i). Scale bar = 100 mm
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Abstract Background: Spontaneous subarachnoid hemor-
rhage (SAH) without evidence of a bleeding source on the 
first digital subtraction angiogram (DSA) – also called SAH 
of unknown origin – is observed in up to 27% of all cases. 
Depending on the bleeding pattern on CT scanning, SAH 
can be differentiated into perimesencephalic (PM-SAH) and 
non-perimesencephalic SAH (NON-PM-SAH). The aim of 
our study was to investigate the effectiveness of magnetic 
resonance imaging (MRI) for detecting a bleeding source in 
SAH of unknown origin.

Methods: We retrospectively reviewed 1,226 patients with 
spontaneous SAH between January 1991 and December 
2008 in our department. DSA was performed in 1,068 
patients, with negative results in 179 patients.

Results: Forty-seven patients were categorized as having 
PM-SAH and 132 patients as having NON-PM-SAH. MRI of 
the brain and the craniocervical region was performed within 
72 h after diagnosis of SAH and demonstrated no bleeding 
sources in any of the PM-SAH and NON-PM-SAH patients 
(100% negative).

Conclusions: In our experience MRI did not produce any 
additional benefit for detecting a bleeding source after SAH 
with a negative angiogram. The costs of this examination 
exceeded the clinical value. Despite our results MRI should be 
discussed on a case-by-case basis because rare bleeding sources 
are periodically diagnosed in cases of NON-PM-SAH.

Keywords Perimesencephalic subarachnoid hemorrhage · 
Sub arachnoid hemorrhage of unknown origin · Non-
aneurysmal subarachnoid hemorrhage · Diagnostic magnetic 
resonance imaging  

Introduction

Spontaneous subarachnoid hemorrhage (SAH) is most often 
associated with ruptured intracranial aneurysms (70–80%), 
and less frequently with arteriovenous malformations (4%). 
If a bleeding source is not identified on the initial cerebral 
digital subtraction angiogram (DSA), it is called SAH of 
unknown origin [2, 3, 5, 10–12].

Depending on the bleeding pattern on CT, SAH of unknown 
origin can be subdivided into perimesencephalic (PM-SAH) 
and non-perimesencephalic SAH (NON-PM-SAH). PM-SAH 
is defined as blood accumulation in the perimesencephalic, 
interpeduncular and prepontine cisterns, without involvement 
of brain parenchyma, the ventricular system or the sylvian 
fissure. If the mentioned areas are involved, SAH can be cat-
egorized as NON-PM-SAH [2, 4, 12, 14, 16].

The aim of our study was to investigate the effectiveness 
of magnetic resonance imaging (MRI) for detecting a bleed-
ing source in SAH of unknown origin.

Material and Methods

We retrospectively reviewed all patients with spontaneous 
SAH in our department between January 1991 and December 
2008 (n = 1,226) through an analysis of our database. Patients 
with traumatic SAH and unclear history were excluded from 
the study. Diagnosis was made by CT scanning, and blood 
accumulation was scored using the Fisher classification. 
Four-vessel DSA including additional catheterization of both 
external carotid arteries was performed in 1,068 patients.

Does Magnetic Resonance Imaging Produce Further Benefit  
for Detecting a Bleeding Source in Subarachnoid  
Hemorrhage of Unknown Origin?

Homajoun Maslehaty, Athanassios K. Petridis, Harald Barth, Alexandros Doukas, and Hubertus Maximilian Mehdorn 



108 H. Maslehaty et al.

The remaining 158 patients were not examined with DSA 
because of poor clinical condition (Hunt and Hess 5), rapid 
death or immediate neurosurgical treatment.

According to the previously mentioned radiological fea-
tures, patients with initially negative angiograms were 
divided into two groups. Group 1 included patients with 
PM-SAH (47 patients) and CT scanning during the first 24 h 
after occurrence of clinical symptoms. Group 2 included the 
patients with NON-PM-SAH (132 patients).

All patients underwent standard monitoring and received 
standard therapy for aneurysmal SAH in the intensive care 
unit. Clinical condition at the time of presentation was scored 
using the Hunt and Hess classification. Patients of group 1 
and 2 underwent MRI [Phillips® 3-T MRI with T1-weighted 
spin echo, T2-weighted turbo spin echo, T2-weighted 
steady-state free precession (FFE), FLAIR, time-of-flight 
MR angiography and venous bold sequences] of the brain 
and craniocervical region during the initial 72 h after SAH 
was diagnosed.

Results

Overall, we analyzed data from 1,226 patients with sponta-
neous SAH. The results are displayed in Fig. 1. One thou-
sand sixty-eight (87.1%) patients underwent DSA, with 
negative results in 179 patients (16.7%). Forty-seven patients 
were categorized as having PM-SAH (group 1, 26.3%) and 
132 patients as having NON-PM-SAH (group 2, 73.7%). 
MRI of the brain and the craniocervical region detected no 
bleeding sources in groups 1 and 2 (100% negative).

Discussion

Spontaneous SAH is usually caused by ruptured vascular 
malformations. However, according to several studies a 
bleeding source is not identified on the first DSA in up to 

27% of cases. The reason could be initial local vasospasm 
or occlusion of the ruptured aneurysm due to blood clots [7, 
9–11]. Regarding the differentiation between PM-SAH 
and NON-PM-SAH, we consider it important to note the 
radiological features of CT findings. It is also important 
to perform the initial CT within 24 h after occurrence of 
symptoms. CT scanning a few days after initial symptoms 
can lead to false-positive findings because of variance of 
bleeding  patterns and redistribution of blood in the per-
imesencephalic space.

PM-SAH itself is sometimes considered to be a benign 
subtype of aneurysmal SAH. Patients most commonly pres-
ent with crushing headache and meningism, although severe 
neurological deficits are not generally observed. Hunt and 
Hess grade at presentation is predominantly 1–2; higher 
grades are very rare. The clinical course is usually unevent-
ful, without dreaded complications such as re-bleeding and 
ischemic neurological deficits following cerebral vasospasm. 
Long-term follow-up examinations revealed a generally 
good prognosis of PM-SAH [4, 6, 11], although the bleeding 
source is unclear. Infrequently, PM-SAH results from cere-
bral microaneurysms, intracranial artery dissection, pituitary 
apoplexy, intracranial neoplasms, cerebral cavernous heman-
giomas or venous leak [8, 15, 16].

Considering the negative initial DSA, a cranial MRI 
including the craniocervical region is performed routinely at 
our department to rule out bleeding sources. In reviewing the 
literature, we found that detecting a bleeding source by MRI 
is reported very infrequently and exclusively in patients with 
a NON-PM-SAH [1, 13, 17, 18].

In our series of 47 patients with PM-SAH and 132 
with NON-PM-SAH, MRI had 100% negative findings. 
Considering our results and the published data, it is justified 
to challenge the indication for MRI examination in SAH of 
unknown origin. Based on our series, it can be concluded that 
MRI examination in patients with PM-SAH and NON-PM-
SAH did not produce further benefit for detecting a bleeding 
source and had no consequence for the administered therapy. 
The costs of MRI examination clearly exceeded the clinical 
value.
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Fig. 1 Flow chart of the 
diagnostic results
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Despite our observations, the option of performing MRI 
should be discussed for selected patients with atypical forms 
of NON-PM-SAH to avoid rare constellations such as cervi-
cal schwannoma with primarily neck and upper back pain.

The ideal time of examination is still being investigated. It 
remains to be proven whether MRI should be performed dur-
ing initial therapy as a later control examination instead of 
CT scanning, as episodes of re-bleeding have been infre-
quently reported. Further prospective studies with distinct 
test conditions are necessary to answer the open questions.

Conclusion

MRI of the brain and craniocervical region added no further 
benefit for detecting a bleeding source or administering ther-
apy following PM-SAH and NON-PM-SAH in our series 
(100% negative). The costs of this examination exceeded the 
clinical value. Despite our results, however, the option of 
MRI should be discussed on a case-by-case basis, because 
rare bleeding sources are periodically diagnosed in cases 
with NON-PM-SAH. Further prospective studies are neces-
sary to verify our observations.
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Abstract Background: Many kinds of proteins can be trans-
duced into various cells by conjugation with 10–20 amino acid 
peptides. A sequence of 11 consecutive arginine groups (11R) 
is one of the most efficient protein transduction domains (PTD). 
We used the 32-kDa heat shock protein heme oxygenase-1 
(HO-1) as a therapeutic protein for experimental cerebral 
vasospasm. This protein is an enzyme of the heme-catabolism 
and cleaves heme to form biliverdin and carbon monoxide 
(CO). HO-1 has known vascular relaxing properties. We exam-
ined the transduction efficacy and antispastic therapeutic effect 
of 11R fused HO-1 protein in cerebral arteries. 

Methods: 11R fused HO-1 protein was expressed puri-
fied. An MTT assay was used to evaluate the cytotoxicity of 
11R-HO-1. An antispastic effect was investigated in a rat 
model of experimental subarachnoid hemorrhage by measur-
ing basilar artery diameters 4 h after the injection of 11R-
HO-1 into the cisterna. 

Findings: Expression and purification of 11R-HO-1 could 
be successfully effected. Transduction into the basilar artery 
was also successful. 11R-HO-1 protein has the positive effect 
of attenuating cerebral vasospasm. 

Conclusion: These results suggest that the 11R-HO-1 
protein transduction method has a potential to treat cerebral 
vasospasm.

Keywords Cerebral vasospasm · Protein transduction method · 
Eleven arginines (11R) · Heme oxygenase 1(HO-1) · Sub-
arachnoid hemorrhage (SAH)

Introduction

Gene therapy has been widely performed in the research field 
of cerebrovascular diseases including cerebral vasospasm 
after SAH. However, previous reports revealed that this 
method has some drawbacks, for example, viral toxicity, 
inflammatory response and low transduction efficacy [1, 2, 
13, 14, 17]. Alternatively, protein transduction has recently 
attracted attention as a promising method. By conjugating a 
protein transduction domain (PTD) to the effector protein, 
many proteins and peptides can be introduced into virtually 
any kind of cells [3, 4, 15, 16]. Therefore, we tried to apply 
this new method to the research field of cerebral vasospasm. 
Here, we used heme oxygenase 1 (HO-1) [6, 12] as a thera-
peutic protein and 11 consecutive arginines (11R) [5, 7–11] 
as a protein transduction domain (PTD) and examined 
whether protein transduction of 11R-HO-1 in vivo amelio-
rates cerebral vasoconstriction after SAH.

Materials and Methods

MTT (3-(4, 5-Dimethylthiazol-2-yl)-2, 
5-Diphenyltetrazolium Bromide,  
a Tetrazole) Assay

This assay is based on the cleavage of the yellow tetrazolium 
salt MTT to purple formazan crystals by metabolic active 
cells. Cells were incubated with 0.1 mM 11R-HO-1 protein 
or as a control with enhanced green fluorescent protein 
(EGFP) conjugated to 11R (n = 7, each) at 37°C for 24 h. 
Cells were incubated with the yellow MTT solution. Four 
hours later, these mediums were solubilized by adding the 
solubilization solution and incubating the plates at 37°C for 
24 h. In this way, the formazan crystals were dissolved, and 
the resulting color absorption was quantified with a scanning 
spectrophotometer (ELISA).

Treatment of Experimental Cerebral Vasospasm by Protein 
Transduction of Heme Oxygenase 1 (HO-1) Conjugated  
to a Residue of 11 Arginines

Tomoyuki Ogawa, Daniel Hänggi, and Hans-Jakob Steiger 



112 T. Ogawa et al.

Experimental Model of SAH

After examining the protein with MTT assay, a rat double-
hemorrhage model of SAH was used to assess whether pro-
tein transduction of 11R-HO-1 prevents vasospasm in vivo 
(Fig. 1). Male Sprague-Dawley rats were randomly assigned 
to two groups: intracisternal injection of 11R-HO-1 or con-
trol (SAH + Saline). On day 0, the animals were anesthetized 
and allowed to breathe spontaneously, after which 0.2 mL of 
arterial blood was injected into the cisterna magna over 
5 min. The rats were reanesthetized 2 days after the initial 
injection (day 2) and given a second injection of 0.2 mL of 
autologous arterial blood. Seven days after the first injection, 
rats were sacrificed with overdoses of anesthetic agents. 
Several hours before being euthanized, saline or 11R-HO-1 
was injected into the cisterna magna. The animals were fixed 
by perfusion with 100 mL of PBS at physiological blood 
pressure. Frozen sections of BA and brainstem were cut 
10 mm thick on the cryostat, and BA diameters were mea-
sured using a light microscope equipped with a micrometer. 
Cross sections of BA were obtained for measurement at three 
points: 200 mm above the union of the vertebral arteries, just 
below the anterior inferior cerebellar arteries and 200 mm 
below the BA bifurcation. The average of the three locations 
was used as the diameter of the BA.

Results

Cytotoxicity of 11R-HO-1

With the cell proliferation assay (MTT assay), the transduc-
tion of 11R-HO-1 protein did not inhibit the growth of the 
cells (Fig. 2).

Therapeutic Effect of 11R-HO-1 Protein  
in a Rat SAH Model

Microscopic examination of the BA proved efficient trans-
duction into the arterial wall. The arterial diameter in the 
11R-HO-1 injection group was significantly larger than in 
the control groups.

Discussion

As we mentioned above, the protein transduction method 
allows various proteins to be transported directly and effec-
tively into all kinds of cells [3, 4, 6, 15, 16]. We also proved in 
a previous study that the marker protein enhanced green fluo-
rescent protein (EGFP) fused to 11R has a strong transduc-
tion efficacy in rat cerebral arteries [10, 11]. Therefore, we 
tried to apply a real therapeutic protein to this new and appar-
ently efficient method and could prove in the present study 
that 11R fused HO-1 protein has low cytotoxicity. Moreover, 
the protein markedly inhibited the vasoconstriction of the 
rat BA after SAH. Thus, the 11R-HO-1 protein transduc-
tion method can overcome the problems of gene therapy as 
described above and be one of the most excellent therapies in 
the research area of cerebral vasospasm after SAH. We will 
study the effects in more detail in the animal model.

Fig. 1 A rat double-hemorrhage model of SAH was used to assess whether 
protein transduction of 11R-HO-1 prevents vasospasm in vivo. Basilar 
artery diameter in the control group (SAH only) was 287.25 ± 19.47 mm 
and in the 11R-HO-1 injection group 367.21 ± 24.65 mm, p < 0.05
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Fig. 2 Cytotoxicity of various concentrations of 11R-HO-1 protein as 
measured by fluorescence assay. The cells were incubated with three diffe-
rent concentrations of 11R-HO-1 protein (0.14 mg/mL, 1.4 × 10–2 mg/mL 
and 1.4 × 10–3 mg/mL) (n = 7, each) at 37°C for 24 h. This graph shows that 
11R-HO-1 has little toxicity at each concentration. Data are mean ± SD. 
Concentrations of 11R-HO-1 protein and metabolic activity compared to 
control were 0.14 mg/mL (82.34 ± 7.39%, n = 7), 1.4 × 10–2 mg/mL 
(92.31 ± 6.25%, n = 7) and 1.4 × 10–3 mg/mL (98.79 ± 2.50%, n = 7). The 
wavelength to measure absorbance of the formazan product was 550 nm. 
The reference wavelength was 655 nm
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Abstract Introduction: The number of microsurgical 
 clippings of cerebral aneurysms is continuously decreasing. 
This will lead to fewer possibilities for practical training in 
aneurysm surgery, especially for the younger generation. 
Accordingly, realistic models for microsurgical training are 
mandatory.

Methods: We present a microsurgical setup for training 
on a PVC rat and on a lifelike vascular training model with 
specific plastic vessels (PVA), and an anatomical head as 
well as an experimental animal model (rabbit carotid artery 
bifurcation model). End-to-end and end-to-side anastomoses 
were performed with three different levels of difficulty and 
three different levels of expertise on the PVC rat model. The 
results of the animal bifurcation aneurysm model are also 
described.

Results: With increasing surgical complexity, the duration 
of surgery and rate of incorrect sutures of the vessel wall rise 
significantly. The overall patency rate of anastomosis is 
clearly reduced in the setup with increasing complexity 
grades.

Conclusion: The PVC rat model as well as the PVA vas-
cular kit with realistic skull and craniotomy sites is a perfect 
tool for advanced microvascular anastomosis training. The 
experimental animal model represents a higher level of vas-
cular surgery expertise and additionally is a perfect model 
for practicing appropriate clip application and clip occlusion 
of aneurysms.

Keywords Training models · Experimental aneurysms · 
Microsurgical training · Vascular models

Introduction

Endovascular treatment of cerebral aneurysms has signifi-
cantly reduced the number of microsurgical clipping proce-
dures. This will lead to fewer possibilities for practical training 
in aneurysm surgery, especially for the younger generation [1, 
5, 7, 10, 17, 22]. However, especially highly complex aneu-
rysms with a wide neck will still be treated by microsurgical 
clip occlusion and will remain a challenge for cerebrovascular 
neurosurgeons in the future. Contrarily, revascularization and 
bypass techniques will find growing demand [21]. In view of 
these conditions, concepts and realistic models for microsur-
gical training are necessary to improve the practical skills of 
neurosurgeons during their training [2–4, 6, 8, 9, 12, 13, 18, 
23]. We present two sophisticated plastic models that closely 
simulate real vascular conditions and a more complex experi-
mental animal bifurcation aneurysm model in rabbits.

Material and Methods

We present a microsurgical setup for training on a PVC rat 
[14] (Microsurgical Developments Foundation, Maastricht, 
The Netherlands) (Figs. 1 and 2) as well as a specific vascu-
lar training model with highly elastic plastic vessels (PVA) 
and an anatomical head (KezlexR, Ono & Co., Ltd., Tokyo, 
Japan) (Fig. 3). Our highly sophisticated experimental ani-
mal model (rabbit carotid artery bifurcation model) is also 
described [19, 20] (Fig. 5).

In the prospective part of the study, end-to-end and end-to-
side anastomoses were performed with three different diffi-
culty levels in the PVC rat model [14]. A total of six surgeons 
with different expertise levels and different levels of vascular 
training and skills performed these surgical procedures. To 
reduce the surgical approach, three different types of plastic 
tubes were used (advanced/expert/master) to adapt the experi-
mental setup to a scenario with different degrees of difficulty. 
These plastic tubes reduce the operative field and the working 
space consecutively and determine the trajectory and direction 
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for the instruments (Fig. 2). Because of this focused  working 
channel, the degree of freedom to manipulate the surgical 
instruments is decreased, and therefore the difficulty of per-
forming an anastomosis increases significantly. The plastic 
tubes were fixed to a conventional flexible retractor system 
(Fig. 2) and could be removed very quickly if difficulties 
arose intraoperatively. This is mandatory, especially if bleed-
ing occurs in the experimental animal model. The different 
sized plastic tubes closely simulate intraoperative conditions 
in a narrow and deep surgical field. Plastic tube I (advanced) 
has a diameter of 4 cm and a depth of 1.5 cm. Tube II (expert) 
has a diameter of 3 cm and a depth of 3.5 cm (Fig. 2). Tube  
III (master) has a diameter of 2.5 cm and a depth of 4.5 cm. 
For the anastomoses we used conventional microsurgical 

instruments (S&T AG, Neuhausen, Switzerland) and 
 monofile polyamid sutures 8/0 (BV 2) respectively 10/0 
(BV 100-4) EthilonR (Ethicon, Johnson & Johnson Medical 
GmbH, Norderstedt, Germany).

Even more realistic are the plastic skull model with rela-
tively soft and deformable plastic brain material and the 
vascular anastomosis practice kit with highly elastic plastic 
(PVA) vessels (KezlexR, Ono & Co., Ltd., Tokyo, Japan) 
(Fig. 3). The very soft and elastic plastic vessels of the vas-
cular anastomosis practice kit are available in three different 
diameters: 1, 2, and 3 mm. This setup allows a realistic 
retraction of the sylvian fissure, and handling and prepara-
tion closely simulate human conditions (Figs. 3 and 4). The 
vascular kit with the humid PVA vessels gives a perfect hap-
tic feeling during the preparation, cutting and suturing of 
the vessels. The whole setup with the deformable plastic 
brain, the realistic feeling of retraction and especially the 
optical impression under the microscope generate the over-
all characteristics of a real microsurgical human scenario. 
At present only few anastomoses are performed using the 
KezlexR model because of the study results based on the 
PVC rat model.

Material and methods of the experimental aneurysm 
bifurcation model in rabbits (Fig. 5) were described in detail 
in previous publications [15, 16, 19, 20].

Fig. 1 Photo of the vessels of the abdominal cavity of the PVC rat 
(Microsurgical Developments Foundation, Maastricht, the Netherlands)

Fig. 2 The plastic tube (expert type) was fixed to a conventional flexi-
ble retractor system and reduces the working space and the operative 
field. In this focused working channel, the level of difficulty of perform-
ing an anastomosis increases significantly

Fig. 3 The photo shows a pterional approach in the plastic skull with 
retraction of the soft plastic brain, opening the sylvian fissure. An 
end-to-side anastomosis was performed using the highly elastic plastic 
(PVA) vessels (KezlexR, Ono & Co., Ltd., Tokyo, Japan). This setup 
allows realistic retraction and handling of the vessels closely mimicking 
human conditions
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Fig. 4 Intraoperative scenario for 
teaching and training of 
microvascular surgery using 
different in vitro models

Fig. 5 The end-to-side anastomosis of both 
carotid arteries in the neck of a rabbit with 
10/0 sutures generates an arterial bifurca-
tion. The insertion of a venous pouch into 
the bifurcation then results in an experimen-
tal bifurcation aneurysm. The bifurcation 
aneurysm is a perfect training tool for clip 
application, especially if the different 
plastic tubes (schematic drawing) create a 
narrow and realistic working space. 
Because of the determined trajectory, clip 
occlusion of the aneurysm mimics human 
conditions. This setup is a sophisticated 
in vivo training model for active teaching 
and practical training of aneurysm clipping
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Results

PVC Rat Model

Using the PVC rat for “unbloody training” of microsurgical 
techniques and improvement of practical skills is a perfect 
example of replacing live animals. The number of animals 
used in the educational training of experimental microsur-
gery will be reduced, and such in vitro methods facilitate the 
transition to in vivo models. The PVC rat model allows vari-
ous microsurgical training situations, and replacing the plas-
tic vessels is easy and relatively cheap. Using a specific 
nozzle at the back of the rat model, the coloured vessels can 
be filled with water, thus permitting an easy check of the pat-
ency and quality of anastomosis.

In Table 1 the increasing surgical complexity and reduced 
working space using the different sized plastic tubes clearly 
demonstrate that the duration of surgery and rate of incorrect 
suturing of the vessels rise. Consequently, the overall pat-
ency rate of anastomosis was clearly reduced with increasing 
grades of complexity.

PVA Vessel with Craniotomy Site

The humid PVA vessels of the vascular anastomosis prac-
tice kit are transparent, highly flexible and soft. However, 
they have to be kept moist and tend to dry out and lose their 
elasticity, especially under the high-energy xenon light of the 

operating microscope. At present, we use the PVA vessels of 
the vascular anastomosis practice kit for various experimental 
anastomoses. Compared to the PVC vessels in the rat model, 
the preparation and handling of the PVA vessels, especially 
grasping with forceps or insertion of the needle into the vessel 
wall, is more realistic and closely mimics human conditions.

The 3D model with a pterional craniotomy and the deform-
able frontal and temporal lobe is a perfect in vitro model to 
simulate an opened sylvian fissure. These realistic human skull 
and brain models are relatively expensive, but can be used 
repeatedly. However, if these models are combined and inte-
grated, they help establish a realistic surgical scenario [11].

Animal Model

The developed and previously described animal bifurcation 
aneurysm model is a perfect tool for the education and prac-
tical training of microsurgical handling and preparation of 
cerebral vessels (Fig. 5). Additionally, it is an optimal train-
ing for bypass surgery. Additionally, this experimental aneu-
rysm model allows optimal practical training in clip 
application and is a realistic teaching model for optimizing 
clip occlusion of cerebral aneurysms. As described in the rat 
model, the different sizes of plastic tubes (advanced/expert/
master) were integrated into the animal model (Fig. 5). The 
tubes were fixed to a conventional and flexible retractor sys-
tem and could be removed easily if difficulties, especially 
bleeding, arose intraoperatively. The plastic tubes create a 
narrow and deep surgical field by restricting the angle of 

Table 1 Summary of the microsurgical results showing the rising surgical complexity, the duration of surgery and the overall patency rates of 
anastomoses

Beginner (n = 3) Advanced tube Expert tube Master tube

Diameter 4.0 cm/depth 1.5 cm Diameter 3.0 cm/depth 3.5 cm Diameter 2.5 cm/depth 4.5 cm

End-to-end anastomosis (n = 6) Patent (75%) Patent (42%) Patent (8%)

(9/12) 46 min (5/12) 42 min (1/12) 76 min

End-to-side anastomosis (n = 6) Patent (67%) Patent (17%) Not finished

(8/12) 66 min (2/12) 68 min

Neurosurgeon (n = 2)

End-to-end anastomosis (n = 4) Patent (88%) Patent (75%) Patent (62%)

(7/8) 39 min (6/8) 31 min (5/8) 53 min

End-to-side anastomosis (n = 4) Patent (75%) Patent (100%) Patent (37%)

(6/8) 51 min (8/8) 59 min (3/8) 68 min

Expert (n = 1)

End-to-end anastomosis (n = 2) Patent (100%) Patent (100%) Patent (100%)

(2/2) 15 min (2/2) 13 min (2/2) 19 min

End-to-side anastomosis (n = 2) Patent (100%) Patent (50%) Patent (100%)

(2/2) 27 min (1/2) 27 min (2/2) 41 min
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view and determine the trajectory for clip occlusion of the 
aneurysm just as in real aneurysm surgery. After clipping, 
the plastic tube is removed, and the aneurysm can be inspected 
easily from all sides and the clip position be checked ade-
quately. The clip could be removed from the experimental 
aneurysm, and the procedure was repeated for example with 
a different size of tube or another angle of tube, creating a 
completely new situation with a different view and access to 
the aneurysm (Fig. 5). This is a high-end in vitro model for 
practical training and teaching of aneurysm clipping.

Conclusion

The PVC rat model (Microsurgical Developments Foundation, 
Maastricht, the Netherlands) as well as the PVA vascular 
model combined with the realistic brain and craniotomy site 
(KezlexR, Ono & Co., Ltd., Tokyo, Japan) is a perfect setup 
for advanced microvascular anastomosis training. The main 
advantages of the plastic models are the overall availability, 
low price and not needing a specific OR setup and instru-
ments, as is necessary in training models with live animals. 
The costs and logistical considerations as well as the ethical 
and legal aspects involved in maintaining live animals for 
education and training make this relatively impractical.

The prospective part of the study with end-to-end and 
end-to-side anastomoses in the PVC rat model demonstrates 
that raising the surgical complexity significantly increases 
the duration of surgery and rate of incorrect suturing of the 
vessel wall, while the overall patency rate of anastomosis is 
clearly reduced consecutively.

The experimental animal model with insertion of a venous 
pouch within the microsurgically created arterial bifurcation 
is the expert training model. The resulting bifurcation aneu-
rysm is a perfect training tool for clip application, especially 
if the different plastic tubes create a narrow and realistic 
work space for clip occlusion of the aneurysm.
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Abstract Introduction: Despite the availability of multi-
modal treatment options, some arteriovenous malformations 
remain difficult to treat, either for intrinsic reasons at initial 
presentation or for reasons evolving during the course of 
treatment. Frequently, such cases can be easily resolved with 
further therapy, but some become a continuously growing 
treatment dilemma while exhausting dwindling therapeutic 
options. 

Patients and methods: A retrospective analysis was per-
formed to identify patients with cerebral AVM who were 
treated unsuccessfully. Treatment was termed “not success-
ful” if (1) postoperative angiography showed a residual AVM 
or missing flow reduction after palliative embolization, (2) 
therapy was associated with a substantial deterioration of 
existing neurological deficits or death, or (3) rebleeding from 
residual AVM occurred after therapy. Special interest was 
focused on the angiographic appearance of residual AVMs, 
their characteristic features, and their follow-up regarding 
second and third therapies. 

Results: According to these criteria we identified 46 inter-
nal patients from our own series of 474 patients and 21 exter-
nal patients who were referred from other institutions or 
sought a second opinion after incomplete treatment elsewhere. 
Out of those 67 cases, 50 patients (74.6%) were diagnosed 
with a residual AVM. Eleven patients (16.4%) experienced a 
deterioration of their clinical condition under therapy. Six 
patients did not show a flow reduction after palliative embo-
lization. Twenty-five of the 67 patients were readmitted 
because of an ICH, either originating from an AVM residual 
or under palliative embolization. Thus, an increased risk of 
re-hemorrhage was found for palliative  embolization (n = 16) 

in partially treated lesions (n = 10) and in patients with AVM 
grade IV and V located in eloquent regions (n = 22). In deal-
ing with residual AVMs, microsurgical resection alone or in 
combination was found to be the most efficient therapeutic 
option, being successful in 58.9% of cases. 

Conclusion: An estimated 10% of AVM treatments may 
fail because of inadequate selection of either patients or 
management. Besides, for thorough decision-making, angio-
graphic follow-up in all AVM patients is mandatory to allow 
an early identification of patients with an incompletely 
treated AVM requiring a second attempt. Major attention 
should be focused especially on high-risk subgroups with 
complex AVMs, partially treated AVMs, or those treated by 
only a palliative regimen.

Keywords AVM · Cerebral arteriovenous malformation · 
Failed therapy

Abbreviations

DSA Digital subtraction angiography
ICH Intracerebral hemorrhage
IVH Intraventricular hemorrhage
MRI Magnetic resonance imaging
SM grade Spetzler Martin grade

Introduction

Despite the availability of multimodal treatment options, 
some arteriovenous malformations remain difficult to treat, 
either for intrinsic reasons at initial presentation or for rea-
sons evolving during the course of treatment, leading to an 
incomplete treatment result after the initial approach. 
Frequently, such cases can be easily resolved with further 
therapy, but some patients become a continuously growing 
treatment dilemma while exhausting dwindling therapeutic 
options. For the purpose of this study, we differentiate the 
term “incomplete treatment” according to the intended goal 
of the procedure, which will naturally vary according to the 
initial presentation.

How to Deal with Incompletely Treated AVMs: Experience  
of 67 Cases and Review of the Literature
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Decision-making for AVM treatment has to assess the 
natural course of untreated AVMs against the risk of treat-
ment [15]. Currently, an international randomized controlled 
trial (ARUBA) is underway to clarify whether patients with 
an unruptured AVM really benefit from an interventional 
treatment or experience an inconspicuous clinical course jus-
tifying a wait-and-see strategy [26]. At present, our knowl-
edge is still based on AVM bleeding and rebleeding rates 
derived from single-institution studies or statistical enquiries 
[1, 9, 17]. The annual risk of hemorrhage due to a cerebral 
AVM is estimated to range between 2% and 4% [5, 22]. In 
AVMs that have become clinically apparent because of hem-
orrhage, the annual risk of rebleeding increases up to 18% 
[20]. Based on hospital survival cohorts, morbidity and mor-
tality rates range between 16%–45% and 1%–20%, respec-
tively [2, 6, 16]. AVM therapy today is justified by the poor 
outcome associated with its rupture [5, 20]. Complete 
removal of the pathology by surgical resection alone or elim-
ination of the arteriovenous blood flow by embolization or 
radiosurgery are reported to be the most effective approaches 
in the majority of cases. Surgical resection is associated with 
a mortality rate of about 3% and morbidity varying from 1% 
to 19% [7, 10]. Endovascular treatment is associated with 
mortality rates of 1–7.5% and morbidity between 0.4%–
12.5% [3, 4]. Radiosurgery shows a peri-interventional mor-
bidity of about 6–11%, with the mortality rate mainly 
associated with bleeding events during intervention of about 
7% [13, 21]. Multimodal strategies like endovascular reduc-
tion of arteriovenous shunting followed by surgery or radio-
surgery are implemented in more complex cases. All of these 
treatment options depend on the size, location, and architec-
ture of the lesion, and are driven by personal and institutional 
experiences [25]. Clear guidelines are not available because 
individual aspects of the patient and the pathology can at best 
be fitted into rough cohorts, which for many individual cases 
do not allow a prediction of treatment success. Our study 
was focused on unsuccessful AVM treatment tracing the 
clinical course of these patients, identifying the reasons for 
failure and scrutinizing our own decision-making.

Patients and Methods

A retrospective analysis of our AVM data bank was per-
formed to identify patients with cerebral AVM who were 
treated unsuccessfully at a tertiary referral center recruiting 
patients nationwide between 1990 and 2008. Patients were 
included if the primary diagnosis was confirmed by conven-
tional cerebral angiography, and if primary treatment was 
performed at our department or if they were admitted for a 
second opinion. Treatments included (1) microsurgical resec-
tion, (2) combined treatment of embolization and surgical 

resection, (3) palliative embolization, (4) curative emboliza-
tion, and (5) radiosurgery.

Treatment was termed “not successful” if (a) postopera-
tive angiography showed a residual AVM, (b) therapy was 
associated with a substantial deterioration of existing neuro-
logical deficits or death, or (c) rebleeding due to a residual 
AVM occurred after therapy. Patients were not included if 
postinterventional angiography confirmed a complete elimi-
nation of the AVM and no signs of residual AVM were seen, 
or if therapeutic goals, e.g., blood flow reduction following 
palliative embolization seen by an increased transit time of 
blood flow or/and diminished size of AVM, were confirmed 
angiographically. Analyzing the data, the gender and age of 
the patients, size and location of the AVM according to the 
Spetzler-Martin (SM) scale, source and time of follow-up, as 
well as the individual courses of the patients were correlated 
to the treatment modality. Special interest was focused on the 
angiographic appearance of residual AVMs, their character-
istic features, and their follow-up regarding second and third 
therapies.

Results

Among the 67 patients meeting the inclusion criteria, 46 
(68.7%) were treated at our own clinic, and 21 (31.3%) were 
admitted following previous initial treatment at another insti-
tution. Patients treated at external institutions were admitted 
because of rebleeding (n = 5), new neurological deficits 
(n = 6), or failed initial treatment requiring a second opinion 
(n = 10). Overall, 36 women (53.7%) and 31 men (46.3%) 
with a mean age of 32.8 years (SD 13.7, median 30) were 
included. Thirty-one patients (46.3%) presented before ini-
tial therapy with intracerebral hemorrhage and 12 (17.9%) 
with seizures. Seven patients (10.5%) showed other neuro-
logical symptoms, such as aphasia, hearing loss, and dizzi-
ness, and 17 patients (25.3%) were asymptomatic.

On initial treatment, microsurgical resection was performed 
in 18 patients (26.9%), and 12 patients (17.9%) were treated 
by a combination of embolization and surgery. In 7 patients 
(10.4%), curative embolization was the therapeutic goal, while 
in 16 patients (23.9%) palliative embolization was determined 
to be the intended approach. Fourteen patients (20.9%) under-
went radiosurgery as the primary procedure. Only one of the 
patients was operated on as an emergency case after present-
ing with an intracerebral hemorrhage (1.5%).

SM grades of cerebral AVMs at initial presentation are 
shown in Table 1. Overall, residual AVM was diagnosed in 
50 of 67 patients (74.6%). Eleven patients (16.4%) experi-
enced a deterioration of their clinical condition under ther-
apy. Six patients (10%) did not show a flow reduction after 
palliative embolization. Intracerebral hemorrhage was the 
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reason for readmission in 25 patients (37.3%). ICH occurred 
within hours after palliative embolization and up 216 months 
following radiotherapy. An increased risk of rebleeding was 
found in the palliative embolization group (n = 16), in par-
tially treated lesions (n = 10), and in patients with AVM grade 
IV and V located in eloquent regions (n = 22). Ten patients in 
the subgroup being treated by palliative embolization (62.5%) 
suffered from intracerebral hemorrhage. Fatal outcome due 
to ICH was seen in two patients, both occurring within a few 
hours after the intervention. Lesions at risk for failed AVM 
therapy are predominantly situated in deep brain locations 
(the corpus callosum, thalamus, and basal ganglia) and are 
associated with a high SM grade. Nine percent (n = 6) of the 
unsuccessfully treated malformations were located in the 
cerebellum (Table 2).

Angiographic Appearance of AVM Residuals

Follow-up angiography after initial treatment was not per-
formed in 17 of 67 (25.4%) patients either because rebleeding 
occurred prior to the intended control angiography (n = 11) or 
MR angiography (n = 6) was considered to be sufficient. Five 

patients with residual AVMs showed spon taneous occlusion 
on post-interventional angiography at a 46 months (mean 
time) follow-up (Table 3, Fig. 1). In 11 patients, regrowth of 
the residual AVM was seen, exceeding its previous size 
(Fig. 2). Seven of these patients were treated on a second 
attempt. In four patients no therapy could be offered because 
of extensive recruitment of arterialization through white mat-
ter perforators involving eloquent brain regions. In the major-
ity of 34 patients, the findings of an AVM residual were 
matching with the initial angiography. These patients were 
found to be good candidates for a second treatment approach. 
The mean time between primary treatment and diagnosis of 
an AVM residual was 26.3 months, with the earliest diagnosis 
of a residual AVM after 1 month, the latest after 96 months.

Second Therapy

Two patients were admitted with fatal rebleeding, preventing 
a reasonable second approach. Forty-one patients (63.1%) 
were treated in a second intervention. In 24 patients (36.9%) 
no further treatment was offered when detecting the AVM 
residual. In these cases, therapy was either judged to increase 

Table 1 SM grades of cerebral AVMs at initial treatment (n = 67)

SM grade Surgery  
(n = 18, 26.9%)

Embo. + surgery  
(n = 12, 17.9%)

Pall. embo.  
(n = 16, 23.9%)

Cur. embo. 
(n = 7, 11%)

Radiosurgery 
(n = 14, 20.9%)

Total n = 67

I 1 (5.5%) – – 3 (42.6%) – 4 (6.0%)

II 7 (38.9%) – 1 (6.2%) 2 (28.6%) 1 (7.1%) 11 (16.4%)

III 6 (33.3%) 8 (66.6%) 6 (37.5%) 2 (28.6%) 8 (57.1%) 30 (44.8%)

IV 3 (16.6%) 4 (33.3%) 5 (31.3%) – 2 (14.3%) 14 (20.9%)

V 1 (5.5%) – 4 (25%) – 3 (21.4%) 8 (11.9%)

Subgroups “palliative embolization” and “radiosurgery” showed tendentially more high-grade AVMs (SM grade of IV or V) at initial therapy 
compared to other interventional techniques. Patients undergoing surgery were evenly distributed with all SM grades represented, showing the 
majority of lesions to be graded as SM II and III. Combined treatment of embolization and surgery was performed in SM grades III and IV only. 
Curative embolization was only performed in some low-grade AVMs initially (I–III)

Table 2 Localization of lesions after failed AVM therapy (n = 67)

Localization SM grade I (n = 4) SM grade II (n = 11) SM grade III (n = 30) SM grade IV (n = 14) SM grade V (n = 8)

Left hemisphere (n = 25, 
37.3%)

1 6 9 5 4

Right hemisphere (n = 15, 
22.4%)

2 3 7 2 1

Corpus callosum and 
thalamus (n = 10, 14.9%)

– – 6 3 1

Cerebellum (n = 6, 9.0%) 1 2 3 – –

Basal ganglia (n = 11, 
16.4%)

– – 5 4 2

Localization of AVMs after failed initial therapy. High grade AVMs at deep locations (corpus callosum, thalamus, and basal ganglia) and lower 
grade AVMs of the cerebellum constitute an increased risk of AVM treatment failure
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the risks for ICH and to be associated with a disproportional 
risk of neurological worsening, or control angiography 
showed a reduction in size of the residual AVM, warranting 
a wait-and-see strategy. Fourteen patients (34.1%) under-
went surgery alone, and in three cases (7.3%) combined 
endovascular and surgical treatment was performed. Palliative 
(n = 6) and curative (n = 5) embolization as well as radiosur-
gery (n = 13) was chosen for the other patients.

In eight patients (19.5%) it was possible to achieve a 
complete cure; all of these patients were treated by surgery 
(n = 7), alone or in combination with endovascular emboliza-
tion (n = 1). In 33 patients (80.5%) secondary treatment was 
not successful, and treatment goals of complete elimination 
or flow reduction were missed. The SM grades for those 
AVMs being treated in a second intervention are shown in 
Table 4.

Table 3 Spontaneous occlusion of residual AVM (n = 5)

Age (years) 
and sex

Localization  
of the AVM

SM grade Initial therapy ICH before 
therapy

ICH after 
therapy

Occlusion after 
months

Patient 1 19, F Right frontal III OP + − 69

Patient 2 36, M Left occipital II OP + − 17

Patient 3 15, F Right precentral III Embo. + OP − − 54

Patient 4 8, F Left temporal II OP − − 34

Patient 5 33, F Left frontal II OP + − 56

In 5 of the patients (7.5%) with an incomplete treatment of a cerebral AVM after initial therapy, a spontaneous occlusion of the AVM occurred. 
Mean time until occlusion was 46 months. All patients were treated surgically (in one case with presurgical embolization); all of the AVMs were 
SM grade II or III

Fig. 1 Case of a residual AVM, SM grade III, in a 15-year-old female 
patient with spontaneous thrombosis [preoperative status shown in (a)]. 
After two-step embolization and surgical resection angiographically 

residual AVM (b). Spontaneous thrombosis was angiographically 
proven after 54 months (c)

Fig. 2 Regrowth of an incompletely treated left temporal AVM, SM 
grade III, in a 37-year-old female. Preoperative status in (a), residual 
AVM shown 3 months postoperatively after single-step embolization 

and surgery in (b). Angiography 6 months postoperatively (c) reveals 
substantial regrowth and arterialization of the residual AVM
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Tertiary Therapy

Ten patients were referred to a third therapy. Five patients 
were treated surgically, of whom three could be completely 
cured by total resection (Fig. 3). One patient was success-
fully treated by curative embolization following two surger-
ies. The remaining four patients are still in therapeutic 
planning so the final results are missing. Overall, surgery 
was successful on the second and third therapies in 11 
patients (57.9% of surgically treated patients after initially 

failed therapy), thus providing the most promising therapeu-
tic option even after repeatedly failed AVM therapy.

Discussion

To our knowledge, this is the first study in the literature 
focusing on failed AVM therapy, which includes the com-
plete spectrum of therapeutic approaches. This single-center 

Table 4 SM grades of cerebral AVMs at second treatment (n = 41)

SM grade Surgery  
(n = 14, 34.1%)

Embo. + surgery 
(n = 3, 7.3%)

Pall. embo.  
(n = 6, 14.6%)

Cur. embo.  
(n = 5, 12.2%)

Radiosurgery 
(n = 13, 31.7%)

Total (n = 41)

I 2 (14.3%) – – 2 (40%) – 4 (9.8%)

II 3 (21.4%) – – 1 (20%) – 4 (9.8%)

III 7 (50%) 1 (33.3%) 3 (50%) 2 (40%) 8 (61.5%) 21 (51.2%)

IV 2 (14.3%) 2 (66.6%) 2 (33.3%) – 2 (15.4%) 8 (19.5%)

V – – 1 (16.6%) – 3 (23.1%) 4 (9.8%)

An increasing fraction of patients with high grade AVMs was treated radiosurgically after failed therapy. Eight patients (19.5%) could be treated 
successfully; all underwent surgical resection (in one case after endovascular embolization)

Fig. 3 Complex left frontal AVM associated with a fistulous component 
in a 30-year-old female. Multiple embolizations (a–c) were initiated to 
diminish arteriovenous blood flow, but the AVM was shown to recruit 
more arterial feeders over years. Five years after initial therapy, intrac-
erebral hemorrhage necessitated urgent surgical evacuation of the 

hematoma followed by embolization and removal of the AVM (single-
step) after stabilization of the patients’ clinical condition. Control 
angiography still revealed a fistulous component of the AVM (d, e) that 
was surgically treated again in a successful third approach (f)
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review, including our own patients (68.7%) as well as patients 
treated previously elsewhere (31.3%), was initiated to collect 
patients who are at risk of therapy failure and to elucidate 
basic principles in AVM diagnosis and treatment.

Data for incomplete microsurgical resection vary accord-
ing to size, angioarchitecture and personal experience of the 
surgeon, but are estimated to range between 1%–18% [12, 
19, 24]. However, cases of incomplete resection are the least 
problematic as they can be dealt with in a straightforward 
manner by second-look surgery. The reasons for incomplete 
resection are usually manifold, thus illustrating the many pit-
falls associated with AVM treatment: compartmentalization 
(angiographically silent compartments), underestimation of 
the size and shape because of insufficient imaging, diffuse 
nidus, small AVM size, disrupted nidus after hemorrhage, 
and associated dural arteriovenous fistula [23].

The key point in AVM therapy lies within the therapeutic 
decision-making where individual aspects of the patient and 
lesion itself are decisive, but successful therapy is far from 
being predictable [28]. About 9.7% (of a total number of 474 
treated AVMs) of the patients in our own AVM series were 
diagnosed as having an incompletely treated AVM. Our 
experiences have changed our treatment policy on AVM 
treatment, leading to a paradigm shift in the last 5 years in 
which SM grade IV and V patients have been treated rarely 
(n = 4). Overall, surgery on the second and third therapy was 
successful in 11 patients (57.9%) in our series. Many of the 
patients initially undergoing incomplete microsurgical resec-
tion are historic and will become eliminated because of much 
better intraoperative imaging, such as high-resolution ultra-
sound and intraoperative fluorescence angiography (which is 
better than intraoperative DSA because of the synchronous 
view). Nevertheless, very small cerebellar AVMs situated in 
the wall of a hemorrhage, operated on in the sitting position, 
may remain problematic because of technical issues with 
ultrasound and angiography. Care has to be taken not to mis-
interpret early postoperative hemodynamic changes, such as 
reactive hyperemia due to impaired autoregulation [27]. 
Therefore the timing of control angiograms is worth consid-
ering on an individual basis, as is already electively planning 
on two postoperative angiograms to obtain two time points 
because an initial, early postoperative blush can either disap-
pear or “mature” to a full AVM. In our experience, the first 
angiography at 3 months postoperatively will reliably con-
firm a residual AVM.

The majority of patients at risk of failed AVM therapy 
presented with high SM grades (grade III: 44.8%; grades IV 
and V: 32.8%), confirming the results of other series [11, 18]. 
We found an increased risk for postinterventional ICH fol-
lowing palliative embolization, which was attributed to the 
higher SM grades. Further risk factors for therapy failure 
may be deeply located lesions, partially treated AVM, and 
AVMs in which combined regimens are needed.

Although angiography is still accepted to be the gold 
standard in diagnosing an AVM, surprisingly it is not 

performed routinely following an AVM treatment. MR 
angiography is meant to be sufficient in a proportion of 
patients, but carries a high risk of false-negative findings 
[14]. Our study has shown that there are a large number of 
therapy failures and that an early diagnosis of a residual 
AVM only facilitates a targeted second therapy on time 
before arterialization through white matter perforators is ini-
tiated or an opening of collaterals occurs. Consequently, we 
strongly emphasize the necessity of a 3-month postoperative 
angiography in order to detect residual AVM early, thereby 
minimizing the risk of rebleeding by conducting a second 
intervention on time. A further 6- and 12-month control may 
be dependent on patient age, treatment modality, and preced-
ing angiographic findings. Hyperemic, slow-flow angiomas 
or venous drainages suspicious of a residual AVM have to be 
controlled closed-meshed, because spontaneous thrombosis 
as well as rapid regrowth may occur. Especially patients 
younger than 20 years are reported to be at risk of true recur-
rence or early regrowth of a residual AVM. Palliative treat-
ments are chosen to diminish the risk of bleeding, but do not 
eliminate the AVM completely. Radiosurgical attempts will 
need a 2–3-year interval before angiography can definitely 
exclude a residual AVM [8]. Therefore, these subgroups def-
initely require a thorough follow-up. While AVMs often 
present with a complex vascular architecture, specialized 
centers are required where multidisciplinary approaches are 
available to provide the most suitable therapy for the patient 
and to prevent an incomplete treatment in which secondary 
attempts may be even more challenging.

Conclusions

Partially treated AVMs, palliative embolization, AVM grades 
IV and V, and deeply located lesions that may require com-
bined regimens constitute a high risk for AVM residuals. 
Spontaneous thrombosis of the residual can be observed in 
some cases, but the rate of regrowth and rebleeding poses 
potential danger to the patient. Control angiography is war-
ranted to confirm treatment success and to initiate further 
therapies on time. Following initially failed therapy, micro-
surgical excision seems to be the most promising strategy in 
our experience.
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Abstract The aim of this study was to determine the fre-
quency of aneurysms associated with arteriovenous mal-
formations (AVMs) of the posterior fossa and their relation 
to hemorrhagic presentation in comparison to supratento-
rial AVMs. We performed a retrospective analysis of 474 
patients with intracranial AVMs treated in our center from 
1990 to 2010. Patients were analyzed for AVM size, drainage 
type and their clinical course with focus on vessel anomalies 
including AVM-associated aneurysms. Seventeen (30%) of 
57 posterior fossa AVMs versus 46 (11%) of 417 supratento-
rial AVMs were associated with aneurysms. In six (10.5%) 
versus seven (1.7%) patients, respectively, flow-associated 
aneurysms were the source of hemorrhage. Infratentorial 
location of an AVM was a significant risk factor for the inci-
dence (p < 0.001) and rupture (p < 0.001) of AVM-associated 
aneurysms. Feeding artery aneurysms in particular repre-
sented a risk factor for hemorrhage in the overall group of 
AVM patients, independently of the location (p < 0.001). The 
majority of patients with a posterior fossa AVM were treated 
by combined embolization and surgical removal within one 
procedure (n = 33, 58%). Feeding artery aneurysms were 
excluded by endovascular coiling or surgical clipping when-
ever feasible. Overall treatment-associated permanent mor-
bidity in the subgroup of posterior fossa AVMs was 11% 
(n = 6) and mortality 4% (n = 2). Posterior fossa AVMs display 
a significantly higher frequency of associated aneurysms of 

the adjacent vessels that are correlated to the high bleeding 
rate compared to AVMs of the supratentorial compartment. 
We therefore recommend aggressive AVM treatment includ-
ing the exclusion of associated aneurysms as a minimal ther-
apeutic goal whenever possible.

Keywords Arteriovenous malformation · Angioma · Cere-
bellar hemorrhage · Cerebellar arteriovenous malformation · 
Cerebral aneurysm · Feeding artery aneurysm

Introduction

Arteriovenous malformations (AVMs) of the posterior fossa 
are rare and represent less than 15% of all cerebral AVMs 
[1, 2, 6]. As highly complex neurovascular lesions within a 
confined anatomical and eloquent compartment, the natural 
history and treatment of infratentorial AVMs have a higher 
potential for morbidity and mortality than the supratentorial 
counterparts [1, 5, 13]. A thorough understanding of associ-
ated risk factors in this subgroup of AVMs is therefore essen-
tial in order to develop an individualized management 
strategy using multimodal treatment options.

Depending on the clinical series the overall rates of 
AVM hemorrhage have been reported to range from 35% 
to 81% with an estimated annual risk of incidental hemor-
rhage between 2% and 4% [2]. The location of an AVM 
within the posterior fossa or in deep cerebral regions seems 
to be associated with a higher risk of hemorrhagic events 
[5, 16]. Besides a deep venous drainage and the presence of 
venous stenosis, it has been suggested that especially aneu-
rysms on feeding arteries of AVMs may carry an increased 
risk of rupture [11, 17, 22]. However, results of previous 
studies assessing the overall relation of AVM-associated 
aneurysms, including intranidal and remote aneurysms 
with hemorrhagic events, have been conflicting [4, 6–8, 
12, 18–20]. AVM-associated aneurysms appear to occur 
more frequently in conjunction with AVMs of the posterior 
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fossa, but available data about their rupture risk are sparse 
[10, 22]. The higher annual hemorrhage rate of posterior 
fossa AVMs, which has been reported to be as high as 11.6% 
[1], and the still unresolved reasons for this increased pre-
disposition to hemorrhage underscore the need for further 
elucidation of the associated risk factors to guide treatment 
decisions.

Here, we report our single-center 20-year experience in 
the management of posterior fossa AVMs. In particular, we 
compared the incidence and rupture rate of aneurysms asso-
ciated with supra- and infratentorial AVMs.

Patients and Methods

Patient Population

We performed a retrospective cohort study of 474 patients 
with arteriovenous malformations treated at our institution 
from 1990 to 2010. With the exception of emergency cases, 
the treatment strategy was decided in a joint neurosurgical-
neuroradiological conference [21]. AVM morphology and 
individual patient vascular architecture were evaluated by 
four-vessel digital subtraction angiography and standard MR 
imaging. Other types of vascular malformations, such as 
dural arteriovenous fistulas, vein of Galen malformations or 
cavernomas, were excluded from this study.

Clinical Presentation and Classification

Initial clinical presentation was categorized as hemorrhagic 
or presence of seizures or neurological deficits. Patients with 
unspecific symptoms resulting in the incidental finding of an 
AVM were grouped together with asymptomatic patients. 
AVM size, venous drainage pattern and eloquence of loca-
tion were assessed and ranked according to the Spetzler-
Martin scale as previously described [14]. Arterial aneurysms 
were defined as any dilatations of the lumen >2× the width of 
the parent arterial vessel and further classified as feeding 
artery or intranidal aneurysms [11, 12]. The venous angio-
graphic phase was screened for stenotic changes during the 
venous outflow phase and for aneurysmal venous dilatations, 
which were coded as venous aneurysms.

Hemorrhagic presentation was defined as a clinically 
symptomatic event with signs of fresh intracranial blood 
on brain imaging with topographic contiguity of the hema-
toma with the AVM nidus or its feeding arteries. The hem-
orrhage was classified as related to AVM-associated 
aneurysms only when imaging allowed an unambiguous 

attribution of bleeding to an aneurysm either by brain 
imaging or intraoperatively. Cases with doubtful identifi-
cation of an aneurysm as the primary bleeding location 
were not classified as hemorrhage from AVM-associated 
aneurysm.

Treatment and Outcome

The results of endovascular, surgical or combined treatment 
were assessed by routine cerebral angiography within the 
first 10 days after intervention and after a follow-up period of 
6 months. The clinical status was evaluated at regular neuro-
logical follow-up examinations in our neurovascular outpa-
tient clinic. Treatment-related outcome was ranked as 
improved, transient or permanent whenever changes of pre-
interventional symptoms and/or neurological deficits 
occurred after treatment. Morbidity was classified as perma-
nent when not resolved after a follow-up time of 6 months.

Statistical Analyses

The incidence of AVM-associated aneurysms and risk of 
aneurysm-related hemorrhage was assessed by calculating 
odds ratios and 95% confidence intervals. Variables exam-
ined in univariate and multivariate analyses included the 
presence of AVM-associated aneurysms, hemorrhage 
related to associated aneurysms, feeding artery aneurysms, 
location of AVM and the presence of high-flow/fistulous 
component.

Results

Clinical Features

The baseline characteristics of the study cohort are summa-
rized in Table 1. Of the 474 patients with cerebral AVMs that 
had been treated at our institution, 57 (12%) had an AVM 
localized in the posterior fossa, predominantly involving the 
cerebellar hemispheres. Demographic data regarding gender 
and age at clinical presentation were unremarkable compared 
to patients with supratentorial AVMs. The most common 
clinical presentation was due to intracranial hemorrhage. In 
contrast to patients with supratentorial AVMs, none of the 
patients with posterior fossa AVMs presented with epileptic 
seizures. The majority of patients had AVMs of Spetzler-
Martin grades II and III.
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Angiographic Findings and Their Relation  
to Hemorrhage

The angiographic characteristics and their relation to the 
incidence of AVM-associated aneurysms and to hemorrhagic 
events are summarized in Table 2. Thirty percent of patients 
(n = 17) with posterior fossa AVMs exhibited at least one 
AVM-associated aneurysm. Multiple AVM-associated aneu-
rysms were found in seven of these patients (12%). This is in 
contrast to 11% of patients (n = 46) with supratentorial AVMs 
exhibiting at least a single AVM-associated aneurysm. 
Multiple aneurysms were found in 12 of these patients (3%). 
The majority of associated aneurysms with posterior fossa 
AVMs were aneurysms of major feeding arteries (35% ver-
sus 5% with AVMs of the supratentorial compartment). No 
major differences were found in the numbers of intranidal 
aneurysms or those of the venous outflow compartment. The 
angiographic presence of a high-flow/fistulous AVM compo-
nent represented a weak risk factor for the incidence of 
AVM-associated aneurysms (odds ratio 2.05, 95% confi-
dence interval 1.01–4.14; p < 0.043), but we found no clear 
predominance of a high-flow component in either of the 

AVM locations (Table 2). AVM-associated aneurysms were 
significantly more frequent in patients with an AVM in the 
infratentorial location (Table 2). Hemorrhage was attributed 
to an associated aneurysm in 10.5% of patients (n = 6) with 
posterior fossa AVMs, whereas associated aneurysms in 
supratentorial AVMs were the source of bleeding in 1.7% of 
patients (n = 7). Univariate analysis revealed an infratentorial 
location of AVMs as a significant risk factor for overall aneu-
rysm-related hemorrhage (Table 2). The presence of feeding 
artery aneurysms in particular represented a highly signifi-
cant risk factor for aneurysm rupture (odds ratio 99.0, 95% 
CI 20.7–471.9; p < 0.001). This difference remained signifi-
cant (p < 0.001) in a multivariate analysis when controlling 
for AVM location (Table 2), indicating that feeding artery 
aneurysms of posterior fossa AVMs do not have a higher 
rupture rate than those of supratentorial AVMs.

Clinical Management of Posterior Fossa  
AVMs and Associated Aneurysms

Treatment of posterior fossa AVMs was performed in the 
majority of cases by embolization followed by immediate 

Table 1 Baseline characteristics of 474 patients with cerebral arterio-
venous malformations (AVM)

Demographics

Male:female 265:209 56%:44%

Mean age (range) 35 (1–87) years

Location

Supratentorial 417 (88%)

 Lobar 361 (76%)

 Deep/midline 56 (12%)

Infratentorial 57 (12%)

 Cerebellar 55 (11.6%)

 Brain stem 2 (0.4%)

Supratentorial Infratentorial

Spetzler-Martin scale

I 102 (25%) 12 (21%)

II 98 (24%) 23 (40%)

III 134 (32%) 15 (26%)

IV 50 (12%) 6 (11%)

V 29 (7%) 1 (2%)

Clinical presentation

Hemorrhage 154 (37%) 37 (65%)

Seizure 108 (26%) 0 (0%)

Neurological deficits 18 (4%) 2 (3.5%)

Unspecific/asymptomatic 131 (31%) 18 (32%)

Table 2 Angiographic findings and analyses

Supratentorial Infratentorial

Aneurysms (total) 46 (11%) 17 (30%)

Multiple aneuryms 12 (3%) 7 (12%)

Feeding artery aneuryms 21 (5%) 14 (25%)

Intranidal aneurysms 31 (3%) 4 (7%)

Venous aneurysms 15 (4%) 2 (3%)

Hemorrhage from aneurysm 7 (1.7%) 6 (10.5%)

Venous stenosis 14 (3%) 2 (3%)

High-flow/fistulous component 46 (11%) 9 (16%)

Univariate analyses Odds ratio (95%-CI), p-value

Risk of infratentorial location for 
the incidence of AVM-associated 
aneurysms

3.39 (1.78–6.46), p < 0.001

Risk of infratentorial location for 
the incidence of hemorrhage from 
AVM-associated aneurysms

6.81 (2.2–21.04), p < 0.001

Risk of high-flow/fistulous 
component for the incidence  
of AVM-associated aneurysms

2.05 (1.01–4.14), p = 0.043

Multivariate analysis Adjusted odds ratios (95%-CI), 
p-value

Infratentorial location 1.97 (0.51–7.59), p = 0.323

Presence of feeding artery 
aneurysms

81.04 (16.18–405.86), p < 0.001
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surgical removal within one anesthesia (33 patients, 58%) or 
by surgical resection only (19 patients, 33%) (Table 3). 
Treatment by embolization only was done in three patients 
(5%) followed by radiosurgery after partial embolization in 
one patient. Two patients with brain stem AVMs were man-
aged conservatively. Complete resection/occlusion was con-
firmed by postoperative angiography in 63% (36 patients).

Feeding artery aneurysms were found in 14 patients (25%) 
with posterior fossa AVMs. Exclusion from the arterial blood 
circulation was achieved by endovascular coiling in six 
patients before definite treatment of the AVM or by surgical 
clipping during AVM surgery in four patients. Four patients 
had flow-related proximally located feeding artery aneu-
rysms that were not treated directly before AVM treatment. 
After complete AVM resection the patients were monitored 
closely by follow-up angiographies, which demonstrated 
regression of the flow-related aneurysms within 6 months.

Follow-up information was available on 48 patients (range 
3–24 months). The majority of patients with posterior fossa 
AVMs remained asymptomatic or displayed an improvement 
of the initial symptoms after treatment (37 patients, 67%) 
(Table 3). Twenty-two percent (n = 12) of the treated patients 
experienced a transient worsening of symptoms, which 
improved and finally disappeared during the first 6 months after 
treatment. New symptoms or neurological deficits that persisted 
throughout the 6-month follow-up time were classified as per-
manent treatment-related morbidity and occurred in six patients 
(11%). Two patients died as a result of the consequences of a 
severe hemorrhage despite the initiation of emergency surgery.

Discussion

Recent studies suggested that AVM-associated aneurysms 
represent a considerable risk factor for hemorrhage [5, 17, 19]. 
The management of posterior fossa AVMs remains a challenge 

despite many technological advances and is furthermore com-
plicated by the frequent association with AVM-related aneu-
rysms [1, 3]. Our retrospective analysis of 474 patients with 
cerebral AVMs confirms that infratentorial AVMs are signifi-
cantly more often associated with aneurysms and especially 
with those located on feeding arteries. Given the tendency of 
infratentorial AVMs to bleed, the extent to which AVM-
associated aneurysms of this subgroup contribute to hemor-
rhagic presentation and whether they are possibly more prone 
to rupture are still unresolved issues. In our study, we found a 
significantly higher incidence of aneurysm-related hemor-
rhage with AVMs of the posterior fossa than with AVMs of the 
supratentorial compartment. Extending our analysis, it was 
revealed that especially feeding artery aneurysms represented 
a highly significant risk factor for aneurysmal hemorrhage, 
which, however, was independent of the location of the AVM. 
Therefore, it seems reasonable to conclude that feeding artery 
aneurysms of posterior fossa AVMs do not have a greater ten-
dency to rupture than their supratentorial AVM counterparts.

In terms of demographic data, distribution of AVMs at 
different locations and clinical presentation, our data are in 
good agreement with previous reports [3, 15]. However, dif-
ference exists with regard to the number of patients with 
AVM-associated aneurysms. In our study cohort, we identi-
fied associated aneurysms in 13% of the overall group of 474 
AVM patients, whereas Stapf et al. reported 25% in a similar 
study group [17] and da Costa et al. 21.4% in a subgroup of 
posterior fossa AVMs [3]. This variance might be the result 
of a different selection bias. Our study has limitations since 
it was performed as a retrospective analysis and the study 
cohort consisted mainly of treated AVM patients, leaving out 
those who were conservatively managed. However, our data 
are in line with a previous single-center study that identified 
7.5% of cerebral AVM patients (45 out of 600) with concur-
ring aneurysms, in which all AVMs had a high-flow compo-
nent [19]. Although we found only a weak association of a 
high-flow/fistulous component with the increased incidence 
of associated aneurysms, our data lend further support to the 
theory that hemodynamic stress in feeding arteries may cause 
aneurysm formation [9]. Our study confirms our previous 
report suggesting that posterior fossa AVMs are frequently 
associated with flow-related aneurysms, which represent a 
significant risk factor for hemorrhage [22]. Despite the 
demanding complexity of posterior fossa AVMs in our study, 
the treatment-related outcome was favorable with a risk of 
permanent morbidity of 11%, which is comparable with 
other well-known clinical series (reviewed in [1]).

Taken together, we recommend an aggressive multimodal 
therapy to treat posterior fossa AVMs. In the presence of 
AVM-associated aneurysms, in particular when located on 
feeding arteries, we advocate the exclusion of aneurysms as 
the minimal therapeutic goal before or during definite treat-
ment of posterior fossa AVMs.

Table 3 Treatment and outcome of 57 patients with infratentorial AVM

Treatment strategies n = 57

Combined embolization/surgery 33 (58%)

Surgery only 19 (33%)

Embolization only/palliative 3 (5%)

No therapy 2 (4%)

Radiation therapy 1 after partial embolization

Clinical outcome

Asymptomatic or improved 37 (67%)

Transient morbidity 12 (22%)

Permanent morbidity 6 (11%)

Mortality 2 (4%)

Lost to follow-up 9 (16%)
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